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Abstract 
 

This thesis deals with the through-thickness mechanical behaviour of paper materials. The 
material response under combined normal and shear through-thickness loadings is 
fundamental for analysis and understanding of many end-use and converting operations, 
such as folding, creasing, printing, calandering and cutting. Therefore, this thesis addresses 
issues of importance in product development within the packaging and printing industries. 

The objective of the thesis is to develop a constitutive model for paper that, in combination 
with appropriate in-plane models, enables three-dimensional structural analysis using for 
example the finite element method. 

Constitutive modelling requires data from carefully executed experiments. This types of 
data for the through-thickness properties of paper are not generally available in the 
literature, and therefore a novel device for through-thickness testing of paper materials is 
developed. The experimental investigation includes through-thickness tension and 
compression testing, shear testing and testing under different combinations of normal and 
shear loadings. Furthermore, the out-of-plane Poisson’s ratios are examined. 

An elastic-plastic constitutive model for combined normal and shear through-thickness 
loadings is developed. To capture the experimental observations, a model based on non-
linear elasticity and bounding surface plasticity is proposed.  

 

Keywords 
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On the Out-of-Plane Mechanical Behaviour of Paper 
Materials 

Niclas Stenberg 

 

Introduction 
With the rapid development of computer capacity, advanced simulations of the 
mechanical behaviour of processes and products are becoming increasingly important. 
The cost of simulations is relatively low, and they can give an insight into phenomena 
that were previously not possible to obtain. A key feature when simulating the 
mechanical response of a structure is a relevant material model. 

Historically, research on the mechanical behaviour of paper materials has focused on 
strength parameters rather than on details in the stress-strain behaviour, and particularly 
not the elastic-plastic behaviour. However, if a product or process is to be thoroughly 
simulated in a computer, strength parameters do not suffice as a material description. 
For paper materials, there are models that describe the in-plane behaviour well. 
Examples of such models are presented by Xia et al. [1] and Mäkelä [22]. The aim for 
the work presented in this thesis is to develop a material model for the out-of-plane 
behaviour of paper materials. Thereby, paper materials can, by combining the in-plane 
and out-of-plane models, be described as a three-dimensional engineering material. 

Since paper materials are very thin compared to common in-plane dimensions, it may 
sometimes be hard to imagine the use for an out-of-plane material model. However, 
there are several converting operations and end-use where the in-plane and out-of-plane 
characteristic dimensions are of the same magnitude. In these situations, the importance 
of the out-of-plane behaviour is enhanced. Examples of operations that appear in the 
converting industry are folding, creasing, calandering, printing and cutting. These 
processes are schematically illustrated in Figure 1. 

Folding: The folding operation normally occurs when binding for example books, 
magazines and newspapers. Folding is also an important operation in packaging 
applications. When folding graphic papers, the paper is fed through a pair of rolls. The 
feeding into the nip is made by a knife or by a pocket that leds the paper into the nip, see 
Figure 1. Other types exist but these two are the most common. A large problem in the 
folding operation is cracking of the surface due to the high strain levels. Especially, if 
the material is coated to obtain better printability, cracks sometimes occur in the coating, 
leaving a product of considerably less value. 

Creasing: The purpose of the creasing operations is to prepare materials such as 
paperboard for a subsequent folding operation. In the creasing operation, the paper 
material is initially positioned between a male and a female dye. When the male dye is 
pressed into the female dye, the material is subjected to a complex state of loading 
resulting in substantial out-of-plane normal and shear deformations. This leads to the  
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Figure 1 Examples of converting operations where the out-of-plane mechanical 
behaviour of paper materials are of importance. A-folding, B-creasing, C-
calandering, D-printing and E-cutting. 
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creation of delaminations that are essential for a good fold. Inward buckling of the 
delaminated layers will result in a redistribution of the strain in the thickness direction, 
and possibly reduce the high strain levels in the outer layers of the material. A good 
crease is characterised by a reduction of the folding resistance by approximately 50 % 
compared to a non-creased material. 

