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Abstract 

The present study focuses on the creasing behaviour of corrugated board at 
different humidity conditions. A crease line is introduced in corrugated board to define 
the folding line and to reduce the necessary moment for folding. The purpose of this 
study is to understand and predict cracking of crease lines at different humidity 
conditions. This is achieved by defining an analytica} model, constructing two finite 
element models and performing experiments at several different humidity conditions. 

An idealized creasing experiment is proposed, which creases only the liner. The 
fluting is thus regarded as rigid. This imposes the maximum constraint possible, when the 
crease knife is positioned in the center of two flute peaks. Therefore an experimental tool 
is designed. Tensile tests are also performed on linerboard (Coraliner) and fluting 
medium (Coramedium). This data will serve as a basis for the finite element models and 
analytical model. 

An analytica} model is defined to compare the experimental data with. For this 
reason the material behaviour of Coraliner is simplified into power laws. A relation is 
established between relative humidity and stress-strain behaviour. This is accurate 
particularly for higher strain levels. A relation between relative humidity and fracture 
strain is also established. 

Corrugated board is creased at a relative humidity (RH) of 10% and 50% in two 
finite element (FE) models. Consequently, four sets of material parameters have been 
computed to describe the response of the linerboard and fluting medium. As FE model 
analysis program MSC.MARC/MENT AT 2005 is used. 

A comparison between the three different approaches shows, that a drop from 
RH=50% to RH=l0%, reduces the crease knife displacement at which failure occurs by 
approximately 10%. Also the assumption that a single liner crease is representative, in 
respect to creasing an entire board, follows from a good agreement between the analytica} 
model and FE models. 

Keywords: corrugated board, liner, Coraliner, fluting, Coramedium, crease, creasing, 
humidity, analytical, numerical, finite element, experimental, power law, 
MSC.MARC/MENT AT 2005 
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Nomenclature 

Roman symbols 

Symbol 

A 
a 
b 
C 

do 
d1 
E 
F,G,H,L,M,N 
F 
G 
f 
L 

Greek symbols 

Symbol 

e 
u 
0 

Description 

liner cross section 
variable multiplier of power law fit 
constant exponent of power law fit 
spring coefficient 
a-value constant 
a-value multiplier 
Young's modulus 
Hill48 yield surface constants 
force 
shear modulus 
yield function 
length 
normal vector 
fracture strain equation constant 
fracture strain equation multiplier 
displacement 
Poisson' s ratio of axial and lateral strain 

Description 

linear strain tensor 
Cauchy stress tensor 
angle 
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General subscripts and superscripts 

Symbol 

(,)e 
(,)f 
(. );; 
(. )ij 
(,)p 
(,)pr 

Oref 
(,)total 

Abbreviations 

Symbol 

CD 
MD 
FE 
RH 
ZD 

Description 

elastic part 
fracture 
component in i-direction 
compontent in ij-direction 
plastic part 
pre-tension 
reference state 
total 

Description 

cross direction 
machine direction 
finite element 
relative humidity 
thickness direction 
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1) Introduction 

Background 

Corrugated packaging plays an important role in our lives. When we are moving 
our house, ordering products through the internet or shopping at the supermarket, the 
goods we care about are being usually transported in corrugated board.[)] As a result the 
demand for corrugated board shows an annual increase. r2J This can be attributed to the 
excellent environmental character of corrugated board and its low production cost. 
Versatile, economie, light, robust, recyclable, environment-friendly, are but a few 
properties one is able to ascribe to corrugated board. 

Although the use of corrugated board is so widely spread, its mechanica! behavior 
and the influence of humidity especially on this aspect, are not well-known for this type 
of packaging material. The 'Light Weight Paper and Board' (LWPaB) group, erected in 
2005 and funded partially with government subsidy, studies paper and corrugated board 
packaging applications. Two partners, among others, in this group are Smurfit Kappa and 
the Technica! University of Eindhoven. 

A problem exists with the plates of corrugated board which Smurfit Kappa 
manufactures. Once finished, these plates are being transported to a consumer. There on 
arrival the plates are being cut and folded into corrugated boxes. During the cutting 
process also crease lines are being introduced. Along these crease lines later the 
corrugated box will be folded. Now, what sometimes happens during wintertime is 
cracking of these so-called crease lines, especially in factories in Eastern Europe. Failure 
of the crease lines is highly undesirable, because it will weaken or eventually result in 
failure of the corrugated box, damaging the goods inside. Perhaps more importantly, 
failure of even a small portion of a crease line is noticed and influences the appearance of 
the box, thus leading to customer complaints. 

By experience it is known that water or moisture levels have a big impact on the 
mechanica] behavior of paper. In wintertime, when cool outside air is sucked into the 
factory, the air contains less water after heating than it could. A drop in relative humidity 
levels consequently occurs. This change in environmental properties inside the factory 
during wintertime compared to those in summertime may possibly hold the answer to the 
cracking problem. Furthermore the problem the problem seems to worsen when more 
recycled fibres are being used and the grammage is being decreased. 

In this report the research presented follows up on a study performed by Gooren[3
l 

The purpose of that study was to understand and predict cracking of corrugated board by 
experiments and numerical simulations. Therefore a two dimensional finite element 
model was created. However, the quantitative agreement of that model with the 
experiments was only partially satisfactory. In the experiments no cracking ever occurred, 
contrary to the problem the industry observes. This was attributed to the limited 
constraining of the corrugated board when performing crease experiments. Finally 
humidity influences were not treated in the study. 
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Aim and scope 

The effect of humidity on corrugated board will be examined. Of particular 
interest is the mechanica! behavior of corrugated board when introducing crease lines. 
The main objective is to predict cracking of these crease lines in an experimentally 
validated way. Understanding and quantifying the behavior under changing humidity 
conditions is a secondary goal. 

If cracks arise when crease lines are being introduced into corrugated board 
depends on many different parameters. Humidity influences, corrugated board type, 
material properties and geometry may be obvious ones. But for instance the position of 
the crease line with respect to the flute period is of importance as well. Other parameters 
such as tool influences (the tip radius and operating speed) may also have a significant 
influence. Predicting f ailure of crease lines is furthermore complicated by the fact that 
corrugated board is a fibrous material which is difficult to model. This study tries to 
examine a number of these parameters and tries to take them into account in predicting 
crease line cracking as a function of humidity. 

Structure of the report 

Chapter 2 first gives an overview of corrugated board's history and subjects such 
as its production and structure. 

As a starting point for the experimental study the absence of cracking in 
experiments performed on corrugated board in earlier work is usedr31• Cracking is 
achieved by testing in a different manner and by taking into account humidity influences. 
These so-called simplified crease experiments and their results are discussed in chapter 3. 
Later in chapter 3 tensile tests are presented as well. They will form the basis for 
analytica! and finite element models and additionally serve as data to compare the 
simplified crease operation with. 

In chapter 4 an analytica} model is proposed by which a comparison between the 
tensile test data and the simplified crease operation is possible. This analytica! model 
describes in a simplified manner the material behaviour of paper under different humidity 
conditions. It also tries to predict cracking. In that way it provides a link between 
ordinary tensile tests and cracking of corrugated board during creasing. 

In chapter 5 two finite element (FE) models are discussed for two different 
humidity conditions. They serve as comparison between the simplified crease operation 
and the more complex creasing of the full corrugated board. Furthermore differences 
between the two FE models and their material sets will be discussed. 

Finally a conclusion and recommendation will be given in chapter 6. The 
influence of changing the operating speed for a tensile test is discussed in Appendix A 
and the clamping stiffness observed in the crease experiments is determined in Appendix 
B. In Appendix C the material parameters necessary in finite element are calculated and 
Appendix D shows the difference between an experimental and numerical performed 
tensile test. 
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2) Literature Review 

History 

In 1856 two Englishmen, Healey and Allen, obtained a patent for the first known 
use of corrugated board. Paper was fed through a very simple hand machine containing 
two fluted rolls. The result was a fluted paper used as the lining in hats. However 
corrugated boxboard would not be patented and used as a shipping material until 1871. In 
that year Albert L. Jones used a stronger 7,pe of corrugated paper as packaging material 
for wrapping fragile items such as bottles.r 1 

The first machine for producing large quantities of corrugated board was built in 
1874 by G. Smyth. In that year Oliver Long improved upon Jones's design by inventing a 
lined corrugated material. Tuis was now corrugated board as we know it today. f5l 

In America the Scottish-born Robert Gair invented the corrugated box in 1890. Pre-cut 
flat pieces that could be folded into boxes were developed accidently. While he was 
printing an order of seed bags, a metal ruler which was normally used to crease bags 
shifted in position and cut them. Gair discovered that by cutting and creasing bags in one 
operation he could make prefabricated paper boxes. Applying this idea to corrugated 
boxboard was a straightforward development when the material became available. And 
so, by the start of the 20th century corrugated boxes began replacing the custom-made 
wooden crates and boxes previously used for trade. 

The corrugated box was initially used for packaging glass and pottery containers, 
which are easily broken during transporation. Later, the case enabled fruit and produce to 
be brought from the farm to the retailer without bruisinffi' improving the return to the 
producers and opening so far unaffordable export markets. 61 

Manufacturing 

Producing a corrugated box starts with the manufacturing of containerboard paper 
grades. Two types can be distinguished: Kraftliner and Testliner. Kraftliner is created 
from wood chips or so-called primary or virgin fibres. For Testliner recovered paper 
serves as a raw material. Testliner thus is made from recycled fibres. Stock preparation in 
both cases consists of screening, cleaning and/or refining the fibres, resulting in a heated 
pulp which consists of 99% water and 1 % fibres. 
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head box 

wire section press section 

pre d ryer section 
reeler winding 

after dryer 
section 

size press 
surf ace treatment 

Figure 2.1: example of paper machine for containerboard grades[71 

In figure 2.1 a schematic drawing of a paper machine is presented. The pulp 
passes through a head box onto a wire section. The paper is formed on the wire as the 
pulp is dewatered through the wire primarily by the action of gravity and suction. Further 
dewatering by mechanica! means takes place in the press section where water is taken out 
of the sheet by pressing it between felts. The final drying takes place in the drying section 
of the machine, where the sheet runs against steam heated cylinders. 

