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Abstract 
 
 In the quality assessment of paper, a standard test referred to as the Z-test is often utilised. It 
consists in gluing a piece of paper between two circular metallic grips and loading it with a ten-
sile load in the thickness direction of the paper. The fracture load or rather the maximum load the 
paper specimen can withstand is then taken as a measure of the Z-direction strength of the paper 
tested. The interpretation of the results and how to use the results has been and still is a question 
of some controversy. To shed some light over the deformation or damage processes active when 
a paper is loaded in the thickness direction, specially designed grips were developed and manu-
factured. The grips are designed in such a way that they admit that acoustic emission (AE) sen-
sors are mounted in the grips.  
 

In this paper, the method is presented together with a simple analytical model, relevant for 
the Z-test. Also, some experimental results are given and it is concluded that the analytical model 
can, at least in a qualitative way, predict not only the load versus displacement behaviour but 
also the total number of AE events versus displacement relation. 
 
Introduction 
 

In the papermaking society, there exist a number of testing methods, the results from which 
are believed to say something about the quality of the paper. In for instance a situation where the 
paper is to be printed on, or when the paper is coated with some coating color, it might happen 
that the paper delaminates due to that coating color or printing ink sticks simultaneously to the 
paper and a roller in a roller nip, causing out of plane loading of the paper. One testing method, 
which is believed to give a measure of the sensitivity to delamination is the Z-strength test [1]. In 
essence, the test consists in that a quadratic paper specimen is glued in between two grips with a 
circular cross section (with a diameter less then the side length of the paper specimen) and 
loaded in the thickness direction. The maximum force divided by the grip area is defined as the 
Z-strength. This test is not free from criticism since it is obvious that the stress field in the paper 
specimen is far from being homogenous and for instance, the stresses in the thickness direction 
will take on comparatively large values in a region close to the circular boundary of the grips. 
Since paper is not a homogeneous material, the paper will start to degrade in some weak point, 
affected by the high stresses. After a while, the damage will have reached such a level that a real 
crack initiates and starts to grow across the grip area. The maximum load and the start of crack 
growth probably coincide. Since there are local conditions that are responsible for the fracture of 
the specimen, it is questionable to define an average measure of the strength. To gain some fur-
ther insight into the delamination process, it would be of particular interest to be able to deter-
mine at which load the damage growth starts to initiate and also to study how the damage pro-
gresses up to the point and after, where a crack is formed. Therefore, in an attempt to extract 
more information from a traditional Z-strength test, acoustic emission (AE) monitoring was used 
to record the elastic stress waves, emitted due to the breaking of fiber/fiber bonds.  
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AE Monitoring 
 

When some internal event happens fast enough in a structure, the emitted elastic stress wave 
can be recorded (provided the amplitude is high enough) by e.g. a piezoelectric resonance fre-
quency sensor. One example of such an internal event can be the breaking of a fiber/fiber bond 
and in fact, AE monitoring has been used on paper before (c.f. [2-5]) but then only in connection 
with ordinary tensile tests. To use AE in a Z-strength test is not as simple since the AE sensors 
cannot be attached directly to the paper specimen. To this end, the grips used in the Z-strength 
test were modified so that one AE sensor could be attached to each of the two grips. This is of 
course not ideal, since there is a metallic layer between the sensor and the paper specimen and 
hence there is a possibility of wave reflection at the paper – grip interface due to acoustic imped-
ance mismatch. In spite of this, it was possible to detect signals from the loaded paper specimen 
even though the number of events recorded might not be entirely representative for the true 
number of broken fiber/fiber bonds. 

Experimental 
 

In the experiments, the AE – unit: Vallen Systeme AMSY 4 was used together with the sen-
sors: Vallen Systeme AMSY 4 PROTO 410 and the preamplifiers: Vallen Systeme AEP 4H- 10k 
with an amplification of 34 dB. A threshold value of 40 dB was used in all tests. 
 

A paper sample was first covered with a double side tape on both sides. The paper sample 
was attached to the first sample holder as seen in Fig. 1a. The second upper sample holder must 
be placed precisely over the first sample holder. A position fixture was used to attain that. The 
second sample holder was put on the paper sample as seen in Fig. 1b. The sample holders are 
made of steel and have a radius of 17.5 mm. The sample holders are sliced out so the AE sensors 
can be placed as close to the paper surfaces as possible. The thickness of the steel layer was 
about 2 mm at that position. 
 

  
Fig. 1a: Sample holder with a paper 
sample in position. 

Fig. 1b: The upper grip aligned in 
position over the lower grip. 

 
The paper sample was compressed with a pressure that during testing forces the paper to de-

laminate in a “perfect breakage”, i.e., the paper divides into two halves when the MTS machine 
pulls the sample holders apart and the whole fracture surface are within the paper structure. Pres-
sure levels between 3 to 7 MPa were applied in the L&W sheet press (see Fig. 2a) to receive 
clean breakage. As it was of interest to detect the real elongation in Z- direction an extensiometer 
(MTS model 632, 110-210) was attached to the sample holder by rubber bands as shown in Fig. 
2b. 
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Fig. 2a: Paper sample in holder placed in a 
L&W sheet press.  

