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Abstract 
The objectives of the thesis were to find the mechanisms that govern compression failures in 
paperboard and to find the link between manufacturing process and paperboard properties. The thesis 
also investigates two different test methods and evaluates how suitable they are for paperboard grades. 
The materials are several commercial board grades and a set of hand-formed dynamic sheets that are 
made to mimic the construction of commercial paperboard. The method consists of mounting a 
stereomicroscope on a short-span compression tester and recording the compression failure on video, 
long-span compression testing and standard properties testing. The observed failure modes of 
paperboard under compression were classified into four categories depending on the appearance of the 
failures. Initiation of failure takes place where the structure is weakest and fiber buckling happens after 
the initiation, which consists of breaking of fiber-fiber bonds or fiber wall delamination. The 
compression strength is correlated to density and operations and raw materials that increase the 
density also increases the compression strength. Short-span compression and Long-span compression 
are not suitable for testing all kinds of papers; the clamps in short-span give bulky specimens an initial 
geometrical shape that can affect the given value of compression strength. Long-span compression is 
only suitable for a limited range of papers, one problem with too thin papers are low wavelength 
buckling.  
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Övergripande sammanfattning 
Syftet med arbetet är att undersöka kompressionsbrottmekanismer för flerskiktskartong. Testmetoder 
som används i industrin undersöks för att se vilken relevans dessa har. Utvecklingen av en metod för att 
bestämma brottmekanismer vid kompressionsmätning och en litteraturstudie är grunden för metoden 
tillsammans med provning av standardegenskaper. 

Ett antal kommersiella material som består av fyra Folding Box Board (FBB), tre Liquid Packaging 
Board (LPB) och två Solid Bleached Sulphate Board (SBS) med olika ytvikt från 175 till 400 g/m2 väljs 
ut för att få en så stor provrymd som möjligt. Ett antal ark tillverkas även med dynamisk arkformare för 
att vidare undersöka kartongegenskaper med färre processparametrar varierade. Några tester görs även 
för vanligt kopieringspapper (80g/m2) i studien för att undersöka hur tunna papper beter sig vid SCT-
provning. 

Mätning av standardegenskaper som dragegenskaper, densitet och Z-styrka utförs enligt ISO-standard 
för att få en grundläggande kunskap om materialen och undersöka sambandet med 
kompressionsstyrka.  

Metoden för bestämmandet av brottmekanismer består av en ’Short-span Compression Test’-mätare 
(SCT) samt ett stereomikroskop med filmkamera som monteras tillsammans med en ljuskälla för att 
kunna observera förloppet vid mätning. För att kunna observera kompressionsbrottmekanismer krävs 
tvärsnitt som visar hur kartongen ser ut. En undersökning av olika tillskärningsmetoder resulterar i att 
rakblad används istället för giljotin. Filmerna analyseras genom att tre stillbilder tas ut från varje film 
och de avbildade provbitarna mäts för att registrera tjocklek innan och efter klämmornas påverkan 
samt klämmornas position innan och efter kompressionsmätningen. Eftersom utrustningen inte har 
tillräckligt hög förstoring eller direkt koppling till kraft-töjningskurva utvärderas 
kompressionsbrottmoder istället för mekanismer. Efter de inledande experimenten utförs även Long-
span Compression Test (LCT) av Innventia på tio av de kommersiella materialen för att utvärdera även 
den provmetoden. De tillverkade dynamiska arken testas med avseende på en blandningsregel som 
anger att summan av de enskilda skiktens styrka är samma som flerskiktsstrukturens styrka. 
Kraftkurvor tas fram från SCT-mätningar för att kontrollera om de är likadana som kraftkurvorna från 
LCT och om brottdetekteringen i SCT är tydlig. 

Resultaten från provningen av standardegenskaperna visar att kompressionsstyrkan korrelerar med 
densitet och dragegenskaper. De kommersiella materialen har en högre spridning än de dynamiska 
arken eftersom det är många fler parametrar som varierar hos de kommersiella materialen. 

Filmningen av SCT-mätning ger resultatet att kartong kan gå sönder enligt fyra möjliga brottmoder vid 
kompression. Den vanligaste brottmoden består av ett symmetriskt brott där en spricka uppstår i 
kartongens mittskikt och de två delaminerade delarna böjs utåt som en följd av fibrernas buckling. SCT-
mätningens klämmor komprimerar proven i Z-riktningen olika mycket från mätning till mätning. 

Provbitarna från LCT-mätningen visar tydliga kompressionsbrott i alla fall utom för de tunnaste 
proverna. De tunnaste provbitarna har istället erhållit en vågformig struktur av LCT-provningen som 
tyder på att de inte kunnat testas med avseende på kompression med denna metod. Brotten hos de 
provbitar som testats med LCT och inte erhållit vågformig struktur är Z-formiga och ser inte ut som 
någon av de observerade brottmoderna från SCT. Värden på LCT och SCT för samma material 
korrelerar ej vilket tyder på att provmetoderna inte utvärderar samma egenskap för alla sorters 
material.  

Kraftkurvorna som tagits fram i samband med SCT visar att brottdetektionen vid SCT-mätning är 
tydlig. Kraftkurvornas utseende går inte att koppla till kartongens brottmoder. Oberoende av vilken 
brottmod som kompressionsbrottet sker med ser kraftkurvan likadan ut. Kraftkurvorna och 
längbestämningen från filmerna ger höga värden på provbitarnas krympning vid kompression. 
Motsvarande värden från LCT-mätningen är mycket lägre och mer pålitliga. Detta visar att SCT-
mätningen inte kan ge information angående provets krympning. Anledningen till detta kan vara att 
provbitarna glider i klämmorna och att klämmorna går ihop ytterligare en bit efter kompressionsbrott.  

Blandningsregeln fungerar för de tillverkade dynamiska arken som används i denna studie. De 
sammanräknade värdena från skikten blir konsekvent högre än de uppmätta värdena från motsvarande 
flerskiktsstruktur men densiteten blir även högre. När SCT-värden plottas mot densiteten hamnar de 
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uppmätta och de uträknade värdena på samma linje. Fler mätpunkter krävs dock för att fastslå dessa 
resultat med säkerhet. 

De kommersiella materialen som har beteckningen SBS består av samma baspapper men det ena är 
bestruket. Bestrykningens påverkan på kompressionsstyrkan har undersökts vid SCT. Resultatet är att 
det bestrukna pappret fick lägre värde på kompressionsstyrka vilket troligtvis beror på ökad glidning i 
klämmorna. Eftersom baspappret och det bestrukna pappret inte tagits ut vid samma tillfälle från 
kartongmaskinen är inte dessa resultat direkt jämförbara. 

Slutsatsen av filmningen vid SCT-kompressionsbrott är att kartong går sönder med en av fyra 
kompressionsbrottmoder vid SCT. Eftersom dessa brottmoder inte förekommer i litteraturen eller vid 
LCT uppkommer förmodligen brottmoderna av metodens påverkan på provbitarna. SCT korrelerar med 
densitet och dragegenskaper men inte med LCT för alla sorters papper. Kraftkurvorna från SCT anger 
att brottdetektionen vid SCT är distinkt men de kan inte ge information om provbitarnas 
kompressionsstyvhet. Blandningsregeln fungerade för de tillverkade arken i denna studie men 
ytterligare arbete krävs för att fastslå detta. Alla sorters papper och kartong kan inte provas med SCT 
och LCT.  
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Executive Summary 
The purpose of the study is to investigate compression failure mechanisms of paperboard. Compression 
test methods are evaluated in the study with respect to the relevance and range. The development of a 
method of recording the appearance of paperboard specimens during compression testing is the 
foundation of the thesis together with a literature study and testing of standard properties. 

The materials used in the study are divided into commercial and Formette materials. The commercial 
materials consist of four Folding Box Boards (FBB), three Liquid Packaging Boards (LPB) and two Solid 
Bleached Sulphate boards (SBS) ranging from 175 to 400 g/m2. The Formette materials are 
manufactured sheets that are done in order to mimic the performance of the commercial materials but 
with fewer parameters varied. In some of the experiments regular 80 g/m2 copy paper is included to 
illustrate how thinner sheets behave. 

Measurement of the standard properties compression strength, tensile properties, density and Z-
strength are executed to give a basic knowledge of the materials. 

The method for determination of compression failure mechanisms consists of a Short-span 
Compression Test (SCT) machine with a stereomicroscope, a video camera and a source of light 
attached to it. In order to be able to observe the failure mechanisms the edge of the samples had to be 
cut with a razorblade instead of the regular cutting technique of the laboratory. Three pictures from 
each film is extracted and measured with respect to the thickness of the sample before and after clamp 
compression and the clamp’s position before and after measurement. Since the equipment available 
lacked sufficient magnification and connection to a force-strain curve the failure mechanisms could not 
be detected and the failure modes are evaluated. 

Long-span Compression Test (LCT) is done on ten of the commercial materials in order to evaluate the 
test method. The Formette materials are evaluated according to a laminate theory that calculates the 
single plies’ contribution and compare them to the measured values of the whole layered structure. 
Force curves are generated with the SCT machine to investigate if the curves are the same as in LCT and 
if the failure detection of SCT is distinct. 

The results of the testing of standard properties give correlations between compression strength and 
tensile properties and density. The commercial materials’ results are more scattered than the Formette 
materials due to the higher number of varied parameters in the commercial materials. 

The films from the SCT measurements show that the paperboard can fail under compression according 
to one of four failure modes. The most common failure mode is a symmetrical failure where a crack 
appears in the middle ply and fiber-buckling make the edges move away from the middle. The clamps of 
the machine compress the specimen in ZD differently in different measurements. 

The samples from the LCT measurement show distinct failures in all but the thinnest material. The 
thinnest material gives specimens that have a wave-shape structure and did not show any detectable 
failure, which leads to the conclusion that LCT cannot be performed with all kinds of paper. The 
observed failures of the thicker materials are Z-shaped and do not look like any of the failure modes 
observed in SCT. The values for SCT and LCT do not correlate and this means that the test methods do 
not evaluate the same properties for all kinds of material. 

The force curves that are extracted from SCT measurement show that the failure detection of SCT is 
distinct. The appearance of the curves cannot be connected with specific failure modes. The strain of the 
specimens during compression testing is evaluated with both film measurement and force curves and 
they both give higher values than LCT measurement. This indicates that the strain is not possible to 
measure with SCT and this might be explained by the gliding of the clamps. 

The laminate theory seems to work well for the evaluated materials in this study. The calculated values 
are consequently higher than the measured values but with the different densities considered the 
measured and the calculated values are all coinciding on the same line. More measurements are 
required to ensure the laminate theory’s validity. 

The SBS commercial materials have the same base paper and one of them is coated. This enables one to 
check if the coating affects the compression strength. The result is that the coating gives lower values for 
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compression strength, which is probably due to gliding in the clamps. Since the SBS materials are not 
extracted from the machine at the same time the results are not safe to draw conclusions from and 
further studies of this is recommended. 

The conclusions are that paperboards fail under compression with one of four determined failure 
modes. The compression failures are initiated in the weakest point of the paperboard by the breaking of 
fiber-fiber bonds or the breaking of fiber walls, and are followed by fiber buckling. The failure modes 
may be influenced by the SCT method since the most common mode observed is not reported in the 
literature. M1 is by far the most commonly observed mechanism but the literature describes 
compression failure by M2. M1 is most common in layered structures with high bulk, M2 is most 
common in solid structures that are thick and M3 are most common in samples with high out-of-plane 
strength and a high slenderness. M4 happens in a few cases with high-density paperboard that has high 
smoothness. 

Compression strength correlates well with many other properties, which is in agreement with the 
literature. The LCT and SCT are, according to the literature, strongly correlated and SCT values are 
generally higher than LCT values due to the larger probability of local defects in the larger active area of 
LCT compared with SCT. This is not as clear in the experiments on layered paperboards as in the 
literature.  

The failure detection of SCT measurement is distinct. The SCT-stiffness obtained by the force-strain 
curves is false; in order to obtain compression stiffness one must use longer spans than is used in SCT. 

The laminate theory did work in the thesis and predictions about SCT values for layered structures 
would have been possible. There are some uncertainties about the validity of this theory remaining and 
the conclusion is that further experiments are needed to prove that the laminate theory works for 
compression strength.   

The coating’s influence of SCT cannot be determined in this work; too few measurements are made to 
draw conclusions about the two cases. 

To be able to get a paperboard with highest possible compression strength both raw materials and 
manufacturing operations can be altered. The most obvious way to increase the compression strength is 
to increase the density by both raw materials and operations such as beating and pressing.  