Corrugated board is manufactured from a number of specially conditioned layers, 
called fluting medium and linerboard. In figure 2.2 a sketch of double face or single wall 
corrugated board is drawn. This type of board consists of one sheet of fluted paper 
sandwiched between and glued to two facings called liners. Apart from single wall 
corrugated board, different structures exist as well, for instance single face and double or 
triple wall. Also different wave shapes exist and these lead to different heights and 
periods of the corrugated layer. The most commonly used flute type is designated B-flute, 
with a height of 2.4mm and roughly 150 flutes/m. 

Figure 2.2: double face corrugated board Figure 2.3: corrugater[nJ 

The production of corrugated board starts with reels of fluting and liner being fed 
into a machine called a corrugater see the sketch in figure 2.3. The fluting paper is 
conditioned with heat and steam and fed between large corrugating rolls that give the 
paper its fluted shape. Starch is applied to the peaks of the flute on one side and the inner 
liner is gloed to the fluting. The corrugated fluting with one liner attached to it is called 
single face web and travels along the machine toward the Double Backer, where the 
single face web meets the outer liner and forms corrugated board. The corrugated board 
is slit into the required widths and cut into sheets which are then stacked or palletized. 
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To turn corrugated board into a corrugated box, a converting process consisting of 
printing, slotting, folding and gluing follows. Two main box categories are the regular 
slotted box and the die-cut box. The latter is manufactured on a die-cutter (rotary or 
flatbed), which cuts and creases the board. Regular slotted boxes are manufactured with 
an in-line flexographic printer/slotter/folder/gluer which in one operation prints, cuts, 
folds and glues the blank into its finale shape. [7J,[SJ 

Fields of application 

Corrugated board is the preferred packaging material for many products, because 
it is durable, versatile, lightweight, sustainable, environmentally responsible, made from 
a renewable resource, custornizable, protective, graphically appealing and cost-effective. 
lt is a high-tech engineered material with ongoing R&D programs continuously 
improving such characteristics as strength-to-weight ratios, printability, moisture harriers 
and recyclability. There are thousands of possible combinations of board types, flute sizes, 
basis weight, adhesives, treatment and coatings, offering an infinite amount of 
custornizability. [9l 

In Europe 40 billion square meter of corrugated board was produced in 2005.[IJ 
This is enough to cover the entire surface of The Netherlands. A quarter of this amount 
was used that year for packaging food. Another fifth was used by large customers such as 
the tobacco, textile, detergent, metal/ware and machine industry. With 494 different 
companies and almost 750 plants scattered all over Europe, the corrugated board industry 
provides work to close to 100.000 people. [2l 

Corrugated board boxes combine structural rigidity with superior cushioning 
qualities, so even heavy or fragile content arrives undamaged. The contents are contained, 
regardless of the form of transportation, because of excellent tear, tensile and burst 
strengths. Apart from larger goods corrugated boxes can be designed to contain fluid, 
granular or loose bulk products and even hazardous materials. Corrugated containers also 
used to ship liquid and fresh food with the addition of removable plastic or waxed liners 
which serve as moisture harriers. Furthermore, after all these different applications, 
corrugated board can be interpreted as mobile billboards that create product image 
wherever they travel. This way corrugated board serves a commercial role as 
advertisement. Corrugated displays are designed for this sole purpose as eye-catching 
modular units which can be set up quickly and are recyclable afterwards. 

Future development 

Corrugated board holds a pronnsmg future, although different packaging 
materials such as re-usable plastic crates or containers are also emerging. This 
development is mainly due to the policies of the European Union. In the packaging and 
Packaging Waste directive, reuse is encouraged.rioi 

Corrugated board however is already made from a natura} renewable resource and 
has a great environmental record. lt has the best recycling rate of any packaging material 
used today. In addition the use of corrugated boards with high-performance linerboard 
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has led to a significant overall reduction in basis weight and a significant reduction of 
raw materials consumption. l9l 

As one of the least expensive containers available; corrugated board's ultimate 
contribution is achieved when it is used as an all-in-one shipping, storage, advertising and 
display medium. Future development should be directed in such a way that it can support 
this growing trend. 

Finally the development of flute profiles with very small wave-heights, micro
flute, has made corrugated board a strong competitor to cardboard. A new product area is 
consumer packages. Here the high stiffness of the thin corrugated board type, in 
comparison with the small amount of material used, makes it a favorable altemative to 
cardboard. [ l ll 

Material structure 

Paper is a bonded fibrous network. An X-ray tomography image of a newspaper 
in figure 2.4 clearly shows this. The main building blocks of paper are cellulose fibres, 
usually constituted by wood fibers . Cellulose (C6H 1o05)n is a polymer which is made of a 
linear repetition of about 5000 to 10000 times of the monomer glucose. The attraction 
between these cellulose molecules in different fiber surf aces is the principal source of 
fiber-to-fiber bonding in paper. f3l 

Figure 2.4: x-ray tomography image of a 
newspaper[3l 

Figure 2.5: principal directions 

Fibres are slender structures with excellent mechanica} properties in their 
longitudinal direction. Typically the fibres in paper are about 1mm long, resembling flat 
ribbons of 0.025mm wide and 0.005mm thick and having a hollow structure. r121 

Writing paper has a mean areal density of about 8mg/cm2 and is about 0.1mm 
thick. In each square centimeter there are approximatley 40000 fibres which, when placed 
end to end, would cover a distance of about 40m. When packed together in a 1 cm riece 
of paper, these fibres cross one another, to the ex tent of about one million overlaps. ri 1 
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During paper production, while spraying the heated pulp onto the wire, fibres 
preferably align in the machine direction (MD). Fewer fibres are aligned in the two other 
directions, the cross direction (CD) and thickness direction (ZD) as indicated in figure 2.5. 
This phenomenon leads to the anisotropy of paper, with the stiffness in the machine 
direction being 1-5 times larger than in the cross direction and 100-200 times larger than 
in thickness direction. [l

4J 

, H, 
; .. ,,~H,, ,,#H"', 

1 ,' •• 1 
, ' # ~ 

~ ~ ' 1 -c-o o-c- 0 o-c-
1 •, , • 1 1 

..... H ,." 

b) c) 

Figure 2.6: a) cellulose polymer, b) hydroxyl groups directly bonded, c) bonded via a water molecule 

The coherence of the fibrous network is due to hydrogen bonds between hydroxyl 
groups of cellulose molecules on the surface of adjacent fibres. lt is this chemica} 
bonding and not the mechanica} entanglement that provides cohesion in paper. This is 
demonstrated by the fact that a suspension of cellulose fibres in carbon tetrachloride 
results in a very weak compound compared to a water-based suspension. ll 5

J 

In figure 2.6 a part of a cellulose polymer is depicted. It shows the repetitive 
bonding within a fibre. Further analysis of cellulose indicates that almost all of the 
hydroxyl groups (OH) present are hydrogen bonded among themselves. Thus, only very 
few free hydroxyl groups are available to participate in the mutual bonding of distinct 
cellulose fibres. In paper only two types of bonding can be found. Hydroxyl groups of 
two adjacent molecules of cellulose may form bridges directly (figure 2.6b) or via a water 
molecule (figure 2.6c). The bond via one or several water molecules is more flexible. As 
a result, wet paper has a lower strength and lower stiffness than dry paper, but a higher 
breaking strain. 
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Humidity Influences 

Humidity influences on corrugated paperboard today are still not entirely 
understood. As described above hydrogen bonds between different cellulose fibres give 
paperboard its strength and coherence. Water molecules, however, can break hydrogen 
bonds and place themselves between the different hydroxyl groups, making the 
paperboard more flexible and giving it a lower stiffness and strength. Paperboard is thus 
highly sensitive to water or humidity changes, also given the fact that single wood fibres 
act hygroscopic, i.e. they absorb water readily. Furthermore, water diffusion is 
unobstructed due to the porosity of the network. A distinction between two different 
types of water absorption can be made for paperboard. The first is water penetrating into 
the pores between fibres and into the lumen of the fibres . In the second water gets 
chemically bonded between hydroxyl groups of distinct fibres or to a single fibre wall. 

For increasing air humidity paperboard tends to swell and for decreasing air 
humidity it shrinks. The dimensional changes are small and therefore difficult to see with 
the naked eye. However, the effect can easily be observed by exposing only one side of a 
strip of paperboard to a moisture change. When blowing for instance onto a piece of 
paperboard, the part exposed to one's breath swells and this results in a curvature. After 
some time the strip bends back as inside the paperboard homogeneity is restored. 

Another phenomenon occurs when the one-sided moisture exposure is very large. 
If for instance on one side a small amount of water is applied, the resulting curvature will 
eventually recover beyond its original state. This is due to the fact that in a wet fibre 
network a high creep rate exists. The dry side tries to resist the expansion of the wet side, 
which results in a compressive creep that permanently shrinks the wetted side after the 
moisture distribution bas evened out. 