Calandering: To improve the printability and general appearance of a sheet of paper the 
surface is mechanically treated. The paper is traversed at high speed into a heated nip 
where the compressive load is very high. The out-of-plane deformation is substantial. 
Compression of the material in a roll nip will introduce a biaxial stress state. 

Printing: The out-of-plane mechanical behaviour of paper also plays an important role 
in many printing operations. One important example concerns the occurrence of 
delaminations in offset printing on layered graphic papers such as paperboard and LWC 
(light-weight coated) paper. Due to the tackiness of the ink, used in offset printing, the 
paper will be subjected to large out-of-plane tractions at the exits of, particularly the 
later, printing units in multi-colour printing. The tack will for certain combinations of 
printing parameters, such as web tension, web speed and paper properties, result in out-
of-plane loadings that cause delaminations. In order to optimise the paper for creasing, 
folding and offset printing operations, a thorough understanding of the through-
thickness mechanical behaviour is required. 

Cutting: When cutting paper materials the in-plane extension of the deformation field is 
small. Out-of-plane shear forces combined with high compressive loads are applied to 
the actual cutting area until the material finally breaks.  

 

Paper as an engineering material 
Paper is a fibrous material that consists of self-binding cellulose fibres. Fibres from 
trees, grass and other plants are used for paper making, but the most common fibres are 
those from trees. Fibres from trees are either mechanically separated from each other or 
the lignin that binds the fibres to each other in the raw material is removed in a chemical 
process. 

During the manufacturing process of paper and paperboard, a fibre suspension is 
sprayed from a nozzle onto a net, called a wire [2]. Some water is drained on the rapidly 
traversing wire. Shear forces in the area where the jet hits the wire ensure that the fibres 
are more oriented in the direction of the paper machine than in the cross machine 
direction. Another result of the manufacturing process is that nearly no fibres are 
directed in the through- thickness direction. After dewatering on the wire more water is 
removed from the paper web in the press section. After the press section the paper web 
is dried in a heated dryer. A schematic picture of the manufacturing process is shown in 
Figure 2. The direction of the fibres combined with the drying process lead to anisotropy 
in the mechanical properties of paper.  

The three main directions of the paper machine: the machine direction (MD), the cross 
machine direction (CD) and the through thickness direction (ZD), can approximately be 
used as the principal directions of the paper material. Therefore, paper is often  
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Figure 2 The principles of a paper machine.  A fibre-water suspension is first 
sprayed through a headbox onto a wire. Some water is drained through the wire 
and the moisture content is then 80-85 %. The press section reduces the moisture 
content to 55-65 %, and the moisture content in the final paper obtained after the 
drying section is 6-7 %. 

 

considered as an orthotropic material. The stiffness in MD is usually 1 to 5 times greater 
than that in CD, and typically 100 times greater than that in ZD. 

The main part of this thesis deals with a commercial five-layered paperboard consisting 
of three inner layers of CTMP (Chemical Thermo-Mechanical Pulp), and outer layers of 
bleached craft pulp. Hand sheets made of CTMP and chemical bleached craft pulp, 
respectively, were used in paper A in the initial development of the testing equipment. In 
paper C, the out-of-plane Poisson’s ratios were investigated for a number of different 
machine made paper qualities including paperboard, liner, copypaper, sackpaper and 
newsprint. 

 

Testing paper materials for out-of-plane mechanical 
properties 
The elastic-plastic out-of-plane behaviour of paper has been examined previously. Most 
of these tests are conducted either in ZD [3-5] or in inter-laminar shear [6, 7]. The out-
of-plane elastic-plastic behaviour of paper under combined normal and shear loadings 
has not previously been reported in the literature. 

Previous investigations 

Tensile tests 
There are, to the knowledge of the author, only three reports published that deal with the 
tensile behaviour in the thickness direction of paper. Persson [3] investigates all of the 
principal directions of paper including ZD. For the out-of-plane tests Persson uses 
rectangular test pieces and only one extensometer for deformation measurements. 