The paper and pulp industry may be able to manufacture paperboards with more extreme bulk and 
lower strengths in the middle ply if true compression strength could be measured. SCT is a sufficient 
test method for many paper grades, but one must be careful with the interpretation of the value when 
testing certain grades. The test gives a value for all papers, but when gliding failure or global buckling 
occurs, the value does not reflect the actual compression properties of the specimens. 
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Chapter 1 

Introduction 

1.1 Stora Enso 
Stora Enso is a major company in the forest industry and has business in more than 35 countries and 
about twenty-eight thousand people employed. Stora Enso is a manufacturing company that supplies its 
customers with pulp and paper products that include paperboard, corrugated packaging, sawn wood 
products et cetera. (Stora Enso 2013a) The annual production volume of the company is 5.2 Mton 
chemical pulp, 12.1 Mton paper and board, 1.3 Gm2 corrugated packaging and 6.0 Mm3 sawn wood 
products. (Stora Enso 2013b) Stora Enso started as a company with the merge of the two large 
companies Stora and Enso in 1998. Before the merge the two companies had long histories of 
papermaking. (Stora Enso 2013c) 

1.2 Paperboard 

1.2.1 Introduction 
The manufacturing of paper goes back a long way in the history of time, the first records of paper is 
from China around 100 AD. Paper was originally manufactured; one sheet at the time, with plants and 
later scraps of clothing as raw material. The development of society and the industrial revolution has 
brought new ways of manufacturing paper that are continuous and monitored by computers. Nowadays, 
paper manufacturing is done at very large scales compared to the original small hand formed sheets. 
The basic idea to manufacture thin materials from cellulose fibers is the same as it was two thousand 
years ago although the technology has developed much since then. (Lindberg 2000) 

Today paper is used in many applications such as tissue, newspapers, books, copy paper, packaging, 
corrugated products, protection sheets et cetera. The source of raw material is renewable and the 
products are recyclable and degradable, which makes paper an environmentally friendly product that 
has low impact on nature compared with for example plastic and steel products such as steel cans. 
(Iggesund Paperboard 1993) 

1.2.2 Board grades, Structure and Market 
Paperboard differs from regular paper in grammage; it is usually higher than 150 g/m2. Paperboard also 
often has a layered structure (figure 1.1). The main usage of paperboard is packaging. Paperboard 
competes in the packaging market with for example plastics, metals and glass products. The fact that 
paperboard has very high strength relative the material’s weight, combined with recyclability and 
renewable resources, makes paperboard a large player on the global packaging market. (Kiviranta 
2000) 
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Figure 1.1 Example of a layered paperboard (FBB 390 g/m2) with one white top layer, a semi bleached middle layer and an 
unbleached bottom layer. 

The five most common paperboard grades are folding boxboard (FBB), white lined chipboard (WLC), 
solid bleached sulfate board (SBS), solid unbleached sulfate board (SUS) and liquid packaging board 
(LPB). FBB usually consists of three to four plies with bleached hardwood and/or softwood in the outer 
plies, top and back, and mechanical pulp like CTMP, broke or TMP in the middle ply. The grammage is 
between 160 and 450 g/m2. Mechanical pulp is used in the middle ply to provide a high bulk; the outer 
plies are minimized to give the highest possible bulk and the lowest possible costs. High bulk gives high 
bending stiffness, which is an important quality for FBB. Packages in general demand high printability, 
why the top layer often is smooth and additional coating is used. WLC is very similar to FBB, the 
grammage is 200 – 450 g/m2 and the structure is quite the same. Furnish used in the plies are recycled 
paper which differs from FBB; an under top ply can also be present in WLC to minimize the amount of 
top ply in order to save costs. The solid board grades SBS and SUS are used in the same segment of 
products as FBB and WLC, the SBS can for example be preferred when the product is sensitive to odor 
and taint. SBS and SUS are not layered in the same way as the other paperboard grades, SBS is bleached 
and SUS is unbleached. LPB is used in all kinds of packaging that contains liquids, for example milk 
cartons. The board is often laminated with some kind of barrier on both sides, for example polyethylene 
and aluminum to enclose the content and protect it from penetration from both sides and light. 
(Kiviranta 2000) 

1.2.3 Properties 
In this thesis paperboard is defined with three directions, machine direction (MD), cross direction (CD) 
and thickness direction (ZD). MD is the direction of the machine during manufacturing and CD is the 
in-plane direction perpendicular to MD. 

Mechanical properties such as tensile strength and stiffness, bending stiffness and compression 
strength are important for paperboard and its construction into packages. In order to sell their 
products, companies are always working on developing superior properties with minimum amount of 
raw material. One well-known example of this is the I-beam analogy, which basically states that the 
bending stiffness is proportional to the tensile stiffness of the surface plies and the thickness of the 
structure. The thickness is therefore maximized with a bulky middle ply that can consist of mechanical 

ßTop Ply 

 

 

ßMiddle Ply 

 

 

ßBack Ply 
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pulp, which is both cheaper than chemical pulp and has higher bulk. This is also an explanation why 
many paperboards are built as layered structures, where the extreme case is corrugated board. 
(Iggesund Paperboard 1993) 

1.3 Compression strength 
In many paperboard packages, box compression strength is important. For example when milk cartons 
are piled in the secondary packaging during transport or storage, the box compression strength 
prevents collapse under the pressure of overhead units (Kajanto 1998). According to Gärdlund et al. 
(2005) one of the most common failures of packages is due to compression strength of the material. The 
compression strength of the material is initially determined by the joint strength of the fiber network 
and then, more importantly, the compressive strength of the fiber walls. (Gärdlund et al. 2005) Box 
compression strength depends on the design of the box, the bending stiffness and the compression 
strength of the material. 

Folding have other requirements on compressive strength, when folding a paperboard the tensile 
strength on the convex side must exceed the compressive strength on the concave side. If the 
compressive strength is too high in a situation like this the fold will break and the package will be 
ruined. The solution to this is creasing where the structure delaminates prior to folding. (Kajanto 1998) 

There is one fundamental difference between tensile testing and compressive testing that occurs when 
analyzing paper and paperboard. Paperboard is tested with test pieces that are inclined to buckle under 
compression  (figure 1.2). (Fellers 2012) 

	  

	  

Figure 1.2 Example of buckling when compressing paper. 

	  



 4 

Different solutions to the buckling problem have been put forward and the two test methods Short-span 
compression test (SCT) and Long-span compression test (LCT) are used and evaluated in this thesis. 
The principle of SCT is a short enough span to prevent the buckling, and lateral supports are used in 
LCT. (Fellers 2012) 

1.4 Problem formulation 
The main scope in this thesis is the investigation of failure modes of paperboard during compression. 
Paperboard will be studied with a microscope during compression and failure modes will be classified. 
The most frequently used test method, SCT, is also investigated with respect to suitability and relevance 
when testing different paperboards. Bulky paperboards that are manufactured to decrease raw material 
costs and environmental impacts give low values of SCT compared with paperboards of higher density. 
The thesis will answer if this behavior is true for actual compression strength or only for the method 
SCT. 

1.4.1 Delimitations 
The study focuses on layered paperboards. The mechanical properties of paperboard are examined 
quite extensively together with the influence on specimens by the SCT test method. All tested samples 
are either commercial paperboards or sheets formed in order to mimic these materials.  

1.4.2 Questions 
The thesis is an attempt to answer the following questions: 

• What mechanisms govern the compressive failure of paperboard? 
• What does the failure modes of compression look like in paperboard? 
• Does the method of cutting test pieces affect the compression strength? 
• How does the test methods SCT and LCT work and what are their advantages and 

disadvantages? 
• Do SCT and LCT correlate? 
• How does the selection of raw materials influence compressive strength? 
• How does different manufacturing processes influence compressive strength? 

 

1.4.3 Hypothesis 
The general picture from the literature (Chapter 2) is that compression failure can be initiated in two 
different ways. The first possibility is that the failure is initiated by the buckling of fibers that is followed 
by the delamination of fiber layers that causes collapse by shear delamination. The other possibility is 
that compression failure in paperboard is initiated by cracks appearing in the fiber wall. These cracks 
start a delamination of sheets of fibers and cavities start to appear. These cavities in the structure cause 
a complete collapse. Fiber buckling appears after the original initiation as a product of the compressive 
failure. The second of these opinions is believed by the author of this thesis to be the correct one; this is 
because the sources that support the second opinion are more descriptive and accurate in the 
explanation and also more numerous. 

The mechanism that governs compression failure is believed to be dependent on the grammage of the 
paperboard and should also vary with varying manufacturing process and raw materials. The varying 
part of the mechanism is where the cracks start to appear and if it is only one crack or multiple cracks.   
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Chapter 2 

Compression failure mechanisms 
The appearance of specimens before and after compression failure is known, but not how the actual 
failure occurs. The theories in the literature can be summarized as follows: One opinion is that fiber 
buckling is the initiation of compressive failure and one is that fiber buckling is a product of 
compressive failure. 

Fellers et al. (1980) describe compression failure initiation in the following way: ”As the compression 
deformation increases, yielding occurs on various structural levels, which leads to a maximum in 
compression load-bearing capacity of the sheet. Finally, the release of elastic energy stored in the 
sample is consumed by the opening of cracks which result in the characteristic fractography of 
compressive failure in paper.” (Fellers et al. 1980) Similar conclusions were put forward from Sachs and 
Kuster (1980) who said that the initiation of compression failure is a blend of fiber wall delamination, 
delamination of fiber layers and expansion of already existing hollows between fibers; this theory was 
supported by Wink et al. (1984), Perkins and McEvoy (1981), and Fellers and Donner (2002). Kajanto 
(1998) are of the opinion that compression failure is lead by fiber buckling and shear displacements. 

Sachs and Kuster (1980) tested compression using a short span, and at the same time they observed the 
specimens in a microscope. The equipment was not standardized and the focus was on observing the 
mechanisms of failure in a fiber scale. Fibers were also observed just before and after the failure to 
further investigate how the mechanisms govern the compression failure. The result of this was that a 
weak spot in the fiber wall was found between the S1 and S2 layer (figure 2.1). 

	  

Figure 2.1 Schematic picture of a fiber. (Redrawn from Karlsson 2006) 

Press-dried sheets that have a higher number of fiber-fiber bonds and thereby higher bonding strength 
showed more cracks in the cell wall than the other sheets when observed in a microscope. The failure 
mechanism is concluded to be the following; the first stage is a cracking of the fiber cell wall. The next 
step is the dislocation of cell walls mainly between S1 and S2. The dislocation of cell walls triggers a 
breaking of fiber-fiber bonds, which promotes the shear delamination of fiber layers. When this 
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happens the fibers buckle and the whole structure collapses. (Sachs & Kuster 1980) Based on their 
observations, Perkins and McEvoy (1981) describe the mechanisms behind compressive failure similar 
to Sachs and Kuster (1980); in the early stages of compression the paper behaves elastically, but as the 
compressive force continues to escalate the inter fiber bonds start to break up. Another possible result 
of the compression is that the fiber wall starts to fail. When this happens a thickening of the sheet can 
be observed due to the fact that fissures start to appear within the sheet. Soon the paper’s instability 
reaches a point of complete failure. (Perkins & McEvoy 1981) 

When starting to compress a specimen the number of bonds between fibers is proportional to the 
compressive strength. At sufficiently high bonding the compression strength of the actual fibers become 
limiting to the compression strength of the sheet (Wink et al. 1984). Seth et al. (1979) explains this 
phenomenon further; at low bonding strength the compression strength of the sheet is dependent on 
the bonding strength. At higher bonding strengths the compression starts to depend on the 
compression strength of the fibers. They also conclude that compression strength of the sheet is one 
third of the compression strength of the fibers.  

Sachs and Kuster (1980) have observed that chemical additives do not affect the mechanism, but they 
can affect the placement of initiation. 
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Chapter 3 

Test methods 

3.1 SCT 
SCT is defined as the compressive force a specimen can withstand without failure and is measured in 
kN/m. The compression strength can also be indexed according to grammage, which means that the 
compression strength is measured in kNm/kg. (Kajanto 1998) The typical stress-strain curve of 
compression is shown in figure 3.1. 

	  

Figure 3.1 Schematic picture of typical stress-strain curves for tensile and compression. (Redrawn from Kajanto 1998) 

Fellers (1980) describes the ideas and technology behind the short span compression test (figure 3.2). 
The problem of buckling is solved by clamping the specimen in a short enough span to make sure that it 
is crushed before buckling starts. The testing device has two clamps that fasten the paper sample in the 
right position. The clamps are designed to hold the paper in a fixed position without destroying it. If the 
machine clamps the specimen too tight, the specimen will be delaminated and the compression strength 
decreases notably.  

	  

Figure 3.2 The clamps of SCT with measurements in mm. (Fellers & Gimåker 2011) 
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5.3 The development of the short span test SCT for the measurement 
of compressive strength 

The basic idea of the SCT method is that buckling can be prevented and a material 
property measured by using a very short span during the compressive testing. 

Figure 5.3.1 shows the principle. The paper is clamped in both ends. The force is 
applied ad the maximum strength is recorded. The dimensions are as follows. 

Width 15 mm. The choice of this width is based on common tensile testing practice.  

Clamped length 30 mm. The choice of this clamped length is somewhat arbitrary, but 
the basic idea is that the paper shall not be compressed too much in its thickness direc-
tion, yet be able to proved sufficient adhesion for performing the compressive elonga-
tion of the test piece. The consequence of this is that the test piece slightly slides inside 
the clamp close to the free span.  

Clamp force 2300 N. Numerous tests were performed on various paper types to find a 
clamp force that was a compromise between good adhesion and too much compression 
of the test piece in the thickness direction.  

Free span. The free span is 0.7 mm. The reason for this is given below.  