Changes in extemal conditions are relayed into the board by moisture diffusion. 
The goveming diffusion times are related to the thickness or basis weight of the 
paperboard. At low basis weight the diffusion time of moisture into paperboard depends 
linearly on the thickness. This is a characteristic of a boundary layer formed at the sheet 
surface for which humidity and temperature differ from the ambient conditions.r15

l 

Humidity changes in conjunction to the time-dependence of paperboard are later treated 
in more detail. 
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3) Experiments 

ldealized creasing experiment 

Earlier research on the creasing behaviour of corrugated board was perforrned by 
Gooren[3

l at Eindhoven University of Technology using a combined experimental and 
numerical approach. In his conclusion Gooren[3

l states that , "the crease simulations show 
a good qualitative agreement with the observed experimental deforrnation, buckling and 
load response". However, the quantitative agreement is less satisfactory. "Differences in 
load of 100% are encountered". 

A further limitation of his study was that "cracking of the inside liner is not 
observed during the experiments". This can be explained as follows . When performing 
crease tests on a sample of corrugated board, the board bent in the direction of the crease 
line, as illustrated in figure 3.1. The result is a lower strain in the top liner than fora fully 
constrained board. Consequently no failure or cracking of the crease line was witnessed, 
contrary to the paperrnaking industry were crease line failure is a relatively frequent 
problem. 

Figure 3.1: Insufficient constraint in earlier 
crease tests resulting in bending of the sample[3l 

A third limitation of Gooren's work was the neglection of humidity influences on 
corrugated board. Experiments were never performed in a controlled environment. This 
also could be part of the reason why cracking of the upper liner was never observed. 

In figure 3.2 a simplification of the creasing experiment is proposed, which is 
designed to guarantee the initiation of cracking. Cracking of the upper liner is one type of 
failure , which occurs during creasing of corrugated board. Cracking of the bottom liner 
also occurs, but only after folding the board along the applied crease lines. Evidently both 
types of failure are different govemed by mechanica! loads. In this report the focus lies 
on cracking of the upper liner. Optimization of the damage tolerance in creasing results 
also in fewer problems for the bottom liner during folding. Furthermore, a deeper 
understanding of the failure mechanism during creasing results also in a more overall 
insight into cracking of linerboard. 
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In figure 3.2a a nonna] crease line operation is sketched. Only a small part of the 
board is shown. A circle represents the crease knife. The tip of a crease knife is always 
carefully chosen, with a diameter suited best for the operation. An arrow below the 
schematic crease knife represents a downward motion of the crease knife. Three positions 
for the crease knife are considered: at a flute peak, in a valley (as sketched in figure 3.2a) 
and in between them. For the Jatter a large variation is possible, but the peak and valley 
position always coincide with the flute shape below the upper liner. 

upper liner 0 

b) 
bottom liner 

Figure 3.2: a) actual crease operation, b) idealized creasing experiment 

When manufacturing a corrugated box it is impractical to prescribe the position of 
the crease line with respect to the flute. However, it has been shown many times that 
cracking occurs mostly for the valley position. Therefore this is the critical position on 
which we focus. 

In figure 3.2b the proposed simplification of the experiments is shown. In this 
simplification the fluting and bottom liner are removed and the top liner is clamped at the 
positions of the flute peaks. As a result, bending of the sample as a whole as observed in 
the earlier experiments is eliminated and the creasing knife can even penetrate deeper 
than the thickness of the board. This idealized creasing test imposes the maximum 
amount of constraint on the upper liner. However, this situation is nevertheless believed 
to be representative of adie-cut operation performed in the industry, in which the size of 
the board and the presence of multiple crease lines, also introduce a significant amount of 
constraint. 

Test material 

In this report single wall or double face corrugated board is examined. As fluting 
medium Coramedium (120g/m2

) is used and Coraliner (125g/m2
) serves as linerboard for 

both facings. A similar combination of materials caused crease failure and resulted in a 
customer complaint. However, in that case the liner had a 25g/m2 higher density. 
Regrettably, Smurfit Kappa Roermond, who supplied the paperboards, was unable to 
retrieve this paper grade. Thus Coraliner (125g/m2

) is used as a substitute that comes 
closest to reality. 

The flute geometry is the standard B-flute. This implies that the fluting has a 
height of 2.4mm and a period of 6.5mm, resulting in roughly 150 flutes/m. The thickness 
of Coramedi urn is determined to be 189µ m and that of Coraliner 192µ m. 
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Test setup 

In figure 3.3 on the left the crease bed that makes the idealized crease experiment 
possible is depicted. The crease bed on the right is a predecessor. A notable difference 
exists in their size. In earlier experiments the possibility to test larger specimens was 
lacking and therefore a larger crease bed was designed. Also the metal bolts in this 
second version have a larger diameter, enhancing the setup's stiffness. 

In the final version the metal bolts have a length of around 25mm and are attached 
perpendicularly to a metal frame. The frame allows one to fix the crease bed in a micro
tensile stage by clamping it onto two metal pins of the tool used in an earl ier study[3l. 

This is demonstrated in figure 3.3. 

gap 

screws 

Figure 3.3: two crease beds used for experimental 
creasing 

metal pins 

rubber clamps 

A liner sample can be inserted between four rubber clamps and fixed by 
tightening the two screws. When properly fastened, the gap between the clamps equals 
6.5mm, which is in accordance with a B-flute 's period. The rubber clamps edges have 
been rounded off to prevent them from cutting into the liner. 

When a specimen is fixed, the crease bed may be installed in a micro-tensile stage. 
The complete setup can be seen in figure 3.4. Positioned opposite of the crease bed and in 
the exact center of the 6.5mm gap is the crease knife. This knife is similar to the ones 
used in the papermaking industry. It was provided by DieVision Eerbeek. The tip of the 
crease knife can be changed into three different diameters: 0.71mm, 1.05mm and 1.42mm. 
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Once the crease knife and crease bed are properly positioned, the entire tensile 
stage is placed inside a climate box, as shown in figure 3.4. Relative humidity levels 
inside this box can be changed between RH= 10% and 80%, while the temperature is 
being kept constant. Conditioning of the liner is treated in a following section. 

Figure 3.4: crease bed fixed in the micro-tensile 
stage inside the climate box 

crease knife 

liner 

As test material the above described Coraliner is used. Samples have a width of 
5mm and span the 6.5mm gap. These samples have been stamped out of sheets of 
linerboard and are oriented in the machine direction. 

Figure 3.5: micro-tensile stage within climate box 
placed in the field of view of a microscope 
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Finally, the climate box and tensile tester are placed under an optical rnicroscope, 
so that the deformation of the sample can be studied in detail. During a test, the crease 
knife moves at a speed of l .2mm/rnin. Thus testing a single sample lasts a minute and a 
half. 

Idealized creasing results 

In figure 3.6 the results for four idealized creasing experiments under two 
different humidity conditions are presented. A crease knife with a tip diameter of 1.05mm 
was used. Relative hurnidity conditions of 10% and 50% are exarnined, because cracking 
is promoted by a dry condition ( 10%) and 50% is the standard condition used in the paper 
industry. 

0 ,...1 =--

.5 

50RH 

' ' -2 -1.5 -1 
displacement [m] 

Figure 3.6: four simplified crease operation results obtained at 
relative humidity conditions of 10% and 50% 

The curves start when the crease knife touches the liner, which has been clarnped 
between the four rubber clarnps. As the knife deflects the liner, resulting in a negative 
displacement, the force measured increases (in the absolute sense). At a certain point the 
liner can no longer withstand the stress levels imposed on it and it fails. This is visible as 
a sudden drop of the force to zero. The force never returns exactly to zero, because the 
cracked liner still exerts a frictional force on the crease knife. 

A difference between the two humidity conditions manifests itself clearly. Where 
the liner in moist condition is still able to bear its load, it fails in the dryer condition. A 
reduction of 28% in displacement and 36% in load results due to the dry condition. 
Regarding the slope in both sets of curves, in the beginning the dryer condition has a 
slightly higher stiffness, but this switches to the wet condition later on. 

The reduction in displacement and also the larger stiffness in the earliest part of 
the experiments for the dry condition are expected. As the hurnidity level drops, water 
evaporates from the liner and the fiber bonding changes as described in chapter 2. The 
liner becomes stiffer and stronger, but more brittle as well. And although an earlier 
failure is thus expected, the large reduction in load (even smaller than the wet condition 
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for the same displacement) is not expected. This may be explained by taking into account 
pre-tension in the liner. When the liner is being fixed in the crease bed, this is done at a 
hurnidity level of RH=35%, which is different from the testing conditions (RH=10% and 
50% ). As a result the liner shrinks in the dry condition, leading to a force bui Id-up in the 
liner, whereas some slack develops in the wet condition. Thus to perform a proper 
comparison, this effect needs to be taken into account. In chapter 4 this is done by using 
an analytica) model. 

Repeatability 

While perforrning idealized creasing experiments the question arises what the 
repeatability of these tests is. In figure 3.7 the load-displacement responses of six 
different experiments are plotted. These were performed on Coraliner at a relative 
humidity of 50%. Failure in most of the tests happens at a displacement of approximately 
-1800µm and a force of -22N. However, the scatter observed is considerable. This can be 
largely explained by the heterogeneity of the liner. If Coraliner is held in front of a light 
source, fluctuations in the fibre density are clearly distinguishable. Darker areas as seen 
in figure 3.8 contain more fibres than brighter ones. These differences are a result of the 
manufacturing process. 
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' ' ' -1800 -1200 -600 à 
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Figure 3.7: six idealized creasing results obtained at a relative 
humidity of 50 % 
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Figure 3.8: fibre density fluctuations of Coraliner 

In figures 3.9 and 3.10 the effect of density variations is made visible. Prior to 
obtaining specimens from a sheet of liner, a distinction was made between low and high 
density areas. In the figures the two lighter curves correspond with specimens taken from 
a low density area and the two darker ones with dense areas. The fifth curve (middle) in 
both humidity conditions represents a specimen taken at random and matches the results 
discussed above. 