Van Liew examines only the material behaviour in out-of-plane tension [4, 5]. Van Liew 
uses an ordinary tensile tester as described in standards (Tappi T 541 om; SCAN P 
143XE) with circularly shaped test pieces. To measure the deformation in the test piece 
correctly Van Liew uses three LVDTs (Linear Variable Displacement Transducers) 
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positioned equidistantly around the test piece. Wink and van Eperen [8] examine the size 
dependency of test pieces in out-of-plane tensile tests. They found that for cross section 
areas above a limit area the tensile strength is area independent. 

Compressive tests 
The basic principle for compressive testing is straightforward. Two parallel platens are 
pressed together with the test piece in-between. This method is widely used, but it has a 
major disadvantage. The deformation measured includes also the deformation of the 
rough surface of paper materials [9]. It has been found difficult to estimate this 
deformation. Shaffrath approximates the surface as pyramids resulting in an initially 
compliant behaviour that stiffens successively with increasing load. Compression tests 
for paper materials are mainly performed for the ability to model calandering, and both 
force and deformation are recorded. With the stress-deformation relationship known a 
constitutive equation can be calibrated and used in mathematical analysis. The lateral 
contraction of paper is neglected. Thus edge effects are not considered to be a problem.  

Shear tests 
It is known to be difficult to extract the true shear behaviour for a material [10, 11], and 
not many investigations on the out-of-plane shear in paper materials are reported in the 
literature. Several possible test geometries are suggested in the literature review included 
in [12].  

Using two rigid blocks, as shown in Figure 3a, gives an opportunity to shear a piece of 
paper as Byrd et al. [6] report. This test is simple to perform, but rather sensitive to 
misalignments of the rigid blocks. Fellers [7] presents another test geometry that is 
similar in the use of the rigid blocks and the sensitivity to misalignments, Figure 3b. 

Both Byrd et al. [6] and Fellers [7] use photo-mounting tissue as adhesive for mounting 
the test pieces to the steel blocks. After testing paper with declining thickness, Fellers 
finds a lower limit for the grammage possible to test. At this limit the penetration of the 
adhesive considerably stiffens the structure of the paper. Byrd et al. [6] try to find an 
effective thickness by testing papers of different grammage and extrapolating downto 
zero effective thickness. None of these authors examine the mechanical behaviour of the 
photo-mounting tissue.  

The Iosipescu device is designed to create a shear state as pure as possible [11]. This 
device is frequently used in shear testing of many types of materials, and has been used 
on paper by Qiu et. al. [13], or more precisely a laminate of papers glued together and 
then cut to test pieces of the shape shown in Figure 4. These authors use a shear-strain 
gauge to measure the strain. The impact of the glue and the compliance of the strain 
gauge is not considered, which gives a non-reliable result that is only a rough estimate of 
the out-of-plane shear behaviour. 
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Figure 3 Two geometries used for shear testing of paper materials. The test piece 
is in both cases mounted between two rigid blocks. Set-up a) is used by Byrd et al. 
[6] and set-up b) by Fellers [7].  

 

 

Figure 4 Shear testing according to Iosipescu’s method. The figure illustrate the 
use of this set-up on a laminate of paper sheets glued together, Oiu et al. [13]. 

 

 

Development of test equipments 
An example of a test device designed for combined loadings in normal and shear is 
developed by Arcan [10]. This design is made to create a shear state as pure as possible. 
The Arcan device is shown in Figure 5. In the grey area in the centre of the specimen, 
the requested shear state is obtained. Arcan [14] found early that biaxial loading is easy 
to apply by changing the load application points, and furthermore that it was useful for 
thin layers like adhesives. The biaxial loading is on the other hand just a one-parameter 
loading in this set-up because loading is applied in only one direction at a time. 
Waterhouse [15] uses this device for paper materials. He adheres test pieces of paper in 
the grey area in Figure 5, but the device was only used for extraction of a failure 
envelope in the out-of-plane normal-shear stress space.   

 

a b 



 7

 

Figure 5 The Arcan device. The geometry allows rotation of the load application 
points to enable a one-parameter biaxial stress state. 