 
Figure 5.3.1 The principle of the SCT. 

Figure 5.3.2 shows one results from an initial trial with handsheets at various 
grammage. It was observed that the strength was about equal for the different grammage 
(Fellers and Jonsson 1975). This was also confirmed for different pulps (Fellers and 
Donner 2002). 

Using this principle, the strength increased with density obtained by wet pressing, 
regardless of the grammage, Figure 5.3.3. The RCT method, showed a decreasing trend 
for the lowest grammages, Figure 5.3.3.  
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Fellers (1980) has found a compromise of clamping pressure that does not affect the compression 
strength of the specimens too much. Plotting the span versus the stress at failure show that the stress at 
failure increases when the span decreases, this effect is more pronounced when using paper with lower 
grammage. The increase in stress at failure levels out and starts to be independent of the span at 
approximately 1 mm. Fellers (1980) has shown that the stress is independent of grammage at a range of 
100-350 g/m2 and at short spans (0.5-1.0 mm). The reason for the independence of grammage at short 
spans is that the compression failure occurs at an extremely small sector of the paper (figure 3.3), a 
much shorter part of the specimen than the fiber length. (Fellers 1980) 

	  

Figure 4.3 Picture of compression failure of a linerboard approximately 400 μm wide. (Fellers 1980) 

In SCT the clamped length of the specimen is 30 mm and the clamp force is 2300 N ± 500 N. This is a 
compromise between compressing the specimen too hard and providing adhesion. The specimen is 
supposed to slide a little in the clamps close to the active area where the compression failure takes 
place. When looking at papers with low grammage it can be shown that the indexed compression 
strength decreases with decreasing grammage. Fellers discusses that this may be a reason to use even 
narrower span, for papers ranging from 60 to 100 g/m2. The reason for ISO to use 0.7 mm in SCT is the 
absence of a plateau similar to the one found by Fellers (1980) for thicker specimens. The problem of 
comparing specimens with for example 99 g/m2 and 101 g/m2 if the span changed at 100 g/m2 are that 
the papers are almost the same but the different span would give different values of compression 
strength. (Fellers & Gimåker 2011) 

3.2 LCT 
It is possible to evaluate compression strength of paper with longer spans if one prevents the buckling. 
This can for example be done with blade-supports (figure 3.4). Similar values of compression strength 
have been obtained for blade-supported specimens and short span specimens when the paper was very 
smooth and had a grammage of more than 380 g/m2. The apparatus consists of a long span with several 
lateral blade supports, which prevent the specimen from buckling. When using this machine with 
uneven papers that have lower grammage low wavelength buckling can occur that initiates compression 
failure. In order to make it possible to test thinner papers with a long span another application is used 
where the lateral supports consists of plates instead of blades. Thin specimens still buckles at a low 
wavelength if the plates are not tight enough. Fellers (1980) showed that the plates often have to be 
nearer than 0.02 times the thickness of the specimen. When the plates are this tight to the specimen, 
higher values of compression strength can be obtained due to friction. To minimize the friction, 
specimens can be lubricated. (Fellers 1980) 

In order to record a reliable stress-strain curve, it is necessary to have a longer span than 0.7 mm. The 
problem of buckling that occurs with longer spans are solved with blade support (figure 3.5) or with 
plate support. Because of the shorter span in SCT, the probability is lower for the active part of the 
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specimen to contain local defects for SCT than LCT. This leads to generally lower values for LCT than 
SCT. (Fellers & Gimåker 2011) 

	  

Figure 3.4 Basic outline of a long-span compression tester. (Fellers & Gimåker 2011) 

In LCT the clamping length of the specimens is 54.6 mm, compared to 0.7 mm in short span, and the 
samples are up to 25 mm wide. Strain and force are monitored the whole time, measuring nonstop to 
enable the output of force-strain curves. Needles are fastened along the middle of the sample with a 
fixed initial separation, these enables measurement of strain. Columns that are 3 mm wide, which 
supports the specimens, are present to prevent buckling. The initial separation of the columns is 0.6 
mm and they can move independently of each other following the movement of the test piece. 
According to Mäkelä (2010), paper with a grammage over 100 g/m2 can be tested in the STFI 
CompressionTester. 

Mäkelä (2010) evaluated four commercial papers, two liners and two flutings, with the new technique 
for measuring compression strength with long span. The papers had a grammage ranging from 124 – 
199 g/m2. The comparison of LCT and SCT is of interest as both are estimated to determine the same 
property, compression strength. The results give high correlation between the test methods and 
generally higher values for SCT than LCT (figure 3.5). The explanation given by Mäkelä (2010) is that 
because of the active area of the specimen being so much larger in LCT, the possibility for local defects 
lowering the compression strength gives a lower value in LCT compared with SCT. 
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Figure 3.5 Short-span compression plotted against long-span compression. (Mäkelä 2010) 
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Figure 10 Short span compressive index versus long span compressive index for the four 
investigated materials in both MD and CD. The dotted line represents the 1:1 relation and the 
solid line represents a linear fit to the experimental data. 
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Chapter 4 

Density, Raw materials and Manufacturing 

4.1 Density 
One of the most frequently mentioned properties that affect compression strength is density. Many 
authors are in agreement that increased density correlates with increased compression strength. 

Fellers (1980) did experiments on both highly beaten and unbeaten pulp (bleached sulphite board) and 
drew some conclusions about the density and its influence on paper properties. High density gives 
paper that is considerably stronger both in tensile and compression because the network of fibers is 
more pronounced in a high-density sheet and the strength and stiffness of the single fibers work 
together to make a stronger sheet. Kajanto (1998) says that increased beating and wet pressing increase 
the compression strength of paper, due to the increase in density. 

The high-density paper’s fibers are well bonded to each other; this should mean that the buckling of 
individual fibers is very rare. If single fibers cannot buckle and in that way initiate compression failure 
the compression strength must be higher, as experiments done by Fellers (1980) show. Fellers argue 
that the strength of fiber-fiber bonds is higher than the strength of the fibers, which means that the 
compression strength of the sheet correlates to the compression strength of the fibers. Fellers (1980) 
has also shown that the ratio between compression and tension in high-density sheets are close to the 
same ratio in the fiber-direction of wood. In low-density sheets the network are not as efficient in taking 
advantage of the fibers’ strength. Individual fibers can also buckle under the load since they are not 
firmly attached to other fibers on all sides. When a low-density sheet is compressed the fibers start to 
buckle and the elastic energy that builds up are later discharged in a shear displacement of the sheet. 
Fellers (1980) propose that in a high-density sheet the compression failure is due to yielding and in a 
low-density sheet is due to buckling. 

4.2 Raw materials 
The factors that influence the compression strength of paper and board are mainly fibers and network 
structure. Fibers can vary in many different mechanical properties such as strength, flexibility, length 
and width. This depends on what type of source the fibers originate from. Sheets can vary in anisotropy, 
density and bonding strength etc. Kajanto (1998) shows that the actual compressive resistances of the 
individual fibers contribute to a large portion of the compressive strength of the sheet. Fiber dimensions 
and flexibility also affect how the sheet will behave under compression. The thickness of the fibers is the 
most important property when measuring compressive strength. Increase in thickness from 3 to 6 µm 
results in a decrease of 20 % in compression strength. Length decrease by the same amount results in 
an 8 % decrease in compression strength. (Kajanto 1998) When developing the short-span compression 
test Fellers has shown (1980) that the length of the fiber does not influence the compression strength of 
the specimen. Fellers’ experiments were maybe of lower accuracy and both Fellers’ and Kajanto’s results 
are in the same direction.  

Compressive strength depends on fiber-fiber bonding. The strength also depends on what wood species 
is used in the pulp, no significant difference between hardwood and softwood but a large difference 
between species. The suggested reason for the lack of difference between hardwood and softwood is that 
the fiber length has small impact on compressive strength. One obvious distinction concerning 
hardwood and softwood is that softwood fibers are generally longer than hardwood fibers. Experiments 
have been done to verify that the compression strength is insensitive to changes between hardwood and 
softwood. The length between different wood species is not the only property that varies, and because of 
the insensitivity in changes in fiber length and the fact that different species differ in compressive 
strength leads to the conclusion that other fiber properties must influence compressive strength. The 
fibril angle and the wall thickness are therefore investigated. The fibril angle is defined as the 
orientation of the cellulose fibrils in the S2 layer of the fiber (figure 2.1). Seth et al (1986) finds that the 
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fibril angle have a minor influence on the compressive strength meanwhile the fiber-wall thickness have 
a major influence. The fibril angle should be as small as possible in order to give the sheet high 
compressive strength but this has minor influence on the compression strength. The fiber-wall should 
be as thin as possible to make sheets with high density and thereby high compression strength. 
According to the authors, paperboard with high compressive strength is obtained with moderate 
beating. Further beating do not affect the compression strength but the beating is possible to increase in 
order to affect other properties. The raw material shall consist of thin-walled fibers with low fibril angle, 
and the length does not impact the sheet’s compressive strength heavily. Hardwood instead of softwood 
can be used without lowering compressive strength. (Seth et al. 1986) 

Compression strength is dependent on the drying process. Free drying lowers the compression strength 
compared to restraint during drying. With 1 % more restraint in MD, the specimen’s compression 
strength increases with 10 %. The experimental results of Wink et al. (1984) shows that though there 
were large differences in tensile properties with earlywood and latewood, there where no detectable 
differences in compression properties. This may be because the compressive modulus of the fibers was 
the same in early- and latewood. The differences between earlywood and latewood are mainly in relative 
bonded area and fiber compressive modulus, the main difference between sheets of different density is 
compressive modulus of the whole sheet. Sheet compressive modulus is dependent on fiber compressive 
modulus. In sheets with constant density and increasing fiber compressive modulus, the compressive 
strength increases. At higher degrees of bonding between fibers the compressive strength depends on 
the fiber properties stiffness and strength. The conclusion is that density is the major influence on 
compressive strength together with fiber compressive modulus. (Wink et al. 1984) 

Fibers with low fibril angle and high individual compression strength give high compressive strength to 
the sheet. (Ellis & Rudie 1991) 

According to Zang et al. (2001), recycled fibers as raw material often leads to decreasing strength in 
paper. This is caused by the decreasing ability of bonding when fibers are recycled. This decrease in 
bonding ability originates from the fact that the recycled fibers are less flexible than virgin fibers. The 
recycling does not influence the actual bond strength between fibers; this leads to the conclusion that 
the number of bonds is diminished. The decrease in bonding ability comes from the drying process, the 
harder the fibers are dried the less flexible they become when they are recycled. This process is much 
more pronounced in the recycling of chemical pulp than mechanical pulp (Zang et al. 2001). During 
drying, small pores in the fiber wall are closed irreversibly. The fibers also develop a certain resistance 
to re-swelling when being put into water. This is called hornification and the effect of this is that the 
bonding capacity of the fibers is decreased and weakening of the sheet follows. (Hubbe et al. 2007) 

4.3 Manufacturing process 
Beating, pressing and sizing improves the compression strength. Beating makes the fibers more flexible 
and this leads to a denser sheet. Wet pressing also give higher density, which is beneficial for the 
compression strength. Sizing makes the fibers stiffer without affecting the density of the sheet. Stiffer 
fibers give sheets with higher compression strength. (Kajanto 1998) The elastic modulus in compression 
is generally the same as in tension. The fibril angle and the sheet density influence the elastic modulus; 
low fibril angle have positive effect on compression and higher density give higher compressive 
modulus. Compression can be improved by increased beating and wet pressing. (Ellis & Rudie 1991) 

The compressive properties of paperboard are dependent on restraint during drying. When stretching a 
specimen the elastic compressive modulus increases to a certain peak value and then starts to decrease 
again. Restraining the specimen in the test direction the restraint have a large impact on compressive 
strength, which increases, when applying restraint across the test direction no significant difference or 
very slight difference was spotted. (Myers 1967) 

During paper production, a lot of water is present in the initial stages; the drying part of the process is 
removing the water. When fibers are submerged in water they swell and the water resides inside the cell 
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wall. During the removal of water, a consequence of water in the fiber wall is that the fibers shrink. 
Fibers are very rigid in the length direction and shrink mostly in the thickness direction. The fiber-fiber 
bonds are already developed in the drying stage of the process and this brings that the fiber shrinkage 
affects the whole network of fibers. Non-active fibers can be activated during shrinkage, bent and non-
straight fibers are forced into a straighter position by the shrinkage of themselves and other fibers 
bonded to them. This gives more fibers the ability to bear load and activates the network (Giertz effect). 
By manufacturing handsheets with similar properties El-Hosseiny (1998) found that the density is 
important for the compressive strength, because of the increase in fiber-fiber bonds with increasing 
density. Higher density also gives a higher impact of the Giertz effect. When the drying is restrained the 
compressive strength increases with increasing shrinkage; when the sheet has higher density the 
compressive strength increases faster with increased shrinkage. (El-Hosseiny 1998) 

Tensile strength, tensile stiffness, tensile elongation, tensile energy absorption and bending stiffness are 
affected by coating according to Morsy and El-Sherbiny (2004). No results about compression strength 
are reported. Since in-plane properties usually correlate and therefore may behave in the same way the 
compression strength are believed to increase with coating as well. (Morsy & El-Sherbiny 2004) 

	   	  



 14 

Chapter 5 

Experiments 

5.1 Materials 
The materials used in this study are divided into two categories, Commercial and Formette. The 
Formette materials that are dynamic sheets manufactured for testing in the laboratory. For more 
detailed description of the materials, see appendix 1. An ordinary copy paper (80g/m2) was used to 
observe how thin papers behave in SCT. 