Obvious is that less dense specimens fail earlier in comparison to dense ones and 
that these two results bound the data obtained from randornly selected samples 
significantly. Scatter among results from one category is smaller than that observed in 
figure 3.7 and thus this scatter is mainly due to the heterogeneity of the paper. Another 
point of interest is that the stiffness variation between dense and less dense areas is small 
compared with the variation in strength. 
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Figure 3.9: idealized creasing results obtained for Figure 3.10: idealized creasing results obtained 
different density specimens at a relative humidity for different density specimens at a relative 
of 10% humidity of 50% 

Table 3.1: failure points for specimens with different densities at different humidity conditions 

RH 10% 50% 
Force (N) Displacement (µm) Force (N) Displacement (µm) 

Thin -11 .5 -1150 -19 -1725 
Random -14 -1300 -22 -1800 
Dense -15 -1375 -23.5 -2025 
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Influence of crease kuif e 

In research on creasing behaviour of corrugated board performed by Wageningen 
University, a co-member of the LWPaB group, a different response for different crease 
knife diameters was observed. One of their experiments involved folding a strip of liner 
around a crease knife and pulling the ends of the strip in the same direction. Since the 
strength measured in this so-called loop sample test varied with the crease knife radius, 
different crease knife diameters are examined also in the present study. 

In figure 3.11 the results of the idealized creasing experiment for three different 
crease knife diameters (0.71 mm, 1.05mm and 1.42mm) are given. With each crease knife 
three tests have been done. The results are obtained at a relative humidity of 50%. The 
crease knives have been provided by DieVision Eerbeek and are standard knives used by 
the board converting industry. 
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Figure 3.11: idealized creasing results obtained with different 
crease knife diameters at a relative humidity of 50% 

Comparing the largest tip diameter, 1.42mm, with the smallest tip diameter, 
0.71mm, shows that for the latter failure occurs earlier (by approximately 250 
micrometer). This can be explained by the fact that for the thinner knife the contact area 
and thus the pressure build-up in the liner directly below the crease knife is larger. Also 
the liner is bent more for a thinner knife, which increases the local strain in the liner. 
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Conditioning 

Since no data exist on how Coraliner reacts to changing humidity conditions, 
experiments are performed to determine how long a specimen must be climatized prior to 
a test. For this reason a 12mm long and 5mm wide specimen is clamped in the micro
tensile stage. 
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Figure 3.12: liner response for a RH decrease 
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Figure 3.13: liner response for a RH increase 

While humidity conditions inside the climate box change, the gap spanned by the 
specimen is kept constant. This results in a force build-up for dryer conditions, since 
shrinkage of the liner is prevented. The effect is portrayed in figure 3.12. There the 
climate box reaches its minimum relative humidity condition in about 10 minutes. The 
mechanical response is almost instantly. Even when the moisture level starts to rise again, 
an immediate reaction in force from the liner is just distinguishable. Thus one may 
conclude that, for the circumstances described in this report, after only a brief period of 
time a constant state is reached. An acclimatization period of 10 minutes is therefore 
assumed throughout this report. 

A similar observation can be made if a pre-tensioned sample is exposed to a high 
humidity, see figure 3.13. In this case, instead of a force build-up a relaxation occurs. 

Tensile tests 

Besides the idealized creasing experiments, tensile tests have been performed. 
These will serve, in the following chapters, as comparison data and as a basis for the 
material models of the linerboard Coraliner and the fluting medium Coramedium. 

Tensile tests have been done for three orientations (MD, CD and 45° between MD 
and CD). They were performed at the same humidity conditions (RH= 10% and 50%) as 
the idealized creasing tests. The length of the specimens was kept constant at 100mm and 
their width at 15mm. Stress and strain data have been determined from the force and 
displacement of the clamps. These move at a speed of 1 0mm/min. In Appendix A the 
influence of operating speed on the results is discussed. After conditioning and at the start 
of every experiment the force was zeroed. 
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In figures 3.14 and 3.15 the results for respectively Coraliner and Coramedium 
are depicted for the three different directions and the two humidity conditions considered. 
The results clearly show the anisotropy of the paper, with MD being the stiffest for a 
relative humidity of 10% (5.31 GPa for Coraliner) and reaching the highest strength level 
(54MPa). This is due to the primary alignment of the fibers in this direction. At the same 
time however MD is also the most brittle direction, i.e. that it reaches the lowest strain 
level (0.015). 
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Figure 3.14: Coraliner tensile tests Figure 3.15: Coramedium tensile tests 

A much more compliant and ductile response is shown by the CD. lts stiffness 
and strength are approximately a factor 2.5 smaller than the MD (2. l 3GPa and l 9MPa). 
However, its failure strain is larger (0.024). The behaviour of at 45° lies between the MD 
and CD. 

Comparing Coraliner to Coramedium it is observed that the latter is less stiff 
(5.09GPa at 10% in MD) and has a lower strength (46MPa). It fails also at a lower strain 
(0.013). This corresponds with the trend that the fluting medium is of less quality than 
linerboard. 

When examining the differences between the two different hurnidity conditions, 
the conclusion is in accordance with the physical background of the mechanica! behavior 
of paper as explained in chapter 2. Due to the evaporation of water, the bonding between 
fibres is more rigid in the dryer condition. The liner as well as the fluting are therefore 
stiffer (5.31 GPa versus 5.09GPa for Coraliner in MD) and reach a higher strength 
(54MPa versus 50MPa). Failure happens at a lower strain (0.015 versus 0.02), which 
means that a drop in relative humidity from 50% to 10% results in a 25% lower failure 
strain. 
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4) Analytical Model 

An analytica! model is defined to be able to compare the idealized creasing 
experiment results to the tensile test data. Also pre-tension due to humidity differences 
between the clamping and testing conditions and the finite stiffness of the clamping are 
taken into account. The model simplifies the stress-strain behaviour of Iinerboard for 
different humidity conditions to a power law, the coefficient of which depends on the 
relative humidity. As a result, a fast and simple connection can be made, between a 
common tensile test and the more complex idealized crease operation. 

Mechanical model 

The idealized creasing experiment described in chapter 3 can modeled as depicted 
in figure 4.1. Before applying a load, the liner is horizontal and constrained between 
points / and 2, spanning a length L. When a force F is imposed, the deformation of the 
liner is assumed to result in a triangular shape. Point 3 is the tip of this triangle and the 
corresponding displacement is describes by u. The angle 0 can be expressed in u and Las, 

2u 
tan(0)=

L 
(4.1) 

The force F"r represents pre-tension, caused by humidity differences between 
fixing and testing conditions. If the liner was fixed at a relative humidity higher than the 
test condition, F"r has a positive value. On the other hand, if the fixing condition was 
lower, slack occurs and this results in a slight dimensional change. 

The assumption that the crease bed used in the idealized creasing experiment 
(figure 3.3) is entirely rigid is not correct. In fact the rubber clamps in the crease bed are 
also being deformed by the applied experimental load. That is why the proposed analytic 
model can best be used for comparison reasons when two springs are included to model 
the clamping stiffness, as illustrated in figure 4.1. 

F r 

0 

L 

Figure 4.1: Analytica) model with springs 
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The springs in figure 4.1 can be interpreted as one effective spring. A spring 
constant c can be defined. This means that for a certain experimental applied load F in 
the idealized creasing experiment, a displacement caused by the flexibility of the rubbers 
exists, which comes on top of the displacement u the liner is subjected to. A Urorat can be 
defined as, 

F 
Utotal =u+

C 
(4.2) 

During the idealized creasing experiments Uroral is measured, while the analytica! 
model calculates u. Two methods are conducted to establish spring coefficient c. These 
are discussed in Appendix B. After calculations it follows that c has a value of 25700N/m. 

A relation between stress and strain is available from the tensile tests. In the 
analytica! model the strain is defined in terms of the displacement u and initial length L as, 

(4.3) 

The force F can now be calculated combining the cross section A (192µm x 5mm) and 
the stress <5 corresponding to the strain ë. However, force F is not parallel to the diagonal 
sections. In these sections the acting force needs to be decomposed, see figure 4.1. The 
horizontal components compensate each other, while the vertical force F can be derived 
as, 

F = 2Asin(B)cr (4.4) 
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Stress-strain behaviour under the influence of humidity 

In figure 4.2 tensile test data in MD is presented for the two earlier distinguished 
humidity levels RH= 10% and 50%. Added is tensile test data for humidity levels 30%, 
40%, 60% and 70%. 

60 

50 

40 

20 

10 

' 0.005 ' ' 0.01 0.015 0.02 0 .025 
strain [-] 

Figure 4.2: tensile test data for severa] humidity conditions 
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Figure 4.3: tensiJe data presented on a Jogarithmic scale 

When this data is plotted on a logarithmic scale it becomes approximately linear 
and an increase in humidity appears to result in a parallel shift of the tensile data, 
especially for strains higher than 0.01 as demonstrated in figure 4.3. Our interest lies 
mostly in this region (>0.01), since failure only occurs after this strain has been achieved. 
A specific relation can be defined to represent the stress-strain behaviour, which is being 
influenced by humidity. It has the following form, 

(4.5) 
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This is a power law and produces the best result , since it too gives a linear shape on a 
logarithmic scale. 

In figure 4.4 power laws fitted to the tensile data for the different humidity 
conditions are drawn. In these fits the exponent b (4.5) is kept constant, while exponent a 
is variable. 