 

Determination of the out-of-plane stress-strain behaviour of paper materials is associated 
with certain critical issues. Correct measurement of the deformation of the test piece is 
hard to obtain due to the thin structure of the material. Thin test pieces are very sensitive 
to undesired deformations; therefore the deformation in the test piece needs to be 
carefully controlled. The idea that finally was used in this thesis was to attach a U-
shaped fixture to the Arcan device. The fixture allowed movement of the Arcan device 
in two directions in the plane of the device, but strongly restricted both movement in the 
third direction and rotation of the device. The first design used in paper A, shown in 
Figure 6, had all these features, but when studying commercial paperboard it was found, 
that the overall dimensions of the set-up were too small and therefore suitable only for 
rather compliant paper materials.  

In order to suit stiffer materials like commercial paperboard the equipment had to be 
further developed with respect to rigidness. In the most recent development of the 
design, shown in Figure 7, the overall dimensions of the device were increased, but the 
cross section area of the test piece was left intact at 15x40 mm2. For example, the cross-
section area of beam A in Figure 6 was increased from 15x60 mm2 to 60x80 mm2. In 
paper A test pieces were first glued to removable blocks to leave the test piece stress free 
during curing of the adhesive. These blocks were then inserted into the fronts using bolts 
and a stiff epoxy adhesive. By this procedure only one set of fronts were needed. To 
improve the load line stiffness it was found necessary to avoid the bolts and the gluing 
of the blocks into the fronts. This was achieved by manufacturing complete units that 
contained both the Arcan device and the fixture. 

The increased dimensions of the fixture and the removal of the blocks lowered the 
undesired deformation. Furthermore, to make biaxial loading possible, the set-up in 
paper B was extended with a device for application of an independent normal load. By 
hanging weights at one end of the fixture during shear testing a combination of shear 
and normal loadings was obtained. However, the highest possible compressive load was 
only 0.33 MPa. In order to reach higher compressive loads a newly developed clamp 
was attached to the improved Arcan device in paper D as shown in Figure 8. The clamp 
load cell was capable to register loads up to 40 kN, and with a cross-sectional area of the  
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Figure 6 First design of the Arcan device for out-of-plane testing of paperboard 
with a fixture that restricted the deformation of the test piece to two perpendicular 
directions. The test piece was first glued between the two blocks and then mounted 
into the front. The diameter of the front was 110 mm. 

 

 

Figure 7 Second design of the Arcan device for out-of-plane testing of paperboard 
with a fixture that restricted the deformation of the test piece to two perpendicular 
directions. The test piece was glued between the two parts of the front. The 
diameter of the front was 200 mm. 

Upper part of the front 

Lower part of the front      

Fixture 

LVDTs 
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Allowed directions of 
movement 
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Figure 8 Modification of the second design of the Arcan device with a clamp that 
allows for high compressive normal loading in the thickness direction. During an 
experiment, the clamp was first tightened to the desired load with the tightening 
screw, before the shear loading was applied. The turnbuckles were jointed in rigid 
rings to ensure moment free mounting. 

 

test piece of 600 mm2 a compressive stress of 67 MPa was theoretically reachable. 
During a biaxial experiment, the clamp was first tightened with a screw to the desired 
compressive load, and then the shear loading was applied. The clamp was designed to 
allow for a small thickness change of the test piece. 

 

Adhesive 
The test piece was adhered to the front before loading. Since the deformation in the 
adhesive is included in the measured deformation, minimisation of the deformation in 
the adhesive was required. Therefore, the adhesive had to be considerably stiffer than the 
paper material. It was also desired that the adhesive should have capability to fill up the 
gaps between the surface of the paper and the surface of the front. In paper A and B an 
adhesive that consisted of four parts by weight of Cascosinol 1761 and one part of 
hardener 2612 supplied by Casco Products AB was used. To obtain the desired high 
viscosity, the mixture was cured for one hour before use. However, Casco Products AB 
cut the production of this particular adhesive, which rendered in the development of an 
improved adhesive. This was in paper D achieved by a change of texture and a new 
hardener, to better fit the demands of this application. The resin, Cascosinol 1711, was 
heated until the major part of the water had evaporated Ethanol was then added to adjust 
the viscosity. This procedure gave a high viscous adhesive that was less inclined to 
penetrate the surface of the paper test piece. Pure paraformaldehyde was used as 
hardener. The mixture ratio between resin and hardener was 4:1 parts by weight.  
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Figure 9 Illustration of penetration of the adhesive into the surface of the 
paperboard, and definitions of effective and structural thickness values for glued 
and non-glued test pieces. 