The commercial materials (table 5.1) were chosen to provide a wide selection of properties and to give 
the experiments some relevance for the mills that manufacture them. In order to draw conclusions and 
associate the results to different processes anisotropic laboratory sheets were included. The commercial 
materials consist of two SBS, four FBB and three LPB in varying basis weights from 175 to 400 g/m2. 
They are named after the paperboard grade, identified with a number and their grammage, for example 
the first FBB with grammage 175 g/m2 is named FBB1.175. The reason for FBB3.200 to appear two 
times is that the same paperboard grade was manufactured with two different machines and differences 
in properties were investigated.  

Table 5.1 Commercial materials. 

Product 
type 

Number Grammage 
(g/m2) 

FBB 1 175 
FBB 1 255 
FBB 1 390 
FBB 2 190 
FBB 2 200 
FBB 3.1 200 
FBB 3.2 200 
FBB 3 280 
FBB 3 400 
FBB 4 205 
FBB 4 255 
FBB 4 340 
LPB 1 191 
LPB 1 327 
LPB 1 323 
LPB 2 240 
LPB 2 297 
LPB 3 245 
LPB 3 290 
SBS 1 170 
SBS 1 232 
SBS 1 330 
SBS 2 190 
SBS 2 250 
SBS 2 350 
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The Formette sheets (table 5.2) consist of five solid structures and two layered structures that were each 
wet-pressed differently to obtain two different densities. The pulps used are top ply pulp of chemical 
pulp, middle ply pulp of CTMP and broke etc. and a 50/50 mixture of the two. F1-F10 all have the 
grammage 250 g/m2, the layered structures consists of 50 g/m2 in the top and bottom plies and 
150 g/m2 in the middle ply. In order to test the behavior of paperboard with different grammages, F11-
F14 are solid structures of two additional grammages (80 and 165 g/m2).  

Table 5.2 Description of the Formette sheets. 

Sample Pulp Pressing Structure Grammage 
(g/m2) 

F1 Top ply Low Solid 250 
F2 Top ply High Solid 250 
F3 Middle Ply Low Solid 250 
F4 Middle Ply High Solid 250 
F5 50/50 Low Solid 250 
F6 50/50 High Solid 250 
F7 Top-Middle-Top Low Layered 250 
F8 Top-Middle-Top High Layered 250 
F9 Top-50/50-Top Low Layered 250 
F10 Top-50/50-Top High Layered 250 
F11 Middle Ply Low Solid 80 
F12 Middle Ply High Solid 80 
F13 Middle Ply Low Solid 165 
F14 Middle Ply High Solid 165 

	  

5.2 Microscopy 
The understanding of the mechanisms behind compressive failure and the influence of the test method 
on paperboard are of great importance for the paper industry. Source reduction is a common tool to 
reduce both the financial and environmental impacts and consists of manufacturing paper with the 
same or better properties with less material. When making paperboard for packaging, compression 
strength is often a limiting property that has an impact on the performance of the end product. To 
evaluate the mechanisms and influence of the machines a series of samples are filmed during short-
span compression tests. 

5.2.1 Specimen Preparation 
When testing short span compression strength with L&W CODE 52, the test pieces should be 15 mm 
wide. The standard way of cutting these specimens is to use a guillotine, see figure 5.1.  
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Figure 5.1 Commercial style guillotine used in most laboratories for cutting paper and board. 

This cutting technique is good for making many pieces in a short period of time; it does, however, 
damage the specimen at the edge of the cut by drawing the top and bottom ply towards each other over 
the middle ply which is not optimal for ocular inspection. In order to get the best results possible when 
looking at the edge of the cut pieces, a series of pictures were taken on pieces cut in different ways. The 
different methods are displayed in table 5.3 and figure 5.2. 

Table 5.3 Alternatives for cutting specimens. 

 Cutting Technique 

a Guillotine 

b Scissors 

c Razorblade 

d Razorblade in air 

e Razorblade with a protective sheet 

f Scalpel  

g Scalpel nothing beneath 

h Scalpel with protective sheet over 

 

The razorblade used is a GEM Agar Scientific T586 uncoated stainless steel. Three different ways of 
cutting were tested for each of the two instruments. The first way was placing the sheet with the top 
layer facing down on a table and cutting with blade held by hand at approximately 45 degrees angle. The 
second way was placing the sheet with the end outside of the edge of the table and cutting the specimen 
in the air. The third way was to place it as in the first test but with a regular sheet of copy paper (80 
g/m2) over it as protection. For the first two instruments, guillotine and scissors, only common use was 
tested. The pictures in figure 5.2 show the cut samples and they represent the same magnification; the 
reason why they look different is the cutting techniques’ impact on the thickness of the cross sections. 
Of the three pictures that were cut with the razorblade, the one who was cut with the razorblade against 
the table without protection (figure 5.2a) had the preferable appearance. This technique was therefore 
chosen in all further experiments. 
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Figure 5.2 Displaying the pictures taken to evaluate different cutting techniques. The pictures show specimen cut with 
guillotine (a), scissors (b), razorblade against table (c), razorblade in air (d), razorblade with protective sheet (e), scalpel 

against table (f), scalpel in air (g) and scalpel with protective sheet (h). 

To be sure that all cut pieces are exactly 15 mm wide, the edge that will be evaluated in the microscope is 
cut with the razorblade and the back-end are cut with a guillotine that are calibrated to cut pieces for 
the SCT instrument (15 mm). This is time-consuming but give the best results. Larger test pieces than 
15 mm make the clamps compress the sample below the observed point and it is hard to draw 
conclusions about the compressed area underneath when observing the uncompressed area above. The 
clamps give shadow effects on the cross section of the samples that makes it harder to observe the 
failure mode when test pieces are less than 15 mm wide. 

5.2.2 Method for filming SCT 
To be able to detect modes of compression failure of paperboard the following setup (figure 5.3) is used:  

• L&W CODE 52 compression tester, according to ISO 9895-89 
• Stereomicroscope, Zeiss Stemi SV 11 
• Camera, JVC TK-C1381 
• Source of light is present to get as sharp pictures as possible. 
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Figure 5.3 Installation of material for microscopy. 

The video signal that comes from the camera is analogue; to convert the signal into digital form an 
Elgato Video Capture was used. When recording the videos, the zoom of the microscope was set on 3.2x; 
this was suitable for viewing the clamps of the machine and also to get a good enough magnification of 
the specimens. With a constant zoom setting, the distances could be determined in the pictures without 
calibration for each individual film.  

Exploratory testing with two different types of paperboards, one multilayered and one solid, are 
executed. The highest and the lowest grammage of each quality were included giving a total of four 
different samples. These samples were characterized with ten separate films in each direction (MD and 
CD. The films obtained by this method were analyzed in order to determine the repeatability of the 
method. Since the method was determined as good enough by the exploratory testing, the rest of the 
materials were filmed in the same way. Two films in each direction were made of the rest of the 
materials, including four films of regular copy paper. The copy paper is present in the study to give 
observations on how thin papers behave in short-span compression; the observations are used as a 
reference to compare thin samples of paperboard. 

5.2.3 Length measurement 
All the films of the commercial materials were analyzed with respect to the impact of the machine on 
the materials and the modes of compression failure. The force signal was also examined in order to find 
out if the failure detection of the SCT machine was reliable.  

When analyzing the impact of the machine the following three pictures were produced from each film: 

1. Before anything happens to the specimen 
2. When the clamps have compressed the specimen in ZD 
3. When the machine detects failure, the moment before the clamps release the specimen.  

The pictures were evaluated with respect to specimen thickness, at each clamp and in the middle, before 
and after the clamp compression and with respect to the width of the clamps before compression and at 
failure. 
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5.3 Paper properties 

5.3.1 Standard testing of paperboards  

5.3.1.1 Purpose and Method 
The basic properties Z-strength (out-of-plane), compression strength and tensile properties such as 
strength, stiffness, elongation and energy absorption were tested. The weight and thickness were also 
determined and the density calculated. The weight was determined on a normal set of scales and the 
sheet was measured in order to calculate the weight per area. The following standards were used: 

• Thickness measurements were performed on L&W CODE 51D2 according to ISO 534-88.  
• Compression strength tests were performed on L&W CODE 52 according to ISO 9895:2008  
• Tensile properties were measured on L&W CODE 64 according SCAN-P 67 
• Z-strength was measured on Zwick/Roell Z010 with application for Z-strength according to 

SCAN-P 80:98.  

Prior to the testing, all specimens were conditioned at 23°C and 50 % RH (ISO 187:1990).  

The failure detection in SCT is based on a 10 % drop in force from maximum. For more information of 
the SCT measurement parameters, see appendix 2. 

Tensile properties are compared with compression properties to further understand how failure modes 
and mechanisms actually work. Tensile and compression properties are in-plane properties and depend 
on the strength of the fibers and the network. Determining the density by testing grammage and 
thickness is done because of the correlation between compression strength and the density of the sheet. 
In a major part of the literature, the density is described as strongly correlated with compressive 
strength. Z-strength was believed to correlate with compression strength and this was investigated. 

5.3.2 Formette sheets 

5.3.2.1 Purpose and Hypothesis 
After analyzing the films of the compression failures a decision was made to continue with evaluation of 
the test-method’s influence on the specimens and the modes that determine compressive failure. The 
following focused on determining the mechanisms and how the test-method of SCT affects paper with 
different bulk and grammage. The evaluation also determined if out-of-plane properties affect 
compression properties by testing if a laminate theory can be used as in tensile calculations. 

The following questions were investigated: 

• Does the strength of each layer in paperboard provide the total strength and can this be calculated 
with the laminate theory?  

• Are the four mechanisms observed in the initial experiments the only possible failure modes? 
• Does the SCT measurement underestimate the compression strength for papers with high bulk? 
• Are the limitations of the SCT method more extensive than the literature show? 
 

The hypothesis of the laminate theory was that it was not expected to work for compression strength as 
well as it works for tensile properties. Out-of-plane properties were believed to influence the 
compression strength and the modes of compression failure and this lead to the assumption that the 
laminate theory would be ineffective for compression strength. 

The failure modes of the Formette sheets were believed to follow the observed behavior in the initial 
experiments.  

Due to the influence of the clamps on bulky paperboards and the bulge that appears in the clamp-free 
zone, it is believed that SCT-testing gives a too low value of compression strength for bulky materials. 
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The compression strength is expected to be lower with this effect induced by the clamps. The hypothesis 
is that SCT cannot be used in determining the compression strength of bulky paperboards.  

Paperboards with low bulk and high compression strength in z-direction are given a too low value due 
to the gliding of the clamps. Too thin specimens will not be evaluated according to actual compression 
strength but to their bending stiffness because of the global buckling that occurs in the machine. None 
of these are suitable for testing with SCT.  

	  
5.3.2.2 Method 
To find out if the hypothesis were correct, a series of experiments were performed. Sheets of paperboard 
are manufactured in a Dynamic Sheet Former from Allimande (figure 5.4). The sheets were wet pressed 
in an own constructed roller press (figure 5.5) with two different pressures to obtain different densities. 
After the pressing the sheets were dried under constraint with an arced drier (figure 5.6) in 30 minutes 
at 100 °C.  

	  

Figure 5.4 Dynamic sheet former used to manufacture Formette sheets. 

	  

Figure 5.5 Press roll used to wet-press the Formette sheets. 
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Figure 5.6 Arched drier that dried the Formette sheets under constraint. 

	  

The Formette sheets were tested as the commercial materials except for the LCT. Evaluation according 
to the laminate theory by Wahlström et al. (2008) was made for the sheets. The compression strength 
for each individual ply was evaluated and calculated into an approximation of the layered structure 
corresponding to the same plies and compared to the actual layered paperboard. 

The equations (1) and (2) were used to calculate the compression strength and the density. The 
parameters of the equations are grammage (w), thickness (t), density (ρ) and short-span compression 
strength (SCT). The index i denotes the values for each ply. 

𝑆𝐶𝑇!"#$%"&' =
!!!"#!
!!

  (1) 

𝜌!"#$%"&' =
!!
!!

  (2) 

5.3.3 LCT 

5.3.3.1 Purpose and Hypothesis 
The purpose of testing some of the standard materials with LCT as well as SCT is to determine if the 
methods differ in results from each other. LCT is also the only secure way to obtaining force-strain 
curves for compression according to the literature (Fellers & Gimåker 2011). The modes of compression 
failure are suspected to differ in LCT and SCT and this is also investigated when examining the test 
pieces from LCT. 

The hypothesis of the LCT measurement is that the correlation between LCT and SCT are significant for 
the tested materials. The modes of LCT are more like the picture from Fellers (1980) and the 
mechanisms from SCT differ from this. The compression stiffness is the same as the tensile stiffness for 
the tested materials. 