°o 0 .005 0.01 0.015 ' 0 .02 0 .025 
strain [·] 

Figure 4.4: Power laws fitted into tensile data 

In figure 4.5, value a of the fitted power laws are plotted against the relative 
humidity RH. From it a linear relation can be establish as, 

where 

d 0 =5 ·108 [Pa] 

dl = 2.5 -106 
[ ½, ] 
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Figure 4.5: value a (4.4) plotted against relative humidity RH 
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The largest difference, between the fit and the data points exist for a relative 
humidity of 70%. This difference ( 1.5x 107Pa) compared to the value the fit gives 
(3.25x 108Pa) is less than 5%. One may thus concluded that an accurate fit for higher 
strain values is established. 

Fracture behaviour onder the influence of humidity 

Fracture happens when the tensile specimen, fabricated out of linerboard, can no 
longer sustain its applied load. At this point the specimen fails and the force returns to 
zero. Several of these points have been determined for tensile tests performed under 
different humidity conditions. In figure 4.6 the fracture strains of these points have been 
plotted against the relative humidity . 
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Figure 4.6: fracture strain plotted against relative humidity RH 

It follows that a linear relation exists between the relative humidity RH and the 
fracture strain e1, so that e1 reads 

(4.7) 

for which 
% = 0.014[-] 

q1 =J4 -lQ-5 [½.1 

The largest difference between the data points and the Iinear fit exists for a 
relative humidity of 60%. For this condition the fit returns a fracture strain of 0.0224, 
which results in an error between this value and the lowest data point of approximately 
10%. This error is large, but for the same humidity condition a data point exists that fits 
accurately, which is also true for a relative hurnidity of 30% and 70%. Overall the 
majority of data points fall within a scatter band of only 5%. 
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With the help of relation (4.7), the fracture strain for different humidity conditions 
can be calculated. This relation can be implemented in the analytica] model to predict the 
displacement u and resulting force F, for which the liner in the idealized creasing 
experiment fails. However, because of the indentation of the rubbers this calculated 
displacement u still needs to be corrected with the spring coefficient. 

Pre-tension 

In chapter 3 already the influence of pre-tension was mentioned. Pre-tension 
originates from the fact that linerboard in the idealized creasing experiment is clamped at 
a humidity condition, which is different from the testing condition. This impracticality 
can best be understood by reviewing the climate box. When the climate box is closed, 
adjusting a specimen in the crease bed becomes impossible without reopening. A relative 
humidity change inside the climate box thus always result in a stress build-up (or 
relaxation) of the liner after closure. 

The idealized creasing experiments were performed at humidity conditions 
RH=l0% and 50%. The liner samples were clamped at a relative humidity of 35%. The 
subsequent pre-tensions stresses can be determined experimentally. For this purpose 
tensile specimens (length 6.5mm) are clamped inside the climate box, after which the 
relative humidity is changed. No displacement is prescribed thus the clamping distance 
stays constant. 

In figure 4.7 the final stress present after conditioning is plotted against the 
relative humidity. The values at RH=l0% and 50% are averages of the experiments 
described above. It follows that a stress of 4.2MPa is present after the humidity is 
lowered from 35% to 10% and in the other direction (from 35% to 50%) a negative stress 
of -2.5MPa exists. 
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Figure 4.7: pre-tension stress (in a liner after conditioning for an 
idealized creasing experiment) plotted against relative humidity 
RH 
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If pre-tension occurs, the natura! (stress free) length of the specimen changes. 
This is expressed by a pre-strain Cpr with respect to the clamping condition (RH=35%) In 
figure 4.8 two power laws at a relative hurnidity of 10% and 35% are depicted 
(established in figure 4.5). If pre-tension were absent both curves would start in the origin. 
However, pre-tension is present in the RH= 10% condition. A shift by Cpr along the x-axis 
is thus necessary to capture the pre-tension stress of 4.2MPa. 
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C 

Figure 4.8: implementation of pre-tension in the analytical model 

For the other condition (RH=50%) the procedure is similar resulting, however, in 
a shift to the right along the x-axis. 

3.5f 10 

1 
31 

1 
' 25r 
1 

'ëu' 21 
e:. 1 
~ 1 

~ 1.5 
in 

0. 

7 

8 0.002 
' 1 

1 

0 .004 0 .006 0 .008 0 .0 1 
strain [-] 

Figure 4.9: influence of pre-tension on the stress-strain laws at a 
relative humidity of 10% and 50% 
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The above method of implementing pre-tension in the analytica! model leads to 
the stress-strain relations plotted in figure 4.9. The diagram shows that because of the 
vertical start of the power laws used, the shift is relatively small. 

Analytical model results and comparison 

Now that fracture and pre-tension have been characterized for the analytica} 
model, a comparison between the tensile tests and the idealized creasing experiments is 
possible. Of interest are the RH= 10% and 50% conditions. These are the same humidity 
levels which are used as testing conditions in the idealized creasing experiments. 

In the analytical model a displacement u is prescribed and by using equation (4.3) 
the strain can be calculated. This strain is then inserted in equation ( 4.5), which is shifted 
according to the amount of pre-tension (figure 4.9). The resulting stress is substituted in 
equation ( 4.4 ). Finally, the fracture strains are established and the displacements u 
belonging to these states are calculated. Pre-tension influences on the fracture strain are 
also taken into account, ho wever these are small(< 1 % ). 
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Figure 4.10: idealized creasing experiment data for humidity 
conditions RH=10% and RH=50% and the results calculated with 
the analytical model 

In figure 4.10 the results of the idealized creasing experiments at 10% and 50% 
relative humidity are shown together with the analytica! model results for these 
conditions. The analytica! result at a relative humidity of 50% is shifted 37µm, as in the 
experiments. However, in the experiments this shift was much larger (approximately 
300µm). This large dissimilarity exists because power laws are used to describe pre
tension in the analytical model. At the origin these curves are almost vertical. The earlier 
established pre-tension for condition RH=50% (-2.5MPa) thus only results in a very 
small shift (c,,,=6.5· l 0-5). Such a small shift also explains the minimal behaviour pre
tension has on the fracture strain. 

It would have been more precise to use an assumption that accounted for both 
linear-elastic and plastic behaviour. This would have resulted, according to figure 4.2, in 
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a much larger shift (approximately ëp,=5.0-10-4), which would have led toa displacement 
of 325 µm. This value corresponds well with the 300µm the experimental result shifted 
with. However, fitting this kind of behaviour would have required a much more complex 
fit than a basic power law. Note that the dry humidity condition already starts in the 
origin and does not require a shift. 

The trends of the experimental curves are captured well by the analytica} model in 
figure 4.10, but only when the part after a displacement of approximately 500µm is 
compared. This can be traced back to the use of power laws. For strains higher than 0.01 
the power laws fit the material behaviour of linerboard well (figure 4.4). However, for 
strains lower than 0.01 the fit predicts too high stresses. Thus in figure 4.10 the analytica} 
curves, before a displacement of approximately 500µm is reached, show a stiffer 
response than in reality. 

Another interesting observation is that the analytica} curves, as well as the 
experimental curves, are almost on top of each other, while the power laws in figure 4.4 
are much further apart. If, however, the analytica} model would have been calculated 
without pre-tension, its curves would also have been further apart, sirnilar to the tensile 
tests. The shift of 37µm for the analytica} model at RH=50% apparently has a large 
influence on the force. The same effect explains the fact that the experimental curves 
follow each other until facture occurs. 

The experimentally deterrnined failure force at a relative hurnidity of 10% (13.5 N) 
differs by 2.8N, when compared to the analytically deterrnined force (16.3N). Almost the 
same difference can be calculated between the hurnid conditions but in opposite direction, 
since the analytica} model predicts a force of 19.9N and the experimental failure force 
has a value of 22.4N. 

When looking at the differences between the displacements where failure occurs 
there is substantial difference for the hurnid condition. A displacement in the analytica} 
model is predicted (1400µm), which is much smaller than the experimentally obtained 
displacement (1800µm). In the dry condition a comparison between the analytica} model 
(1260µm) and the experimental value (approximately 1180µm) shows only a small 
difference. 

Part of these differences between the analytica} model and the experiments can be 
explained. The first reason can be sought in the spring coefficient c, which is difficult to 
establish. A smaller coefficient (e.g. c=20000N/m) would have resulted in a much better 
fit in figure 4.10. The difference between the experimental and analytical displacements, 
at which fracture would occur, would then have become much smaller for the hurnid 
condition ( ~ 150µm at 1630µm) and would have stayed almost the same in the dry 
condition ( ~ 120µm at 1380µm). From this one may also concluded that the overall 
indentation or displacement of the layer below the liner (the fluting for corrugated board) 
is an important factor when predicting failure in a crease operation. A more compliant 
underground results in a larger displacement at fracture. 

Some of the differences between fracture in the experiments and analytica} model 
can be explained by the fact that linear relations are assumed for the fracture ( 4. 7) and 
material behaviour (4.6). However, an error of 5% in the fracture strain only leads to a 
small difference for fracture (approximately 0.2N and lOµm). 
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Perhaps a more significant effect is that the compression and bending of the liner 
in an idealized creasing experiment is neglected in the analytica! model. Including these 
effects would certainly have an impact on the response of the liner. The results in chapter 
3 showed that using a larger diameter for the crease knife led to higher forces and 
displacements before failure in the idealized creasing experiment occured. The loop 
sample tests performed by Wagening University also underline this difference. 

In comparing the experimental and analytica! curves, one should realize that both 
are subject to a significant amount of scatter. In chapter 3 (figure 3.7) the repeatability of 
the idealized creasing experiments was studied. It showed that a difference in failure 
displacement (approximately 200µm) and a force (approximately 5N) can exist. 