 

To improve adhesion the aluminium surfaces of the front had to be oxidised with 1 
Molar hydrochloric acid, at about every third test, and before each test they were 
prepared with 0.1 Molar sodium hydroxide. 

 

Penetration of the adhesive into the porous structure of paper materials 
The adhesive has to adhere to the surface of the front and to the surface of the paper. 
Since the surface of the paper is porous there will be penetration into the surface, as 
illustrated in Figure 9. Here the effective thickness, teff , is the thickness of the paper test 

piece that is unaffected by the gluing procedure. Also shown in Figure 9 is the structural 
thickness, ts , that is the average thickness of the non-glued test piece [20]. A method to 
find the effective thickness is developed in paper A. When compressing the material 
with and without the adhesive, the compliance of the surface structure and the 
penetration of the adhesive can be extracted. Figure 0 shows a schematic illustration of 
the stress-displacement curves from compression tests are depicted. The effective 
thickness can be calculated from 

 
( )g

eff s
n

C K
t t

C

−
= ,   (1) 

where Cn is the compliance of the stress-displacement curve for the non glued test piece, 
Cg is the compliance of the stress-displacement curve for the glued test piece and K is 
the compliance estimated from the deformations measurements, including deformation 
in the adhesive, the adhesive/fibre mixture and the front. 
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Figure 10 Typical stress-displacement curves in out-of-plane compression for a 
non-glued and a glued test piece. The two different testing situations results in the 
compliances Cn and Cg, respectively, that are changing with the load level. 

 

The Poisson effect 
Adhering thin test pieces to rigid platens and then testing them for out-of-plane material 
properties will to a very high degree render a state of plane deformation. Material 
properties are best obtained under a state of plane stress to simplify the evaluation of the 
test results. The coupling between in-plane and out-of-plane strains is quantified by the 
out-of-plane Poisson’s ratios. These have been examined previously by Öhrn [17], 
Baumgarten and Göttsching [18] and Mann et al. [19]. However, the aim of the present 
work was to develop a material model for the elastic-plastic out-of-plane mechanical 
behaviour, hence both the elastic and the elastic-plastic out-of-plane response to an in-
plane loading were needed. A new technique for this application was adopted in paper 
C. The basic idea was to measure the structural thickness [20] during an in-plane load 
cycle. It was found that the out-of-plane Poisson effect was small and preferably could 
be neglected and thereby simplify the evaluation of the out-of-plane test results. 

 

Out-of-plane elastic-plastic material model 
The behaviour of paper materials is typically separated into an in-plane and an out-of-
plane behaviour due to the vast difference in mechanical responses. Also, the coupling 
between in-plane out-of-plane mechanical behaviour can to a high extent be neglected 
due to the very small out-of-plane Poisson’s ratios as discussed above.  

The final step in this thesis work was to develop an elastic-plastic material model for the 
out-of-plane mechanical behaviour of paper materials. The major interest was shear 
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under high through-thickness compressive loads. New test results were required to 
develop a multi-axial material model. The existing test equipment could not create stress 
states of interest. Therefore, the Arcan device with the fixture, shown in Figure 7, was 
extended with a normal-loading device, shown in Figure 8, in order to give the desired 
high through-thickness compressive stress states. A number of tests were carried out on 
a commercial five-layered paperboard. Several features of paper materials were 
observed in the results. If the material was first plastically compressed and then 
unloaded, the failure stress in shear increased. Furthermore, it was observed that the 
change in thickness of the test piece was affected by the magnitude of the compressive 
loading. For high shear deformations the load was carried by an internal friction. For 
high compressive loads, failure in shear was approached asymptotically, whereas for 
low compressive loads, failure in shear was approached after a peak load with 
subsequent softening. 