	  
5.3.3.2 Method 
Ten materials were evaluated with the long span compression testing, using the STFI 
CompressionTester (figure 5.7). The LCT testing was performed at Innventia. 
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Figure 5.7 STFI CompressionTester. (Mäkelä 2010) 

The samples are chosen to cover the different types of paperboard, solid bleached board, liquid 
packaging board and bulky board with mechanical pulp in the middle ply and comes from different 
mills within Stora Enso, making the total number of materials ten when selecting two grammages for 
each. The purpose is to get an overview of the commercial paperboards without testing all twenty-five. 
The materials are tested with five specimens in each direction. A list of the materials that was evaluated 
with LCT is displayed in table 5.4. The reason for not testing LCT for any of the Formette materials was 
that the Formette materials was included in the work until after the LCT tests were done. 

Table 5.4 Specimens tested with LCT. 

SBS2.190 FBB1.255 FBB3.280 FBB4.205 LPB1.323 
SBS2.350 FBB1.390 FBB3.400 FBB4.340 LPB3.200 

	  

	   	  

According to Innventia Confidentiality Policy this report is confidential until 2010-12-01 

In-plane compression properties for selected commercial papers 

Innventia Report no. 76 

5 

 

  

 
Figure 1 The STFI CompressionTester 

Buckling during compressive testing is prevented by the use of two sets of hinged 
columns, where each of the sets is constituted by 15 pieces of 3 mm wide columns. The 
upper set of columns supports the paper test piece from above and the lower set of 
columns supports the paper test piece from below, enforcing the paper test piece to stay 
flat in the supported region. Each column is able to follow the in-plane axial 
displacement of the paper test piece, independently of the movements of the other 
columns, and without subjecting the paper test piece to axial forces. The columns are 
initially positioned so that each upper column has a counteracting lower column in the 
same axial position. The columns are further positioned so that the initial separation 
between each pair of upper and lower column is 0.6 mm. This results in an initial test 
set-up consisting of a series of 3 mm wide regions where the paper test piece is 
prevented to buckle by pairs of columns, separated by 0.6 mm free spans. Short free 
spans are required to avoid elastic instability, i.e. to ensure that the ultimate 
compressive strength of the material is exceeding the buckling load of the tested 
structure. The choice of 0.6 mm wide free spans in the STFI CompressionTester was 
based on previous findings in relation to the development of the short span compressive 
strength test (ISO 9895:1989) of paper, which utilises a free span length of 0.7 mm. 
Generally, paper and board having a grammage exceeding 100 g/m2 can be tested in the 
STFI CompressionTester without encountering elastic instability under these 
geometrical conditions. 
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Chapter 6 

Results 

6.1 Microscopy 

6.1.1 Commercial paperboards 
The observed compression failures in the films can be classified in four different failure modes that are 
hereby named M1-M4. The failure modes are explained below: 

• M1 is a symmetrical failure that has an internal buckling more or less in the middle of the 
board’s middle layer, figure 6.1  

• M2 is an asymmetrical failure, with buckling that are not equal on the top and bottom, figure 6.2 
• M3 is a failure with global buckling of the whole specimen, figure 6.3 
• M4 is when the specimen does not undergo complete failure due to gliding in the clamps, 

triggers the failure detection of the machine, figure 6.4. 
	  

	  

Figure 6.1 Example of the failure mode M1. 

	  

Figure 6.2 Example of the failure mode M2. 

	  

Figure 6.3 Example of the failure mode M3. 

	  

Figure 6.4 Example of the failure mode M4. 
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The distribution of failure modes of the commercial materials is shown in figure 6.5. The y-axis shows 
the percentage of specimens failing according to the different failure modes M1-M4. 

	  

Figure 6.5 Distribution of failure modes in SCT of the standard materials. 

All the observations show an initiation of failure in the middle ply of the boards. This initiation probably 
consists of delamination between fiber-fiber bonds and as a product of the following compression 
failure the fibers buckle. 

The influence of the machine on the paperboard is evaluated in how much the clamps compress the 
material in z-direction, which is called pinch compression. How much the unclamped area is buckled 
due to the clamps (bulge width), prior to in-plane compression was measured. The specimens’ tendency 
to glide in the clamps and the observed strain at failure were observed. 

The difference between the thickness before and after the clamp pressure is defined as the pinch 
compression. An example of the behavior of a FBB in the SCT machine can be observed in figure 6.6-
6.8. 
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Figure 6.6 Paperboard before the clamps with length measured and displayed. 

	  

Figure 6.7 Paperboard after clamping and before in-plane compression. 

	  

Figure 6.8 Paperboard after compression failure. 
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The results of the measurements consist of average pinch compression and difference in width between 
the clamped and the unclamped area (bulge width), and are shown in figure 6.9-6.10.  

	  

Figure 6.9 Average pinch compression. The error bars represent the standard deviation. 

	  

	  

Figure 6.10 Width difference of the clamped area and the unclamped area in between. The error bars represent the standard 
deviation. 
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6.1.2 Formette sheets 
The films of the Formette sheets during SCT gave the same failure modes as the commercial materials, 
except the gliding failure (M4). The distribution is shown in figure 6.11 where the y-axis shows the 
amount of samples that failed according to which failure mode in percent. 

	  

Figure 6.11 Distribution of failure modes in SCT of the Formette materials 

6.2 Paper properties 

6.2.1 Correlations 
The results from the testing of the standard properties are shown in appendix 3.  

The comparison of the short-span compression strength with the other properties, from the commercial 
paperboards, is shown in figure 6.12-6.14. The same plots from the Formette sheets are shown in figure 
6.15-6.17. Correlations of tensile properties against compression strength are shown in appendix 4. 

	  

	  

Figure 6.12 SCT plotted against density. 
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Figure 6.13 SCT plotted against tensile stiffness. 

 

 

Figure 6.14 SCT plotted against z-strength. 

 

Figure 6.15 SCT plotted against density. 
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Figure 6.16 SCT plotted against tensile stiffness. 

 

 

Figure 6.17 SCT plotted against Z-strength. 

6.3 LCT 
Most of the test pieces show a distinct buckling, which indicates where the failure occurred (figure 
6.18a). The exception to this is SBS2.190. Of the ten observations on SBS2.190 only two followed the 
behavior described above. The other eight pieces has low amplitude buckling (figure 6.18b), spanning a 
longer distance than the failures with the distinct buckling. The specimens with distinct buckling have 
delamination failures that can be observed with a microscope meanwhile the specimens with indistinct 
buckling have no observed failures in the material.  

R² = 0,72606

R² = 0,82259

0

5

10

15

0 500 1000 1500 2000 2500 3000

SC
T 

(k
N

/m
)

Tensile Stiffness (kN/m)

SCT vs Tensile Stiffness

MD

CD

R² = 0,85112

R² = 0,86533

0
2
4
6
8

10
12
14

0 100 200 300 400 500 600 700 800

SC
T 

(k
N

/m
)

Z (kPa)

SCT vs Z-strength

MD

CD



 30 

	   	  

Figure 6.18a Distinct buckling (indicated by arrows) Figure 6.18b Low amplitude buckling (indicated by arrows). 

Table 6.1 shows thickness, compression stiffness, maximum stress and force for the ten samples that 
were evaluated with LCT. The MD/CD-ratio of compression stiffness was calculated and compared with 
SCT compression and tension stiffness ratios (table 6.2). The maximum force is compared with 
maximum force in SCT (figure 6.20). 

Table 6.1 Overview of values from the LCT measurements. 

Sample Thickness 
(mm) 

E MD 
(MPa) 

MD maxstress 
(MPa) 

E CD 
(MPa) 

CD maxstress  
(MPa) 

MD maxforce 
(kN/m) 

CD maxforce 
(kN/m) 

SBS2.190 0.181 96.7 25.5 50.7 18.0 4.6 3.3 
SBS2.350 0.442 67.3 12.8 29.0 9.6 5.7 4.2 
FBB4.205 0.327 43.1 12.1 21.3 8.5 4.0 2.8 
FBB4.340 0.675 41.6 11.9 20.1 7.6 5.2 3.3 
FBB1.255 0.436 46.1 9.7 17.9 6.9 6.3 4.5 
FBB1.390 0.650 41.7 10.5 21.1 8.8 4.6 3.9 
FBB3.280 0.440 38.1 10.4 19.5 7.4 7.0 5.0 
FBB3.400 0.670 45.1 11.4 23.9 9.0 5.9 4.7 
LPB1.323 0.520 64.2 14.5 25.2 9.4 5.2 3.4 
LPB3.245 0.358 96.7 25.5 50.7 18.0 4.6 3.3 

	  

Figure 6.19 shows the force-strain curves for one of the grades that were tested with LCT. The figure 
shows that the measurement was driven far beyond failure, which happens around -0.5 % strains. 

The relationship between LCT and SCT maximum force is shown in figure 6.20. Mäkelä (2010) show a 
different relationship between LCT and SCT.  

The specimens’ failure modes are mostly Z-shaped which corresponds to the asymmetrical failure (M2) 
(figure 6.21). The SBS2.190 has only two distinct buckling modes, of the ten samples, and both of these 
are Z-shaped. The other nine board grades have all ten samples distinctly buckled and of these, almost 
90 % are Z-shaped. 
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Figure 6.19 Force-strain curves for LCT testing of FBB4.205. 

	  

Figure 6.20 SCT vs LCT. 
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Figure 6.21 Test pieces from LCT testing stacked on top of each other seen from the side. 

6.4 Force-strain SCT and LCT 
SCT can give force curves as seen in figure 6.22 (from SCT of FBB1.175) and figure 6.23 (SCT of F2).  

Force-strain curves are produced from both SCT and LCT and are shown in figure 6.24. 

The MD/CD-ratio of LCT stiffness, SCT stiffness and tensile stiffness are shown in table 6.2.  

	  

Figure 6.22 Force signal from SCT measurement of FBB1.175. 
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Figure 6.23 Force signal from SCT measurement of F2. 

	  

Figure 6.24 Force-strain curves for SCT (left) and LCT (right) of SBS2.190. 
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Table 6.2 MD/CD-ratio of tensile strength, stiffness and short-span compression stiffness. 

 MD/CD Tensile 
stiffness 

MD/CD LCT 
stiffness 

MD/CD SCT 
stiffness 

SBS2.190 2.0 1.9 1.1 
SBS2.350 2.4 2.6 1.1 
FBB4.205 1.8 1.9 1.1 
FBB4.340 2.0 1.9 1.1 
FBB1.255 2.2 2.4 1.1 
FBB1.390 2.7 2.8 1.0 
FBB3.280 1.8 1.9 1.0 
FBB3.400 2.1 2.0 1.1 
LPB1.323 1.9 1.8 1.1 
LPB3.245 2.4 2.4 1.1 

	  

6.5 Laminate theory 
The results from calculations of the laminate theory are shown in figure 6.25. The SCT values, 
grammage and thickness of the single plies are measured and combined according to equation 1 and 2 
in chapter 5.3.2.2 and the resulting SCT values are shown as purple bars in figure 6.25. The SCT values 
of the single plies are also displayed as the multicolored bars for comparison. Figure 6.26 show the 
calculated and measured compression strengths plotted against density. Plots were made for tensile 
strength and stiffness and these figures are shown in appendix 5. 

	  

Figure 6.25 Calculated SCT value from top plies (blue and green) and middle ply (red) compared to measured value of layered 
structure (purple). 
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Figure 6.26 SCT plotted against density for Formette sheets and calculated values. 

6.6 Coating 
Coating affects the SCT value very little as can be seen in figure 6.27 and 6.28. This was not expected 
since Morsy and El-Sherbiny (2004) show that coating increase in-plane properties such as tensile 
strength. Figure 6.27 shows the SCT values of a coated paper (SBS2) and the corresponding base paper 
(SBS1) plotted against density. Figure 6.28 shows the SCT values of the same papers. 

	  

Figure 6.27 SCT GM plotted against density for SBS1 and SBS2. 

	  

Figure 6.28 SCT GM for all six of the SBS materials. 
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Chapter 7 

Discussion 

7.1 Analysis 

7.1.1 Failure mode detection commercial materials 
The four mentioned modes (figure 6.1-6.4) describe the overall appearance of the compression failure 
observed. The shape of the board at failure is the leading factor of determining which failure mode the 
board has. Even within the class of failure mode, there can be differences with respect to how the fiber 
buckling looks at the end. Some give failures with buckling at multiple locations at the same time, 
whereas other gives buckling that initiates buckling at other locations or just buckling at one single spot 
in the board. The method is too uncertain to determine the exact mechanism of the board due to 
difficulties to distinguish single fibers with the microscope, especially when the layers have the same 
color.  

The initiations are almost always observed in the middle ply of the board. This might be an effect of the 
clamp pressure induced bulge that occurs in the unclamped area (figure 6.7). When the bulge is present, 
the middle layer carries more of the compressive loads than it should have otherwise and the failure 
initiation will have its origin there. One very likely explanation is due to the fact that the middle ply 
often is the weakest part of the board; this is an assumption based on the raw material in the middle ply. 
In some specimens the failure initiation takes place in the border area between the middle ply and one 
of the outer plies, this can be explained with the fact that some paperboards are weaker between the 
plies than in the middle ply. 