Summarizing the analytica! model, it shows that comparing the idealized creasing 
experiment with the tensile tests is possible. A simple relation by using power laws is 
defined to describe the liner's material behaviour and the influence of hurnidity on it. A 
reasonable agreement between the analytica! and experimental force-displacement curves 
is presented, although the agreement would have been better when a smaller c was used. 
Ultimately the analytica! model provides a simple method to predict failure in an 
idealized creasing experiment. 
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5) Finite element modeling 

In this chapter finite element models at two different humidity conditions are 
treated. These models give a deeper understanding of the crease operation and the related 
humidity influence. Also they can be used to compare the analytica} model of chapter 4 
with. However, the main reason to use finite element modeling is that it allows an entire 
section of corrugated board to be creased with the desired constraints, while in the 
experiments only the liner could be creased under such constrained conditions. 

The finite element (FE) models are constructed in MSC.MARC/MENTA T 2005, 
a FE analysis program. To describe the linerboard and fluting medium orthotropic and 
elasticity and the Hill yield criterion are used. Unfortunately the constitutive model 
makes no distinction between tension and comfcression, which, however, exists in paper. 
Still it should provide a good approximation131•1 01•1211 . 

The tensile tests discussed in chapter 3 provide the basis for the material 
parameters. How these material parameter sets are calculated is explained in Appendix C. 
A distinction can be made between two material models, the Coraliner and Coramedium 
material model, which represent the linerboard and fluting medium. In addition another 
distinction can be made between material behavior at a relative humidity of 10% and 
50%. Together this results in four different material models. 

Corrugated board mesh 

In figure 5.1 the geometry of a B-flute is depicted. This type of flute is used in the 
material combination described in chapter 3. 

Figure 5.1: corrugated board geometry 

192µm • 

6.5mm 

An important aspect, when studying the geometry of corrugated board, can be 
washboarding. This is an undesired effect resulting from the corrugated board 
manufacturing process. It can be found on the surface of the liners. After a liner and 
medium have been glued together by starch, the starch shrinks as it dries. This shrinkage 
may pull the liner and medium together. The resulting geometry can best be described as 
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a landscape of hills and valleys in succession.( 161
·['

71 This effect however is marginal for 
the combination described and is therefore neglected in the finite element model. The 
eventual geometry is one where fluting and liner only have a small bonding section 
(approximately 200µm) and the liner is entirely horizontal. 

In figure 5.2 the finite element mesh used to represent the corrugated board 
geometry in figure 5.1 is depicted. For both relative humidity conditions, 10% and 50%, 
this mesh is used. The mesh consists of 4 periods of the flute sandwiched in between the 
upper liner and bottom liner. The board sample rests on a flat surface. 

Figure 5.2: finite element mesh 

The crease knife, with a diameter equal to that used in the idealized creasing 
experiment ( 1.05mm), is represented by the circular curve. It is positioned above the 
valley in the exact middle of the 4 peaks. It will move down 2.2mm by a prescribed 
displacement. 

The x-direction in the finite element model corresponds with the machine 
direction, while the cross direction corresponds with the z-direction. Both are in-plane 
directions. The y-direction, however, represents the out-of-plane direction. 

Boundary conditions are defined for all nodes at each end of the fluting, bottom 
and upper liner. For these nodes no movement along the x-axis is allowed. This 
represents the behaviour which occurs when a large board is creased and the size of the 
board constrains the edges of the sample. In addi tion, when a corrugated box is creased, 
multiple crease lines and cuts are introduced, which also hold the board in place. 

Another restriction is defined for the lowest node at each end of the bottom liner. 
No movement along the y-axis is allowed for these nodes. This keeps the bottom liner 
from moving upward, which was a problem in the experiments performed by Goorenr31. 

This boundary condition is also the result of trying to mimiek the creasing of a large 
board, which keeps the bottom liner and upper liner parallel and horizontal sufficiently 
far from the crease. 
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A plane strain assumption is used in the finite element model. The elements 
(plane strain solids, quad 4, full integration) in most cases are square, with a size in each 
direction of approximately 50µm. At the position where a flute's peak touches the liner, 4 
elements are in contact, which results in 5 nodes being shared. 

Before a complete section of corrugated board is tested in the finite element 
environment, a tensile test is modeled. The result of this model, compared to the tensile 
tests in chapter 3, is discussed in Appendix D. There it is confirmed that the material 
parameter sets, calculated in Appendix C, are able to describe the material behaviour in 
the finite element environment. 

Results 

In figure 5.3 the response predicted by the finite element model at a relative 
humidity of 10% is depicted. Four different time steps are shown. The first picture (figure 
5.3a) shows the deformation at a penetration of approximately 300µm. A grey spot is just 
distinguishable. This area has a maximum principal strain which is above the fracture 
strain (0.0154). 

The second picture (figure 5.3b) shows the state at a crease knife displacement of 
550µm. Half of the thickness of the upper liner now exceeds the fracture strain. It is 
likely that the liner would have failed for this crease knife position. This correlates well 
with the analytica! model. If the displacement due to the clamping compliance is 
subtracted from the analytica! response, it predicts liner failure at a crease knife 
displacement of 570µm. 

Figure 5.3c gives the result at a crease knife displacement of approximately 
800µm. At this position the fluting shows extensive signs of failure in the bending 
regions, including below the crease knife. 

In the final picture of figure 5.3 the crease knife has moved 1870µm. At this 
position both liner and fluting are predicted to have failed entirely. This state is no longer 
representative, but it shows that the bottom liner is still intact and has only little to endure 
in the model. 
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C d 

Figure 5.3: finite element model of corrugated board at a relative humidity of 10% and fora crease 
knife displacement of a) 300µm, b) SSOµm, c)800µm d)1870µm showing the maximum principal 
strain 

The maximum principal strain as shown in figure 5.3 can also be retrieved for the 
finite element model at a relative humidity of 50%. The results at both humidities are 
summarized in figure 5.4 by four curves. They represent two different positions (nodes) 
in the upper liner at two different humidity conditions. The curves to the right are for the 
node exactly below the crease knife at the bottom of the upper liner, where the largest 
strain is observed. The curves on the left on the other hand give the result for the node 
below the crease knife in the exact centre of the upper liner. 
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Figure 5.4: the maximum principal strain at the center and 
exterior of the upper liner plotted against the displacement of the 
crease knife at RH=10% and 50% 

At the exterior of the liner, as observed, the failure strain is reached much earlier 
than in the center. A factor of approximately 2 can be computed (RH=l0%) between the 
point were failure occurs at the exterior and center. A similar factor can also be calculated 
for a relative humidity of 50%. Nonetheless, the center position predicts failure for the 
upper liner best. When the analytica! model is compared to the finite element model this 
position is used. 

The behaviour in figure 5.4, that the curves calculated at a relative humidity of 
l 0% lie below the humid ones, is interesting. This suggests that the dryer condition can 
be creased further before the same strain is reached as in the RH=50% condition. Crease 
line failure would thus occur later for the RH=10% condition. 

What happens is that the finite element model picks up the geometry change of 
the fluting medium. The load the liner is subjected to deforms the fluting, i.e. the liner is 
pushed downward and the peaks are flattened. This results in a geometry which can be 
seen in figure 5.3. Because of this, the resulting length spanned by the liner between 
singular peaks becomes smaller. At a relative humidity of 50% this happens more easily 
than for a relative humidity of I 0%, since the fluting has a lower strength in this 
condition. As a result, the liner is bent over a shorter distance, which results in higher 
maximum principal strains for the RH=50% condition than for the RH=10% condition. 

Comparison with the analytica) model 

It is interesting to see how well a maximally constrained liner, as defined in the 
analytica] model, compares to the complex crease on the entire board simulated in the 
finite element environment. The analytica! model derived in chapter 4 accounted for the 
clamping stiffness of the experiments presented in chapter 3. Also pre-tension was 
implemented into the analytica! model to capture the difference between clamping and 
testing humidity. These elements of the analytica! model are no Jonger necessary when it 
is compared to the finite element model. 

40 



In figure 5.5 the force acting on the crease knife is plotted against its displacement 
for the analytica! model and the fini te element model at humidity conditions RH= 10% 
and 50%. 
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Figure 5.5: force-displacement curves of the crease knife 
calculated with the FE model and analytical model 

The trends predictions of the finite element model and analytica} model compare 
wel!. However, they do not !ie on top of each other. This is the result of the fluting in the 
FE model and the absence of it in the analytica] model. The liner is now entirely 
restricted, while in the FE model the fluting moves downward under the load the crease 
knife exerts. It acts as a spring coefficient, which is similar to the clamping stiffness 
discussed in chapter 4. However, the response may have a different shape than the linear 
one assumed in chapter 4. 

The kink in the force-dis placement curve of the FE model is also the result of the 
fluting, since at this particular point it buckles. However, this is of less importance since 
the liner would have already failed before this state is achieved. 

When the failure predictions of the analytica! model and finite element model are 
compared, they show a good correspondence. In figure 5.4 the fracture strain at a relative 
humidity of 50% is reached for the center position when a displacement of 630µm is 
exceeded. When this value is compared to the displacement the analytica] model predicts 
(650µm) it almost coincides. For the dry condition (RH=IO%) a similar conclusion can 
be drawn, since failure is predicted a displacement 580µm (figure 5.4) in the finite 
element model and in the analytica] model at 550µm. Differences between failure 
displacements, resulting from creasing at different humidity conditions, are thus 50µm 
and IO0µm for respectively the finite element model and analytica] model. 