Paper is a porous material and thereby the elastic behaviour is in general non-linear, but 
for small strains the elastic properties are commonly regarded as linear. Furthermore, for 
porous materials the plastic deformation is not controlled by deviatoric stresses, since 
plastic deformation is obtained even if a pure hydrostatic pressure is applied.  

In the general model for high through-thickness compressive loadings, developed in 
paper E, a non-linear porous elastic material model was used for the elastic through-
thickness compression-tension behaviour. In shear, elasticity was modelled using linear 
elasticity. 

A new model was developed for the plastic behaviour. Paper does not present a sharp 
transition from elastic to elastic-plastic behaviour. Thus, it is better to define critical 
stress states based on failure stresses rather than yield stresses. Moreover, the failure 
stress in out-of-plane shear is strongly affected by previous plastic through-thickness 
compression. To cover these two features, a model based on the idea of a bounding 
surface that grows in size with plastic compression was adopted. There is no bounding 
surface in compression because there is no obvious compressive failure stress. Both the 
bounding and the yield surfaces were assumed as parabolas in stress space. While the 
bounding surface is open for compressive loads, the yield surface is bordered by the 
highest compressive load applied to the model. The yield surface in shear is then 
mapped onto the bounding surface. In Figure 11 the yield surface is shown inside the 
bounding surface. Also, the initial bounding surface and the bounding surface after a 
high compressive load are shown. The new bounding surface has increased the failure 
stresses in shear due to plastic compression of the material. The bounding surface 
expands with compression, the size being determined by the internal friction in the 
material and the highest compressive stress applied to the model. The plastic flow was 
modelled using an associative flow rule. The direction of the plastic deformation is thus 
defined as the normal to the yield surface. At the sharp corners of the yield surface, 
where the parabola is bordered by the compressive stress, the normal is undetermined 
and must therefore be defined. the normal to the yield surface is defined here as being a 
weighted sum of the normals in shear and compression. 

This model captures most of the behaviours observed experimentally. In compression 
the elastic response is stiffened with both elastic and plastic compression, as shown in  
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Figure 11 Yield and bounding surfaces in stress space. 
(-------) represents the initial bounding surface, (��) any yield surface inside the 
initial bounding surface, and ( −⋅ − ⋅ − ) the bounding surface when expanded to 
ˆaσ  from the initial bounding surface at aσ . The size of the bounding surface is 

determined by ˆaσ  and the frictional behaviour represented by (. . . . . . . .). 

 

Figure 12. The failure stress in shear increases with plastic compression of the material, 
and even if the material is plastically compressed and elastically unloaded the failure 
stress in shear is higher than before the compressive loading. If the material is sheared 
under a compressive load it gets thinner, whereas shearing after a plastic compression-
elastic unloading cycle renders expansion of the material. 
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Figure 12 Simulation of the compressive behaviour of paper with subsequent 
unloading-loading at different load levels. 

 

Summary of the appended papers 

Paper A 
Paper A presents a device for measuring stress-strain properties in the thickness 
direction of paperboard. The device is used for out-of-plane tensile, compressive and 
shear loading. In order to measure stress and strain accurately, the deformation of the 
test piece is restricted to two directions in the desired plane of deformation by means of 
an attached fixture. The paperboard is first glued to metal blocks with a high-viscosity 
adhesive, and these blocks are then attached to the device using a fast curing epoxy 
adhesive. To find the true strain in the material, knowledge of the penetration of the 
adhesive into the surface of the paper structure is important. A method for determining 
the penetration of the adhesive, based on a comparison of stress-deformation curves for 
glued and non-glued test pieces, is presented. Finally, true stress-strain curves in tension, 
compression, and shear are presented together with an analysis of the accuracy of the 
method. 