The initiation of failure probably consists of the breaking of fiber-fiber bonds and is followed by a 
complete failure with fiber buckling as a product of the failure. The other possible case is that fibers 
break. The bonding strength is crucial for the distinction between the two cases. If the bonding strength 
exceeds the fiber compression strength, the fibers will break before the fiber-fiber bonds and vice versa. 

The question arise whether the failure modes are different because of differences in the structure of the 
board or if the test method is responsible for the many times M1 occurs. The clamps have also been 
observed to compress the samples unevenly and this might trigger different failure mechanisms for the 
same grade of paperboards. The bulging of the unclamped area of the specimen raises suspicions that 
the method induces the M1 more than would be the case without the clamps. The bulging may 
delaminate the specimen and induce bending of the top and bottom layers to make the middle layer 
carry all loads. If this is the case, the mechanism may be forced to happen according to M1 in most of 
the cases even though the natural way for paperboard may be as Fellers (1980) suggested. One large 
difference from the failure mode described by Fellers (1980) and M2 is that his specimen has a failure 
that covers the whole width of the sample, and the observed failures in this study are limited to the 
middle ply.  

The distribution of failure modes (figure 6.5 and 6.11) could be entirely determined by the test method. 
If the bulging makes the middle layer, which often is weaker than the outer layers, carry most of the 
load, the compression strength would be lower and the clamps may also induce certain failure modes 
that do not take place in paperboard packages at all. The values given by the test method should 
correlate to the packages’ performance but this is by no means certain with SCT and should be tested 
further, for example with some kind of box compression test.  

Testing paperboard with SCT is observed to affect the initial geometrical shape of the specimens. The 
clamps compress the samples in the z-direction and a bulge appear in the middle. It is assumed that this 
effect has a direct influence on the SCT value. This may be misleading and boards with higher bulk and 
lower bending stiffness of the outer layers are assumed to get a lower value of compression strength by 
the machine than they actually have.  
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The shortening during SCT is measured to be about 5-10 % both with the force-strain curves and length 
determination of the pictures from the microscopy films (figure 6.6-6.8 and 6.24). This is not relevant 
and probably induced by gliding in the clamps and the clamps being driven a little bit further than 
failure at detection. The strain recorded in LCT is believed to be more reliable. The scale is so small in 
SCT that even the smallest movements of the clamps after failure can increase the perceived strain with 
several percent. According to the literature the stiffness is about the same in both tensile and 
compression, this is the case when examining the values from LCT.  

The clamps have a tendency to glide when testing some of the materials. The surface roughness could 
have been included in the testing of standard properties in order to test if the smoothness is connected 
to the gliding failure. This sometimes means that the samples are unharmed at the point when the 
machine detects failure. The failure then only consists of gliding (M4) and the given value is misleading. 
The machine has no way of communicating when this kind of failure occurs which can be a source of 
error when testing certain kinds of paper. The same problem occurs when the slenderness ratio of the 
sample is too low for the standardized clamp length 0.7 mm. M3 will be the failure mode when testing 
specimens of this kind. The sample fails by global buckling and the actual compression is not measured. 
This also gives misleading values of compression strength. When M3 occurs, the measured value is 
representing Euler buckling, which cannot be assumed to be the same as compression failure.  

The optimization of bending stiffness with a minimum of material is called source reduction. Applying 
source reduction to paperboard decreases the compression strength more than the other in-plane 
properties. This decrease in compression strength might be amplified by the SCT method; the 
paperboard may not have as low compression strength as the method show. If the paperboard has more 
bulk the specimen tested with SCT is compressed in ZD more than the same material with higher bulk. 
This gives lower values in compression strength and another test method for compression strength 
might be needed to avoid this. To be sure that SCT can be tested for all papers two parameters must be 
able to be changed. The clamping force must be sufficiently low for the specimen to remain intact 
without delamination and at the same time sufficiently high to prevent gliding. The span must be 
sufficiently small for the slenderness ratio to make sure that the failure occurs by compression failure 
and not by M3. When altering these parameters it is virtually impossible to develop a standard that 
holds for all possible cases and it may be easier to develop a whole new method for testing compression 
strength. 

The obtained values are not the same when comparing the compression strength of specimens cut by 
the conventional way by a guillotine with specimens cut by razorblade. Specimens that are cut carefully 
with razorblades give higher values than the specimens cut with guillotine. This effect originates from 
the delamination that the guillotine imposes on the specimens. Test pieces that are used in SCT are 
15 mm wide and it is possible that the guillotine damage a significant part of the specimen on each side. 
It is observed in the study that SCT is lower for the specimens cut with guillotine compared with 
razorblade. This effect varies with varying board grades, the SBS have smaller difference between the 
cutting techniques and the FBB with lower Z-strength have presumably larger differences. It is realized 
that the razorblade is no alternative for production quality control due to its inefficiency.  

7.1.2 Failure mode detection Formette sheets 
In the Formette study M1, M2 and M3 are observed. The gliding failure mode M4 is not observed. When 
examining the failure modes compared to the known properties of the Formette sheets the following 
explanation can be given. M1 is the most common failure mode for layered structures with quite low 
out-of-plane strength. M1 is also the most common failure mode for bulky materials due to the initial 
geometrical shape given by the clamps. M2 are sometimes present in solid structures that behave like 
linerboards in compression (figure 3.3). The failure mode global buckling, M3, was previously related to 
grammage of the paperboard. The highest grammage of specimens that give M3 is 250 g/m2 and the 
lowest grammage that give M1 is 80 g/m2. This indicates that the grammage is of minor importance for 
which failure mode prevails. The density, thickness and out-of-plane strength are factors that determine 
whether specimens fail according to M3 or not. Higher out-of-plane strength and density and lower 
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thickness give higher tendency to fail by global buckling. When the out-of-plane strength is high the 
specimen will not delaminate and crack in ZD as easily as it may fail according to M3. The out-of-plane 
strength also decreases the tendency to compress in ZD by the clamp pressure and thereby impedes M1 
and M2 failure more than otherwise.  

It is established, both in the literature and by the presented experiments, that short span compression 
strength increases with increased density and thereby decreases with increased bulk. The main question 
is if SCT gives lower values when testing bulky papers. Low correlation between SCT and LCT for the 
tested paperboards could be interpreted as an indication that for LCT, compression strength might not 
decrease when bulk is increased. If this were the case, paper mills could manufacture paperboards with 
even higher bulk, and thereby higher bending stiffness relative amount of material, than is thought to 
be possible today due to limiting compression strength. 

7.1.3 Correlations 
The literature shows that density is an important property for compressive strength, a higher density 
gives higher compression strength. This can be seen in the results of this work as well even though the 
relations are rather weak for the commercial materials (figure 6.12). The low correlation is typical for 
the multiple parameters that differ between the materials. The Formette sheet study shows that if fewer 
parameters are changed between materials the correlations are stronger (figure 6.15).  

In-plane properties are, despite of the wide variety of different board concepts of the commercial 
materials, well correlated to each other (figure 6.13). This gives that some of the same factors that affect 
tensile properties must also affect other in-plane properties as for example compression strength. One 
parameter that does not affect tensile and compression properties in the same way is fiber length that 
affects tensile properties more than compression (Fellers 1980). This indicates that the connection 
between the properties is more complex than the correlations show. When studying the Formette 
sheets, all tested properties correlate well (figure 6.16). This was expected as only density and type of 
pulp is varied. 

The out-of-plane strength (Z-strength) gives a high correlation with compression strength for Formette 
sheets (figure 6.17) but not for the commercial materials (figure 6.14). The correlation of the Z-strength 
and the compression strength was believed to be greater for the commercial materials. The lack of 
correlation could be a result of the impact of the clamps of the test method (SCT) on the specimen. 

There can be many different reasons why the standard properties correlate. The fact that both in-plane 
properties and Z-strength correlates with compression strength for the Formette sheets indicates that 
the processes that govern compression strength are influenced by more parameters than for example 
tension strength. 

7.1.4 LCT 
Most of the test pieces show a distinct buckling (figure 6.18a), only the pieces of SBS2.190 have unclear 
positions of failure (figure 6.18b). The unclear position of failure may indicate that the specimens did 
not fail by material compression failure but by structural failure. If this is the case, the STFI 
CompressionTester may not work properly for all papers. Another explanation may be that the 
compression failure happened with small impact on the appearance of the test pieces. The structural 
failure could have occurred after the failure since it is evident by the force-strain curves that the 
machine was allowed to measure far beyond failure. All test pieces were subjected to this post-failure 
compression and this makes it hard to draw any conclusions from the appearance of the test pieces. 

When observing the force-strain curves it is clear that the compression is driven much further than 
failure (figure 6.19). This might have been because of the LCT machine’s lack of automatic failure 
detection the operator drove the machine until he was sure that failure had occurred. The main focus is 
on the part of the curve that leads up to the failure and the materials show quite similar curves for all 
materials.  
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According to Mäkelä (2010) long-span compression strength is strongly correlated to short-span 
compression strength (R2=0,96). This effect cannot be seen in this work (figure 6.20). The possible 
explanation for this is that the method SCT does not evaluate the actual compression for multilayered 
bulky structures. The same might be true for LCT but is more uncertain. The samples evaluated in this 
study consists of different board grades that are used in todays market and are relevant for compression 
testing, whereas the samples displayed in Mäkelä (2010) are solid structures that may be more suitable 
in the test methods considered. The test points are not exclusively above the 1:1 line in the plot, which is 
also in contradiction with Mäkelä (2010). 

The Z-shape that occurs at failure in LCT is by far the most common failure mode (figure 6.21). The 
same is true about the symmetrical shape in SCT. This leads to the conclusion that the SCT machine 
gives a shape to the specimens, which does not occur in other cases that are lacking the effects of the 
clamps, for example in packaging solutions. 

7.1.5 Curves and Stiffness in SCT 
All tested specimens give curves with distinct failure detections (figure 6.22), the peaks are sharp and 
according to Lorentzen & Wettre the failure detection is based on a 10 % drop in force compared with 
maximum. This indicates that the method had no problems with determination of where the failure 
happens. When testing Formette sheets with extremely low density and very weak middle plies the 
machine fails to detect failure and the clamps are stopped by the mechanism’s maximum movement 
limit. 

The curves have very similar appearance for all specimens; almost the only thing that changes is the 
height of the curve, which defines the compression strength value. When looking at the second 
Formette sheet, F2, who consists of chemical pulp and have relatively high density due to high wet 
pressing, all three failure modes are present in the tests (figure 6.23). The expected results of the force-
time curves were that they would have different shapes. They are, however, almost identical except for 
the height. This indicates that the same resistance precedes the failure modes but the actual failures 
happen in different ways. F2 have all the characteristics that explain each of the failure modes, high 
density and z-strength, solid structure and also quite high compression in ZD at the clamps.  

7.1.6 Laminate theory 
When calculating the density of the calculated sheets and plotting the SCT against density all the 
measured and calculated values are on the same line (figure 6.26). The prediction of SCT values at a 
given density is possible for the materials in this study. This could be an argument why the laminate 
theory is valid to predict SCT values on layered structures. The compression strength is higher for the 
calculated values than for the corresponding measured structures when excluding the density. This was 
expected since the middle ply is the one that carry most of the load when measuring SCT due to the 
initial shape created by the clamps. The weakest part, i.e. the middle ply, should be the part of the 
paperboard that governs the compression strength of the whole structure. It seems that out-of-plane 
properties should affect the compression strength strongly because of the compression in ZD by the 
clamps. This is why the laminate theory could be inaccurate when trying to calculate the compression 
strength. Further studies are needed confirm the validity of the laminate theory for this application. 

7.1.7 Coating 
According to the measurement the coating does not give significantly higher compression strength; this 
makes the compression strength index lower for coated paperboard. This can also be an effect of 
increased gliding in the clamps with coating. The results are uncertain because the base paper is not 
extracted from the paper machine at the same time as the coated board.  
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7.2 Conclusions 
The paperboards fail under compression with one of four determined failure modes, symmetrical 
failure, asymmetrical failure, global buckling and gliding failure (M1-M4). M4 are not an actual failure 
mode since the specimen does not fail under the compression. The compression failures (M1-M3) are 
initiated in the weakest point of the paperboard by the breaking of fiber-fiber bonds or the breaking of 
fiber walls, and are followed by fiber buckling. 

The failure modes may be influenced by the SCT method since the most common mode observed is not 
reported in the literature. M1 is by far the most commonly observed mechanism but the literature 
describes compression failure by M2. M1 is most common in layered structures with high bulk, M2 is 
most common in solid structures that are thick and M3 are most common in samples with high out-of-
plane strength and a high slenderness. M4 happens in a few cases with high-density paperboard that 
are believed to have high smoothness. 

The cutting of samples can damage the test pieces, which can lead to lower values in compression 
strength. Cutting samples carefully with very sharp razors decreases the damage of the pieces and give 
higher strength. 

Compression strength correlates well with many other properties, which is in agreement with the 
literature. The LCT and SCT are, according to the literature, strongly correlated and SCT values are 
generally higher than LCT values due to the larger probability of local defects in the larger active area of 
LCT compared with SCT. This is not as clear in the experiments on layered paperboards as in the 
literature.  