The fracture forces between the analytica] model and the finite element differ by a 
larger value than the failure displacement. This can be understood when figure 5.5 is used. 
Since model differences in failure displacement are only small, an imaginary vertical line 
can be positioned at the averages (565µm and 640µm). It becomes imrnediately clear that 
a substantial difference exists between the failure force of an entire board and an 
idealized constrained liner. The Jatter requires a much larger forces, but this is expected 
with the constraint specified. 

41 



The earlier assumption (chapter 3), that only creasing the liner instead of creasing 
the entire board is representative for liner failure, is justified. This follows when failure 
displacements are compared between both models and the fracture strain is used as a 
failure criterion. On the other hand the forces in the above methods differ considerably 
(approximately by a factor of 2). However, the crease knife displacement is prescribed 
when introducing crease lines in the board and predicting failure for this parameter can be 
done accurately. This difference between the finite element model and analytica! model 
established for the RH=10% and RH=50% condition is respectively 5% and 3%. 

The final conclusion, what the influence of humidity on the creasing behaviour of 
corrugated board rnight be, can now be drawn. The analytica! model shows a crease knife 
displacement reduction of 15%, when the hurnidity drops from a relative hurnidity of 
50% to 10%. The finite element model gives a reduction of 10%. Thus approximately a 
reduction between 10% and 15% is due to the humidity change. 
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6) Conclusion and recommendations 

The creasing behaviour of corrugated board has been studied by an experimental, 
analytica! and numerical approach. The effect of humidity is also examined. To describe 
the material behaviour of linerboard (Coraliner) at different humidity conditions, 
relations have been defined. 

The limitation that no liner cracking was observed in a previous study (Gooren131) 
has been removed. An idealized creasing experiment is defined and failure of the liner is 
observed in the crease bed designed for these experiments. 

The influence humidity has on linerboard and on the crease-ability of corrugated 
board is exarnined. It is concluded that liner cracking occurs earlier, when the relative 
humidity is lowered. This is in correspondence with the behaviour the papermaking 
industry experience. In addition, the influence the diameter of the crease knife has on the 
crease-ability of corrugated board and the repeatability of the idealized creasing 
experiment is studied. 

An analytica! model has been defined, to describe the idealized creasing 
experiments. It corresponds reasonably well with the experimental data. The predicted 
load-displacement curves both show a similar response as observed in the experiments. 
However, when comparing the quantitative agreement of the displacement this differs by 
25%, which is mainly due to an experimental complication. The rubber clamps in the 
crease bed deform under the applied load and implementing this behaviour accurately in 
the analytica! model is difficult. A new tool for the idealized creasing experiment that has 
rigid clamps, which do not cut the liner, should therefore be designed for future studies. 
The possibility to pre-condition the liner specimens, so that no pre-tension occurs in the 
idealized creasing experiment, would also reduce the experimental error. 

When the analytical model is compared to the finite element model, the crease 
knife displacement at which failure occurs matches quite well. A difference of only 5% 
and 3% for respectively a RH=10% and RH=50% condition is observed. lt also follows 
that when the humidity drops from 50% to 10%, the crease knife displacement is reduced 
by approximately 10%. Nonetheless, using a different criterion than the Hill yield 
criterion and by acquiring the out-of-plane parameters of linerboard and fluting medium 
experimentally, a possible numerical error could be reduced. 

The agreement between the analytica! model and the finite element model shows 
that creasing a fully constrained liner is representative, with respect to creasing an entire 
board. Idealized creasing experiments should be perf ormed at several other humidity 
conditions, to gain more insight. Additional parameters of interest would be the speed at 
which the crease knife moves and the influence of the paper grammage. 

Finally, it should be noted that all the above approaches (analytical and finite 
element) operate in a 2D environement. However, paper is a 3D product and crease lines 
are not always introduced at the valley position parallel to the fluting. Further research 
should therefore be performed in the 3D domain and take into account several crease 
knife positions. 
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AppendixA 

Influence of operating speed 

The tensile tests results treated in chapter 3 have been obtained at Wageningen 
University on a large tensile testing machine for which climatization was possible. As 
comparison and assurance separate tensile tests have been performed at Eindhoven 
University of Technology as well. These èxperiments were performed inside a climate 
box on a micro-tensile stage. 

The operating speed of a micro-tensile stage is much lower than a large tensile 
testing machine. Also the specimen dimensions between both experiments differed. This 
led to a short study of specimen dimension and operating speed influences for tensile 
tests conducted on linerboard. 

In figure A. l the changing material behaviour for different operating speeds and 
specimen dimensions is summarized. Specimens with a length of 100mm and 35mm have 
been loaded in tension at an operating speed of 1 0mm/min and 0.1 mm/min. 

60 

50 

40 

ai" 
C. 
::. 
';;30 
<IJ 

~ 1 

20 

o· 
0 o.005 o.01 

100x5mm 
' 1omm/min 

35x5mm --
100x5mm 

' 
35

x
5

mm --0.1 mm/min 

' ' ' 0.0 15 0 .02 0 .025 0 .03 0.035 0.04 
stra in [-] 

Figure A.l: tensile tests performed on different tensile specimens 
at different operating speeds 

A difference between tensile tests performed at different operating speeds is 
clearly visible in figure A. l. It shows that for a much lower speed (factor 100), the 
breaking strain (approximately 10%) and stress (approximately 20%) are reduced. The 
strength loss is particularly large. An explanation for this is that when a tensile specimen 
is loaded more slowly, fiber-to-fiber connections disconnect individually. The failure of 
these bindings weakens the material significantly. This is opposite to a faster speed for 
which all bindings are instantly loaded and have to contribute immediately. This leads to 
the conclusion that the response of linerboard is dependent on the operating speed. 

In this study speeds during testing ( l .2mm/min - 1 0mm/min) are much lower, 
than the actual operating speed the converting industry uses to introduce crease lines in 
corrugated board. From figure A. l can be concluded that the determined stresses could 
differ by 20% and the (fracture) strain 10%, if the operating speed is lowered by a factor 
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l 00. If this is also true when the operating speed is increased by a factor 100, the results 
in this study could have the same inaccuracy, when these are compared to the converting 
industry ones. 

The differences observed between specimen dimensions can be explained as an 
experimental error. Slip has occurred in the clamps. This has a big influence on the short 
specimen, but a smaller influence on the longer specimen, which results in higher strains 
for the short specimens. 

The dissimilarity in strength between both separate dimensions can not be 
explained. Since imperfection are more likely to occur in larger specimens, expected was 
that the Jonger specimen showed lower forces lower. A good explanation why this 
behaviour occurs is lacking. 
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Appendix B 

Estimation of the clamping stiffness 

To determine the clamping stiffness c of the paper sample in the idealized 
creasing experiments, two methods have been used. In the first method a small steel plate 
with the same dimensions as a liner sample is clamped and an idealized creasing 
experiment is performed on it. Results of this experiment are presented in figure B. l. 

-60 ·1000 ' . ' -800 -600 -400 ' -200 ó 
displacement [micrometer) 

Figure B.l: idealized crease operation performed on a small steel 
plate to experimentally acquire c 

It follows from a linear fit, that c has a value of 51 000N/m. However this value is 
too high, because a steel plate does not deform as a liner would. When a liner is tested in 
an idealized creasing experiment, it is unable to load the rubber clamps entirely, because 
of its tlexibility. Primarily the edges of the rubber pads are subjected to a reaction force . 
As a result of this effect c is too large and another method is followed. 
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This method involves images taken during an idealized creasing experiment at the 
moments indicated in the force-di splacement curve of figure B .2. Lines 1 to 6 represent 
images acquired during measuring, which can be seen in figure B.3. (The linerboard was 
tested at RH=l 0%.) 
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Figure 8.2: force-displacement curve for an idealized creasing 
experiment and displacements at which images have been taken 
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Figure B.3: images captured during the idealized creasing experiment 

To obtain c from these pictures, the distance the liner moves towards the rigid 
frame needs to be retrieved. As rigid frame the bolt on the left in the image is assumed. 
The displacement of the clamps with respect to the rigid frame Af.., (between position 1 
and 5) can then be determined as, 

M=cos01y 1 -cos05y5 (B.l) 
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Since 81 = 05 = 0equation (B .1) can be to, 

(B.2) 

The distances y1 and y5 are not directly measured in an idealized creasing 
experiment, but on the other hand the distances x1 and x5 are known from the 
measurement data presented in figure B.2. By comparing these experimentally found 
distances with the distances measured by hand in the pictures in figure B.3, /:,,L can be 
determined. For position 5 its value is calculated to be 45Oµm. The force F ( 11.5N at time 
position 5 in figure B.2) is then divided by this distance, which results in a c=256OON/m. 
Note that this spring coefficient is two times smaller than the one determined using a 
steel plate. 

Comparisons among other states are possible as well. However, when comparing 
these it follows that the entire response can be assumed linear (table B.1). An average is 
calculated and has a value of 257OON/m. 

a e . : sprmgcoe 1c1ent ca c ate at erent pos1tions T bi B 1 ffi . I ui d diff 
Position Sprin~ coefficient 

2 23900 N/m 
3 26000N/m 
4 27400 N/m 
5 25600N/m 
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Appendix C 

Identification of material parameters 

In this appendix the identification of a set of material parameters necessary for a 
finite element model is discussed. This is explained for Coraliner at a relative humidity of 
50%. 
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Figure C.1: a single tensile test in three different directions for 
Coraliner at a relative humidity of 50% 

The first material property of interest is the Y oung' s modulus. Ho wever, since 
paper is an orthotropic material three different moduli are required. The Y oung' s moduli 
of MD and CD can be extracted from the initial slope of the stress-strain curves, as 
shown in figure C.l. The values are E 11=5.18GPa and E22=1.98GPa. Note that these 
values are average values, acquired from multiple tensile tests. The Y oung' s modulus in 
ZD is much lower than both in-plane characteristics E11 and E22- A empirica! 
approximation is described by Stenbergr 181

, Beldief 141 and Goorenf3
l as, 

E,, = 200 
E 3.1 

This results in E33 having a value of 25.9MPa. 