Niclas Stenberg performed most of the work and did the main part of the writing of the 
paper. Christer Fellers and Sören Östlund contributed to research guidance, overall ideas 
and writing of the paper. 

Paper B 
In order to further investigate the out-of-plane mechanical behaviour of paper materials 
a modification of the Arcan device is presented in paper B. The major difference 
compared to the equipment used in paper A is that a substantially stiffer test frame is 
used. The deformation in the test piece during loading is controlled by attaching a 
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fixture to the Arcan device. The test piece is glued to the device with a high viscosity 
adhesive and left stress-free during curing to achieve an initial state free of stresses. 

Measurements of the mechanical behaviour in combined normal and shear loading 
generate data points for the determination of the yield surface in the stress space. The 
elastic-plastic behaviour in the thickness direction of paperboard is modelled assuming 
small-strain orthotropic linear elasticity and a quadratic yield function. Simulations 
using this yield function and an associative flow law show good agreement with the test 
results. 

Niclas Stenberg performed most of the work and did the main part of the writing of the 
paper. Christer Fellers and Sören Östlund contributed to research guidance, overall ideas 
and writing of the paper. 

Paper C 
In paper C, a new device for measuring out-of-plane Poisson’s ratios for paper materials 
is presented. The general trend, for a variety of paper and paperboard grades, is that the 
thickness increases when the paper is subjected to in-plane straining resulting in 
negative Poisson’s ratios. 

Niclas Stenberg designed the test device, carried out all tests and analyses and did the 
main part of the writing of the paper. Christer Fellers contributed to research guidance, 
overall ideas and writing of the paper. 

Paper D 
In paper D, an existing equipment for measuring shear in compliant materials is 
extended with a new clamp that enables shear testing under high compressive loads. The 
equipment is used for testing of a commercial paperboard under different types of 
uniaxial and biaxial loadings. 

In out-of-plane shear testing, the material eventually reaches a frictional type of 
behaviour, i.e. a constant shear load at constant normal load. At low compressive loads 
this is reached first after a peak load in the shear stress-strain curve, while for high 
compressive loads the frictional type of behaviour is reached asymptotically without a 
peak load. 

The magnitude of the peak shear stress is shown to be a function of the plastic 
deformation in the thickness direction of the paperboard material. For test pieces 
subjected to initial compressive loading in the thickness direction the peak load in shear 
increases with compression. The relation between shear and normal deformations is also 
affected by plastic deformation in the thickness direction. 

The elastic deformation in compression shows a non-linear behaviour that resembles 
that of other porous materials. 

Paper E 
Paper e presents an elastic-plastic material model for the out-of-plane mechanical 
behaviour of paper. Paper does not show a sharp transition from elastic to elastic-plastic 
behaviour. critical stress states are therefore better based on failure stresses rather than 
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yield stresses. Moreover, the failure stress in out-of-plane shear is strongly affected by 
previous plastic through-thickness compression. To cover these two features, a model 
based on the idea of a bounding surface that grows in size with plastic compression is 
proposed. Both the bounding and the yield surfaces are assumed as parabolas in stress 
space. While the bounding surface is open for compressive loads, the yield surface is 
bordered by the highest compressive load applied to the model.  

Suggestions for further work 
During the course of the present work, the difference in elastic-plastic in-plane Poisson’s 
ratios between tension and compression was left unattended. It would be interesting to 
investigate this in detail in order to create a complete set of experimental data for the in-
plane modelling. 

An obvious extension of the present work would be to combine the present material 
model for the out-of-plane mechanical behaviour of paper with an appropriate in-plane 
material model to obtain a three dimensional model of paper materials. Such a model 
would be very useful in product development and material design implemented in 
software for solution of boundary value problems, using for example the finite element 
method. 

Today, there is extensive data on temperature dependency and rate-sensitivity of paper, 
particularly related to work on calandering of paper. It would, if possible, be of large 
interest to incorporate these data either into the parameters of the model for the out-of-
plane behaviour, or through an extension of the present model.  
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