The failure detection of SCT measurement is distinct. The SCT-stiffness obtained by the force-strain 
curves is false, in order to obtain compression stiffness one must use longer spans than is used in SCT. 

The laminate theory did work in the thesis and predictions about SCT values for layered structures 
would have been possible. There are some uncertainties about the validity of this theory remaining and 
the conclusion is that further experiments are needed to prove that the laminate theory works for 
compression strength.   

The coating’s influence of SCT cannot be determined in this work; too few measurements are made to 
draw conclusions about the two cases. 

To be able to get a paperboard with highest possible compression strength both raw materials and 
manufacturing operations can be altered. The most obvious way to increase the compression strength is 
to increase the density by both raw materials and operations such as beating and pressing.  

The paper and pulp industry may be able to manufacture paperboards with more extreme bulk and 
lower strengths in the middle ply if true compression strength could be measured. SCT is a sufficient 
test method for many paper grades, but one must be careful with the interpretation of the value when 
testing certain grades. The test gives a value for all papers, but when gliding failure or global buckling 
occurs, the value does not reflect the actual compression properties of the specimens. 
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7.3 Future work 
The raw material can affect the compression strength; hardwood or softwood does not matter as much 
as the fibers’ ability to form dense sheets. Recovered fibers are not optimal for compression strength but 
there are many applications where recovered fibers can be the best choice. When the mechanical 
properties are not limiting, recovered fibers can be used to large extent and thereby improving both 
environmental and economical aspects of the manufacturing. A study about the raw materials’ impact 
on compression strength would enable more cost efficient and environmentally friendly paper products. 

Possible extensions of this study could be to examine the failure modes and force curves when changing 
the clamp pressure. The SCT machine can easily be regulated with respect to clamp pressure and it 
would be interesting to see how different board grades with different grammages behave under 
compression with different clamp pressures. 

A simulation model that predicts failure modes and the compression in SCT would be of great interest. 

Deeper understanding in how the actual initiations happen could be obtained by using a more advanced 
microscope together with a high-speed camera. What part of the fiber or fiber-bonds that is broken in 
compressive failure and how this differs would be useful for further understanding of failure 
mechanisms. 

Investigation of improvements to the SCT method is needed to get a more reliable method of testing 
SCT for paperboard. The method is optimized for linerboard between 100 and 300 g/m2 and it is not 
optimal for layered structures as folding boxboard or liquid packaging board. If it is impossible to 
improve SCT, the need for a new method that captures the true compression strength of paperboard 
needs to be developed.  
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References 
Donner, D. Fellers, C. Edgewise compression strength of paper. In Mark, R.E, Habeger, C.C, Borch, J, 
Lyne, M,B. editors. Handbook of physical testing of paper, Volume 1, Second edition. Marcel Dekker; 
2002:481-525. 

El-Hosseiny, F. Influence of the “Giertz effect” on development of short-span compression strength. 
Tappi 1998; 81(2):177-180. 

Ellis, R.L. Rudie, A.W. Ideal fibers for pulp and paper products. 21st Southern Forest Tree 
Improvement Conference ; 17-20 june 1991; Knoxville, Tennessee.  

Fellers, C. Paper Physics. In The Ljungberg Textbook, Paper Technology. Karlstad University; 2012:27-
66. 

Fellers C. The significance of structure on the compression behavior of paper. Stockholm:   Department 
of Paper Technology , The Royal Institute of Technology.; 1980.                             

Fellers, C. de Ruvo, A. Elfström, J. Htun, M. Edgewise compression properties. A comparison of 
handsheets made from pulps of various yields. Tappi 1980; 63(6):109-112. 

Fellers, C, Gimåker, M. Literature review on in- plane compressive properties of paper. Innventia report 
No. 154 2011; 9-12. 

Karlsson, H. Fibre structure. In Fibre Guide – Fibre analysis and process applications in the pulp and 
paper industry. Lorentzen & Wettre; 2006:21-22. 

Girlanda, O. Hallbäck, N. Östlund, S. Tryding, J. Defect sensitivity and strength of paperboard in out-
of-plane tension and shear. Journal of Pulp and Paper Science 2005; 31(2):8-12. 

Gärdlund, L. Forsström, J. Andreasson, B. Wågberg, L. Influence of polyelectrolyte complexes on the 
strength properties of papers from unbleached kraft pulps with different yields. Nordic Pulp and Paper 
Research Journal 2005; 20(1):36-42. 

Hubbe, M.A. Venditti, R.A. Rojas, O.J. What happens to cellulosic fibers during papermaking and 
recycling? A review. BioResources 2007; 2(4):739-788. 

Iggesund Paperboard AB. Kartongtillverkning. In Kartonghandboken. Telub Informum AB; 1993:37-50. 

Lindberg, N.J. History of papermaking. In Paulapuro, H, editor. Papermaking Part 1, Stock Preparation 
and Wet End. Fapet Oy; 2000:57-71. 

Kajanto, I. Structural Mechanics of Paper and Board. In Niskanen, K, editor. Paper Physics. Fapet Oy; 
1998:210-213. 

Kiviranta, A. Paperboard Grades. In Paulapuro, H, editor. Paper and Board Grades. Fapet Oy; 2000:54-
72. 

Morsy, F. A. El-Sherbiny, S. Mechanical properties of coated paper: Influence of coating properties and 
pigment Blends. Journal of Materials Science 2004; 39(24):7327-7332. 

Myers, G. Effect of restraint before and during drying on edgewise compressive properties of 
handsheets. Tappi 1967; 50(3):97-100.  

Mäkelä, P. In-plane compression properties for selected commercial papers. Innventia report No. 76 
2010: 1-19 



 43 

Perkins, R. McEvoy, R. The Mechanics of the edgewise compressive strength of paper. Tappi 1981; 
64(2):99-102. 

Sachs, I. Kuster, T. Edgewise compression failure mechanism of linerboard observed in a dynamic 
mode. Tappi 1980; 63(10):69-73.  

Seth, R. Soczynski, R. Page, D. Intrinsic edgewise compressive strength of paper. Tappi 1979; 62(12):97-
99.  

Seth, R. Soczynski, R. Page, D. The Effect of Wood Species on the edgewise compression strength of 
paper. Tappi 1986; 69(10):94-96. 

Stora Enso. 2013a. About Us. Available at: http://www.storaenso.com/about-us/stora-enso-in-
brief/Pages/stora-enso-in-brief.aspx. Accessed 15 april, 2013. 

Stora Enso. 2013b. Paper and Board Capacity. Available at: http://www.storaenso.com/about-
us/capacities/Pages/paper-and-board-capacity-by-country-in-2008.aspx. Accessed 15 april, 2013. 

Stora Enso. 2013c. History. Available at: http://www.storaenso.com/about-us/history/Pages/stora-
enso-oyj-new.aspx. Accessed 15 april, 2013. 

Wahlström, T. Rakic, V. Karlsson, H. Thuvander, F. Lif, J. Predicting tensile properties of multilayer 
paperboards from properties of the layers. Progress in Paper Physics Seminar ; 2-5 June 2008; 
Otaniemi, Finland 

Wink, W.A. Watt, J.A. Whitsitt, W.J. Baum, G.A. Role of fiber axial modulus on compressive strength. 
Fiber Science and Technology 1984; 20(4):245-253. 

Zhang, M. Hubbe, M.A. Heitmann, J.A. Venditti, R.A. Effect of chemical pretreatments of never-dried 
pulp on the strength of recycled linerboard. Proc. Tappi Papermakers Conf. ; 2001 

	   	  



 44 

Appendix 1 
	   	  

Name Structural description Grammage (g/m2) 

FBB1.175 A FBB with double coating, bleached chemical pulp in top ply, CTMP and unbleached 
chemical pulp in middle ply and unbleached chemical pulp in bottom ply. 

175 

FBB1.255 A FBB with double coating, bleached chemical pulp in top ply, CTMP and unbleached 
chemical pulp in middle ply and unbleached chemical pulp in bottom ply. 

255 

FBB1.390 A FBB with double coating, bleached chemical pulp in top ply, CTMP and unbleached 
chemical pulp in middle ply and unbleached chemical pulp in bottom ply. 

390 

LPB1.191 A LPB with CTMP in middle ply and bleached chemical pulp in top and bottom ply. 191 

LPB1.327 A LPB with CTMP in middle ply and bleached chemical pulp in top and bottom ply. 327 

LPB1.323 A LPB with CTMP in middle ply and bleached chemical pulp in top and bottom ply. 323 

SBS1.170 A SBS with top and bottom ply of bleached chemical pulp and a middle layer and bleached 
chemical pulp and CTMP in middle ply. 

170 

SBS1.232 A SBS with top and bottom ply of bleached chemical pulp and a middle layer and bleached 
chemical pulp and CTMP in middle ply. 

232 

SBS1.330 A SBS with top and bottom ply of bleached chemical pulp and a middle layer and bleached 
chemical pulp and CTMP in middle ply. 

330 

SBS2.190 A SBS with double coating on top and light coating on bottom with top and bottom ply of 
bleached chemical pulp and a middle layer and bleached chemical pulp and CTMP in middle 
ply. 

190 

SBS2.250 A SBS with double coating on top and light coating on bottom with top and bottom ply of 
bleached chemical pulp and a middle layer and bleached chemical pulp and CTMP in middle 
ply. 

250 

SBS2.350 A SBS with double coating on top and light coating on bottom with top and bottom ply of 
bleached chemical pulp and a middle layer and bleached chemical pulp and CTMP in middle 
ply. 

350 

FBB2.190 A FBB with triple coating and bleached chemical pulp in top and bottom ply and CTMP in 
middle ply. 

190 

FBB2.200 A FBB with triple coating and bleached chemical pulp in top and bottom ply and CTMP in 
middle ply. 

200 

LPB2.240 A LPB with CTMP in middle ply and bleached chemical pulp in top and bottom ply. 240 

LPB2.297 A LPB with CTMP in middle ply and bleached chemical pulp in top and bottom ply. 297 

LPB3.245 A LPB with CTMP in middle ply and bleached chemical pulp in top and bottom ply. 245 

LPB3.290 A LPB with CTMP in middle ply and bleached chemical pulp in top and bottom ply. 290 

FBB3.200.1 A FBB with triple coating on top and matt coating on bottom ply with bleached chemical pulp 
in top and bottom ply and CTMP in middle ply. 

200 

FBB3.200.2 A FBB with triple coating on top and matt coating on bottom ply with bleached chemical pulp 
in top and bottom ply and CTMP in middle ply. 

200 

FBB3.280 A FBB with triple coating on top and matt coating on bottom ply with bleached chemical pulp 
in top and bottom ply and CTMP in middle ply. 

280 

FBB3.400 A FBB with triple coating on top and matt coating on bottom ply with bleached chemical pulp 
in top and bottom ply and CTMP in middle ply. 

400 

FBB4.205 A FBB with double coating on top, bleached chemical pulp in top and bottom ply and 
pressure groundwood in middle ply. 

205 

FBB4.255 A FBB with double coating on top, bleached chemical pulp in top and bottom ply and 
pressure groundwood in middle ply. 

255 

FBB4.340 A FBB with double coating on top, bleached chemical pulp in top and bottom ply and 
pressure groundwood in middle ply. 

340 
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Appendix 2 
According to Lorentzen & Wettre’s customer service the clamps are steered with the manometer on the 
top of the machine and the standard settings are a force of 2300 ± 500 N that give a pressure of 
5.2 MPa on the clamped area. The velocity of in-plane compression is 3.5 mm/min. There is a load cell 
behind the clamp that are not moving that continuously record the force, when the force decreases to 
10 % of maximum the clamps stop and failure is detected. It is also possible to extract the force signal 
via the recorder output on the back of the machine in order to calculate force-strain curves. The force 
signal is in Volt and 10 V equals 300 N.  
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Appendix 3 
The standard deviations are based on ten measurements. 