(C. l) 
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The next material parameters of importance are the Poisson' s ratios. Since paper 
is an orthotropic material, they need to satisfy the symmetry requirements of an 
orthotrof ic linear elastic compliance tensor. These are for instance described by 
Mäkelär 21 as, 

V12 V21 ---
Ell E22 

(C.2, C.3, C.4) 

In MSC.MARC/MENTAT 2005 v21, v 13 and v 32 are of interest. Baum & 
Bornhoeftr 191 and also Goorenf3

J already experimentally determined v 12 and v 21 . Their 
estimations pointed out that v 12 and v 21 had values of 0.69 and 0.26 respectively. 
However, note that these values are fora different paper than Coraliner. 

The Poisson's ratios v 31 and v 32 are close to zero. As an example Stenberg, Pellers 
& Östlundf201 observed that the amount of in-plane strain during through-thickness tensile 
loading is negligible. This results in v 32 being 0.005 and v 13 reading 0.70, because E33 is 
very small with respect to E11 and Maxwell relation (C.3) needs to be fulfilled. 

The next material properties of interest are the shear moduli. G12 can be calculated 
with the assumption of plane stress, since E11 , E22 and v12 are known and also stress-strain 
curves at 45° with respect to MD and CD are available. Strain tensor and normal vector 
are given for such a test by, 

(C.5) 

(C.6) 

Using these expressions in e= ïi ·e· ïi results m the following expression for the axial 
strain t:: 

(C.7) 
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With e and c, known from multiple tensile tests and En, E22 , v12 and v21 already 
determined, G12 in formulation (C.7) can be calculated. lts value is 1.17GPa. The other 
shear moduli G 13 and Gn are calculated through the use of empirie approximations. 
Beldier141 and Gooren[3

J described these approximations as, 

(C.8, C.9) 

These give G13=94MPa and G23=57MPa 
As plastic parameters the yield stresses for the two in-plane directions MD and 

CD are necessary, as well as the yield stress of the out-of-plane direction ZD. 
Determining the in-plane yield points can be done from figure C.1 , since it is the point 
where the data starts to deviate from a straight line. They are found to be CFuy=20MPa and 
CF22y=6.6MPa. 

Another way would be decomposing the total strain in figure C.1 as ëe+ ëp . This 
leads to 

(J' 
ë =ë--

p E 
Il 

(C.10) 

In figure C.2 the yield stress as a function of the plastic strain is presented. This is the so
called hardening behaviour, which in this case is that of Coraliner in MD. Clear is that 
paper has a non-linear hardening behaviour. In MSC.MARC/MENTAT 2005 this figure 
is directly implemented in the plasticity properties as a table. (Origin; yield stress, 
l 9.2MPa and plastic strain, 0). 
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Figure C.2: hardening behaviour of Coraliner in machine 
direction at a relative humidity of 50% 
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To obtain the yield point of the out-of-plane direction (ZD) the Hill48 yield 
criterion in MSC.MARC/MENTA T 2005 needs to be explained. This criterion is used in 
the FE models of Coraliner and Coramedium. In general the yield criterion can be written 
asr221, 

f = F(<Y22 - 0"33 )2 + G(<Y33 -0"1 J2 + 

H(a11 -a22 )2 +2LaJ3 +2Maf1 +2Na1
2
2 -1 (C.11) 

For which subscripts ii represent the normal stresses and subscripts ij characterizes the 
shear stress in the directions of orthotropy. Anisotropy is expressed through F, G, H, L, M 
and N. When F, G and N are equal to 1 and L, M and N equal to 3 the Hill function 
degenerates to the Von Mises yield function. The constants F, G, H, L, Mand Nare 
defined in terms of the yield stresses in different loading directions as follows, 

1 1 1 
2F=--+----

2 2 ? ' 
(J"22 y (J"33 y (J"l-ly 

2L=-
1
-
2 

(J"23 y 

1 1 1 
2 G=-2-+-2---2-• 

(J"lly (J"33y (J"22y 

2M =-
1
-
2 

(J"3ly 

(C.12) 

1 1 1 
2H =-2-+-2---2-• 

(J"l ly (J"22 y (J"33 y 

2N=-
1
-
2 

0"12 y 

Rearranging gives 

1 1 1 
-

2
-=G+H, -

2
-=F+H, -

2
-=F+G 

(J"lly (J"22y (J"33y 

(C.13) 

This means that constants F, G, H, L, Mand N must satisfy the following conditions, 

(F+G),(G+H),(F +H)>0, L,M,N > 0 (C.14) 

Also Hill showed that formulation 

FG+GH+HF>0 (C.15) 

needs to be obeyed. 
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However instead of the constants above MSC.MARC/MENT AT 2005 uses ratios. 
These are the actual yield stresses equaled normalized by reference stress Clref- In the 
orthotropic directions these are defined according to [3l, 

a 
R = '3~ 12 --../ _; 

a,,J 

a 
R - '3~ 13 - --../ _; 

a,ef 
(C.16) 

a 
R = '3 ~ 23 --../ _; 

a,ef 

Here O"reJis taken as the yield stress O"JJy, which implies that R11=l. 
Finally when substituting (C.12) in (C. 15), rewriting that result in terms of Rü and 

fixing Ru=l, it tums out that R33 needs to satisfy 

(C.17) 

Retuming to the question what the value of the yield point 0"33y0 should be, 
formulation (C.17) shows that o-wy is by 

4.96 < a 33 Y < 9.85 MPa (C.18) 

A good estimate thus should be o-22y=o-33y=6.6MPa. 
The final material parameters that need to be determined are the shear yield 

stresses. To find shear yield stress o-12y, the yield stress o-45y of the 45° direction is used, 
but also o-33y is necessary. When assuming a plane stress state, formulation (C.11) 
degenerates to 

(C.19) 

A further reduction is obtained by rewriting equation (C.19) in terms N and F +G. Since 
N includes o-12y expressed in equation (C.12) and F+G includes o-33y seen in formulation 
(C.13). Furthermore o-u=o-22=o-12=112u, for which the final equation can now be reduced 
to (amore detailed discussion is given by Gooren[31), 

1 4 1 
(C.20) 

Since o-45y and o-33y are known, o-12y can be calculated. This results in 0"12y being 15.6MPa. 
The other shear yield stresses o-13y and o-23y are estimates computed with equations (C.16) 
and assuming R 13=R23=l. Their values 11.5MPa are thus the same. 
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A summary of all the above material parameters obtained is presented in table C.1, 
as well as the three other sets of material properties calculated. 

T bi C 1 f a e . : oor se o ma ena proper 1es use ts f t . I f d" FE m program MSC MARC/MENTAT 2005 . 
Material Type Coraliner Coramedium 
RH 50 10 50 10 

En 5.180Pa 5.310Pa 4.740Pa 5.090Pa 
E22 1.980Pa 2.130Pa 1.380Pa 1.510Pa 
E33 25.9MPa 26.6MPa 23.7MPa 25.5MPa 
V13 0.70 0.70 0.70 0.70 
V21 0.26 0.28 0.20 0.20 
V32 0.005 0.005 0.005 0.005 
G12 1.170Pa 1.240Pa 887MPa 940MPa 
G23 57MPa 61MPa 39MPa 43MPa 
G31 94MPa 97MPa 86MPa 93MPa 
CFJJv 20MPa 25MPa 17MPa 19MPa 
CF22v 6.6MPa 8.8MPa 4.lMPa 5.lMPa 
CFJJv 6.6MPa 8.8MPa 4.lMPa 5.lMPa 
CFJ2v 15.6MPa 19.2MPa 3.8MPa 6.0MPa 
CF23v 11.6MPa 14.5MPa 9.9MPa 11.0MPa 
CFJJv ll.6MPa 14.5MPa 9.9MPa 11.0MPa 
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AppendixD 

Comparison between tensile test and finite element model 

Before a complete section of corrugated board is tested in the finite element 
environment, the material model is compared to the tensile tests. This is done for the 
Coraliner material model in the machine direction at a relative humidity of 50%. The 
machine direction is the decisive direction fora crease operation. 

A liner is modeled and loaded in x-direction. This is similar to a prescribed 
displacement in the x-direction fora detached upper (or bottom) liner in figure D. l, but 
this time one end of the liner is entirely fixed for all directions. The results of this model 
compared to the tensile test data gives an indication about the possible error, when 
comparing the finite element model with the analytica) model or experiments. 
Furthermore, this comparison shows if the material parameters calculated in Appendix C 
are correct and if use of the Hili yield criterion is practical . 

In figure D. l the stress-strain curve for the modeled tensile specimen loaded in 
MD is depicted with the experimental acquired data for the same material and test 
direction. 
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Figure D.1: experimental acquired tensile test data compared to 
the finite element model 

From figure D. l it can be concluded that an accurate fit is achieved between the 
tensile tests and finite element model. The calculated material parameters in Appendix C 
and Hili yield criterion describe the loading of a liner in tensile adequately. What 
becomes also clear is that in the finite element model, at the point where fracture in the 
experiments occurs, a linear correlation is presumed. This implies that no failure occurs 
in the finite element simulations. Instead the fracture strain is exceeded and the 
calculation continues. The fracture strain (s1) established in chapter 4 for relative 
humidity 10% (0.0154) and 50% (0.021) are used to deterrnine failure. 
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