 Material FBB1.175 FBB1.255 FBB1.390 FBB2.190 FBB2.200 
SCT (kN/m) MD 4.570 5.249 8.223 3.661 4.891 
 sd 0.202 0.204 0.377 0.188 0.102 
 CD 3.214 3.451 4.892 1.747 2.361 
 sd 0.104 0.168 0.150 0.049 0.061 
Z-strength (kPa) kPa 328.6 303.3 252.6 198.5 276.2 
 sd 8.3 8.3 6.2 4.5 4.0 
Tensile strength 
(kN/m) 

MD 12.4 18.5 26.0 10.7 13.6 

 sd 0.3 0.4 1.3 0.1 0.2 
 CD 7.0 9.6 11.6 4.1 5.0 
 sd 0.1 0.2 0.4 0.1 0.1 
Tensile stiffness 
(kN/m) 

MD 1404.3 1927.1 2904.6 1394.0 1583.8 

 sd 29.1 30.8 32.8 11.5 20.6 
 CD 706.4 862.8 1074.5 395.4 461.7 
 sd 19.0 7.8 20.3 4.2 10.7 
Elongation (%) MD 2.01 200 1.54 1.4 1.7 
 sd 0.1 0.1 0.2 0.1 0.1 
 CD 4.8 4.7 4.2 5.2 5.4 
 sd 0.2 0.3 0.5 0.4 0.3 
TEA (J/m2) MD 166.6 240.8 251.4 100.7 148.8 
 sd 11.3 20.5 40.8 7.7 10.2 
 CD 241.7 325.8 355.5 160.3 203.5 
 sd 16.9 29.7 54.5 14.4 17.6 
Thickness (μm) um 255.2 439.5 639.9 298.0 306.3 
 sd 2.5 4.5 8.2 3.9 1.9 
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 Material FBB3.200.1 FBB3.200.2 FBB3.280 FBB3.400 
SCT (kN/m) MD 4.312 3.878 5.072 7.007 
 sd 0.123 0.118 0.177 0.318 
 CD 2.772 2.877 3.810 5.053 
 sd 0.091 0.119 0.082 0.173 
Z-strength (kPa) kPa 302.8 310.0 300.8 296.1 
 sd 8.4 3.9 6.1 15.9 
Tensile strength 
(kN/m) 

MD 12.2 10.8 13.9 20.4 

 sd 0.3 0.2 0.4 0.2 
 CD 6.5 6.5 8.6 11.5 
 sd 0.1 0.2 0.1 0.3 
Tensile stiffness 
(kN/m) 

MD 1455.5 1248.1 1712.1 2413.6 

 sd 27.5 16.9 30.4 29.7 
 CD 621.0 621.5 928.9 1127.3 
 sd 6.1 8.9 7.1 12.6 
Elongation (%) MD 1.6 1.9 1.5 1.6 
 sd 0.1 0.1 0.1 0.1 
 CD 5.0 4.3 3.7 3.7 
 sd 0.3 0.3 0.2 0.3 
TEA (J/m2) MD 130.5 138.6 139.7 203.9 
 sd 7.5 11.0 17.7 9.6 
 CD 231.7 200.1 235.8 306.2 
 sd 16.5 20.8 13.3 34.9 
Thickness (μm) um 293.5 304.1 437.0 658.0 
 sd 2.6 2.6 2.9 3.8 
	  

	   	  



 48 

 Material FBB4.205 FBB4.255 FBB4.340 
SCT (kN/m) MD 3.768 4.238 5.284 
 sd 0.080 0.142 0.196 
 CD 2.586 3.207 3.981 
 sd 0.118 0.099 0.142 
Z-strength (kPa) kPa 339.6 332.5 322.8 
 sd 13.3 7.4 6.3 
Tensile strength 
(kN/m) 

MD 9.7 11.3 14.2 

 sd 0.2 0.3 0.2 
 CD 6.3 7.5 8.6 
 sd 0.1 0.2 0.1 
Tensile stiffness 
(kN/m) 

MD 1244.2 1467.6 1828.7 

 sd 22.8 39.0 14.5 
 CD 678.3 820.3 935.0 
 sd 9.5 13.7 7.4 
Elongation (%) MD 1.7 1.6 1.4 
 sd 0.1 0.1 0.1 
 CD 4.1 3.7 3.1 
 sd 0.3 0.2 0.1 
TEA (J/m2) MD 115.7 118.4 122.0 
 sd 8.3 9.9 8.3 
 CD 190.8 205.8 194.7 
 sd 18.5 18.2 12.8 
Thickness (μm) um 343.0 457.0 653.6 
 sd 2.4 2.2 3.7 
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 Material LPB1.191 LPB1.323 LPB1.327 
SCT (kN/m) MD 5.506 6.337 7.596 
 sd 0.254 0.163 0.299 
 CD 3.803 4.656 4.969 
 sd 0.207 0.122 0.186 
Z-strength (kPa) kPa 454.2 292.1 309.9 
 sd 8.1 8.5 4.1 
Tensile strength 
(kN/m) 

MD 15.4 21.7 26.5 

 sd 0.4 0.8 1.1 
 CD 7.1 11.7 12.3 
 sd 0.3 0.3 0.3 
Tensile stiffness 
(kN/m) 

MD 1606.6 2315.0 2808.3 

 sd 32.5 45.0 60.7 
 CD 719.5 1199.8 1036.7 
 sd 12.0 14.8 14.0 
Elongation (%) MD 2.3 2.3 1.8 
 sd 0.1 0.1 0.1 
 CD 4.3 3.4 5.7 
 sd 0.5 0.3 0.4 
TEA (J/m2) MD 232.8 329.6 303.3 
 sd 15.2 31.0 30.0 
 CD 220.1 290.4 504.3 
 sd 33.6 37.5 44.7 
Thickness (μm) um 258.5 519.4 508.9 
 sd 1.8 4.9 4.0 
	  

	   	  



 50 

 Material LPB2.240 LPB2.297 LPB3.245 LPB3.290 
SCT (kN/m) MD 6.975 7.385 6.562 6.962 
 sd 0.169 0.337 0.367 0.243 
 CD 4.202 4.586 4.247 4.505 
 sd 0.195 0.224 0.201 0.128 
Z-strength (kPa) kPa 432.5 370.3 318.6 381.4 
 sd 10.5 4.8 9.3 12.3 
Tensile strength 
(kN/m) 

MD 27.0 29.5 20.6 22.7 

 sd 1.2 1.0 0.7 0.8 
 CD 12.0 12.6 9.4 11.2 
 sd 0.3 0.2 0.3 0.3 
Tensile stiffness 
(kN/m) 

MD 2469.9 2734.3 2217.3 2445.4 

 sd 81.6 55.0 30.5 51.9 
 CD 926.8 1096.2 931.3 970.9 
 sd 8.5 19.3 10.3 16.3 
Elongation (%) MD 2.2 2.2 2.0 2.0 
 sd 0.1 0.1 0.1 0.1 
 CD 6.1 4.4 4.2 5.7 
 sd 0.2 0.3 0.3 0.3 
TEA (J/m2) MD 386.1 408.7 272.2 300.9 
 sd 30.7 33.3 25.4 18.9 
 CD 517.8 403.1 285.8 464.6 
 sd 27.5 31.0 26.7 38.8 
Thickness (μm) um 393.1 503.0 359.3 455.2 
 sd 3.4 3.9 3.6 2.1 
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 Material SBS1.170 SBS1.232 SBS1.330 SBS2.190 SBS2.250 SBS2.350 
SCT (kN/m) MD 6.710 7.752 10.200 6.223 7.194 10.450 
 sd 0.160 0.226 0.224 0.129 0.263 0.338 
 CD 4.016 4.570 6.856 4.675 5.021 6.306 
 sd 0.111 0.118 0.154 0.129 0.149 0.106 
Z-strength 
(kPa) 

kPa 573.3 460.3 469.6 596.3 335.7 284.5 

 sd 7.8 12.8 7.3 12.1 8.9 6.7 
Tensile 
strength 
(kN/m) 

MD 18.8 20.2 27.0 15.7 18.5 31.5 

 sd 0.3 0.3 0.5 0.3 0.2 0.8 
 CD 7.9 9.3 13.0 8.6 10.1 13.0 
 sd 0.1 0.2 0.2 0.2 0.3 0.2 
Tensile 
stiffness 
(kN/m) 

MD 1962.7 2169.6 2894.2 1620.3 1965.0 3228.1 

 sd 23.8 34.1 38.9 32.8 45.4 67.1 
 CD 738.0 882.8 1297.8 808.4 1034.4 1321.8 
 sd 9.1 14.7 19.0 5.3 7.2 13.2 
Elongation (%) MD 2.4 2.5 2.5 2.8 2.6 2.4 
 sd 0.1 0.1 0.1 0.1 0.2 0.1 
 CD 7.4 6.4 5.7 7.6 5.6 5.4 
 sd 0.2 0.3 0.4 0.2 0.4 0.3 
TEA (J/m2) MD 303.8 337.4 465.6 293.4 328.5 495.5 
 sd 13.5 11.3 21.7 18.0 20.6 22.9 
 CD 432.3 446.7 559.9 454.7 407.8 524.6 
 sd 16.1 33.1 49.2 20.7 36.5 36.6 
Thickness (μm) um 207.9 322.2 448.9 193.7 293.0 443.0 
 sd 2.0 1.3 4.0 1.4 1.3 3.4 
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 Material F1 F2 F3 F4 F5 F6 F7 
SCT (kN/m) MD 9.379 11.440 5.255 5.432 7.562 8.781 5.752 
 sd 0.383 0.407 0.177 0.182 0.256 0.209 0.231 
 CD 7.045 8.270 2.940 3.389 4.873 6.307 3.589 
 sd 0.145 0.088 0.055 0.057 0.171 0.129 0.066 
Z-strength (kPa) kPa 685.7 649.2 276.6 275.6 490.2 545.4 249.7 
 sd 13.9 30.2 11.8 3.9 5.6 5.0 8.7 
Tensile strength 
(kN/m) 

MD 33.2 39.2 18.1 19.3 27.5 31.0 24.6 

 sd 1.1 1.2 0.6 0.4 0.7 0.7 0.8 
 CD 19.2 21.5 8.9 10.6 14.4 17.2 13.4 
 sd 0.3 0.2 0.1 0.2 0.2 0.2 0.1 
Tensile stiffness 
(kN/m) 

MD 2414.2 2818.8 1684.1 1635.7 2180.2 2208.1 2173.7 

 sd 68.7 40.0 40.1 32.9 47.5 49.1 53.2 
 CD 1541.6 1649.8 782.0 914.7 1195.6 1344.1 1125.0 
 sd 14.4 13.1 15.6 10.3 12.8 13.2 13.7 
Elongation (%) MD 4.3 3.8 2.7 3.1 3.6 4.0 2.9 
 sd 0.1 0.1 0.1 0.1 0.1 0.1 0.0 
 CD 5.8 5.9 3.6 3.3 4.9 4.8 4.6 
 sd 0.2 0.1 0.1 0.1 0.2 0.1 0.2 
TEA (J/m2) MD 900.5 915.5 342.8 412.5 659.9 796.3 471.8 
 sd 32.4 47.6 19.6 19.2 23.0 23.7 17.5 
 CD 768.9 859.4 228.2 250.5 503.8 576.6 443.8 
 sd 34.5 12.7 8.9 8.2 24.9 17.9 23.3 
Thickness (μm) um 393.0 292.0 734.0 560.0 495.0 376.0 569.0 
 sd 7.3 3.2 9.6 10.4 4.5 8.0 8.7 
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 Material F8 F9 F10 F11 F12 F13 F14 
SCT (kN/m) MD 6.042 7.591 9.129 1.919 2.803 3.724 4.461 
 sd 0.295 0.744 0.260 0.108 0.095 0.074 0.326 
 CD 3.948 5.321 6.416 0.929 1.358 1.932 2.444 
 sd 0.099 0.243 0.124 0.024 0.072 0.085 0.052 
Z-strength 
(kPa) 

kPa 233.0 442.3 479.9 244.7 363.2 295.9 295.6 

 sd 7.3 9.0 8.0 13.3 27.5 15.6 11.7 
Tensile 
strength 
(kN/m) 

MD 26.7 28.9 33.2 6.0 7.4 13.1 14.1 

 sd 1.0 1.2 0.8 0.3 0.2 0.6 0.5 
 CD 16.1 15.9 19.3 2.4 3.2 5.4 6.4 
 sd 0.2 0.2 0.3 0.0 0.1 0.1 0.1 
Tensile 
stiffness 
(kN/m) 

MD 2283.5 2362.2 2598.0 605.9 710.7 1251.0 1285.1 

 sd 53.3 95.4 53.3 21.6 16.4 42.3 38.8 
 CD 1327.5 1312.5 1557.7 220.5 294.0 485.4 564.7 
 sd 19.5 16.0 19.1 5.1 6.3 10.6 6.4 
Elongation (%) MD 2.8 3.5 3.5 2.2 2.5 2.6 2.9 
 sd 0.2 0.1 0.1 0.2 0.1 0.1 0.1 
 CD 4.0 5.3 4.8 3.1 3.0 3.5 3.3 
 sd 0.1 0.2 0.2 0.2 0.2 0.1 0.2 
TEA (J/m2) MD 500.7 658.1 766.9 89.2 121.7 229.9 276.8 
 sd 43.0 22.9 31.3 11.0 10.3 21.1 16.7 
 CD 451.3 603.9 653.3 53.3 66.7 137.1 151.8 
 sd 23.3 37.5 33.3 3.2 6.0 7.7 9.3 
Thickness (μm) um 492.0 459.0 370.0 274.0 157.0 484.0 353.0 
 sd 6.2 8.1 4.5 4.0 4.1 9.3 12.4 
	   	  



 54 

Appendix 4 

	  

SCT plotted against tensile strength for commercial materials. 

	  

SCT plotted against tensile elongation for commercial materials. 

	  

SCT plotted against tensile energy absorption for commercial materials. 
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SCT plotted against tensile strength for Formette materials. 

	  

SCT plotted against tensile elongation for Formette materials. 

	  

SCT plotted against tensile energy absorption for Formette materials. 
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Appendix	  5	  

	  

Tensile strength plotted against density for Formette sheets and calculated values. 

	  

Tensile stiffness plotted against density for Formette sheets and calculated values. 
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