Fig. 2b: A MTS extensiometer attached 
to the sample holder. 

 

  
Fig. 3a: View of one of the AE 
sensors used in the experiments. 

Fig. 3b:  Sample holder with extensometer and AE 
sensor attached in position to measurement be-
tween moment free hinges in the MTS machine. 

 
Figure 3a shows an AE sensor of model PROTO 410. This sensor is specially designed with 

magnetic capability so it can be attached to steel surfaces. Two sensors were used, one in the up-
per and one in the lower sample holder. The last step before pulling in Z-direction is to fasten 
sample holders between two moment free hinges, which are in turn attached to the MTS ma-
chine. This is done simultaneously with the placement of the AE sensors. The setup is shown in 
Fig. 3b. The pulling speed is 0.1 mm/min. 
 

  
Fig. 4a: An unwanted type of fracture. The 
sample breaks not only in the paper layer 
but also between the paper and the tape. 

Fig. 4b: Perfectly delaminated samples 
collected after testing. 
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As seen in Fig. 4a, a test can go wrong. Here, the paper partly breaks in the middle, which it 
should (to the right in the picture), but also shows an unwanted incident. Half the paper has come 
loose from the metal surface (left in the picture). This leads to an irrelevant maximum load at 
breakage and also incorrect breaking AE events are recorded. Such results are rejected.  At least 
8 correct samples (Fig. 3b) from each paper sample have been tested to reach relevant data at ac-
ceptably low standard deviation. 
 

The paper qualities considered were: Light weight coated (LWC) paper with sw of 60 g/m2 

and paper board with sw of 281 g/m2 
 
Cohesive Zone Model 
 

In order to connect the AE output to the state of the paper specimen, a simple analytical 
model will be employed. During the tests, it was observed that a crack in the paper initiated in a 
point on the boundary and propagated over the cross section of the paper sample. For simplicity 
the crack front is assumed to be straight and further on, the stress state in the sample is assumed 
to be uniaxial and described by a simple cohesive relation according to Fig. 5. 
 

 
 

Fig. 5a: A simple cohesive relation. 
 

Fig. 5b: Definition of the geometry and 
degrees of freedom. 

 

In Fig. 5a, σ denotes stress and u displacement in the thickness direction of the paper sample. 
On the compression side the material can be assumed to behave according to the dotted line since 
the grips are very stiff. For simplicity, the stiffness is assumed to be infinite as soon as u be-
comes negative. When σ becomes equal to σc, the cohesive zone starts to develop and transfers 
load up to the point where u = uc. At this point it should be noted that in small region around the 
(weak) point where the cohesive zone starts to develop initially, the cohesive relation will most 
likely be different from the relation for the rest of the material in that for example σc will be 
lower. In Fig. 5b are shown the degrees of freedom used to describe the deformations. 
 

The loading of the paper sample can be divided into three cases shown in Fig. 6. With refer-
ence to this figure, depending on the load level, the material can be entirely elastic (I), a cohesive 
zone can have started to develop (II) or the cohesive zone can be fully developed and a crack has 
formed (III). The variables used to define a general situation are shown in Fig. 7. 
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Fig. 6: Three consecutive loading cases. 

 

 
Fig. 7: Angles θa and θc used to describe a general situation. 

 
The elastic case (case I in Fig. 6) is obtained when θa = θc = π/2. Case II is defined by θa = 

π/2 and θc < π/2. Case III finally is given by θc < θa ≤ π/2. R denotes the radius of the grips. Let-
ting σ denote the stress in the thickness direction of the paper sample, the following two relations 
must be satisfied for reasons of equilibrium (see Fig. 5b): 
 

� 

!dA = P;  !"dA = -Ps#
A

$
A

$   (1) 
 

where ξ is defined in Fig. 8 and it has been assumed that φ is a small angle. The displacement 
u(ξ) in the thickness direction can be expressed in the degrees of freedom u0 and φ according to: 

u(ξ) = u0 + ξφ                      (2) 

This is because the grips can be assumed to be rigid. Dividing by the paper thickness t, the strain 
ε in the thickness direction is obtained as: 
 

ε(ξ) = (u0 + ξφ)/t                            (3) 
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In the elastic region, the stress is (since a uniaxial stress state is assumed) given by: 

σ(ξ) = Eε(ξ)                       (4) 

Introducing the following transformation: 

ξ = Rsinθ         (5) 

will turn (1) in to: 
 

� 

2R
2 !cos

2

"# / 2

$a

% $d$ = P;    2R
3 !cos

2

"# / 2

$a

% $sin$d$ = "Ps&                               (6a, b) 

 

Putting θa = θc = π/2 will give the elastic case (I) and the value of u0, which will give σ = σc, can 
be determined. Remember the note made previously about the initial value of σc. 
 

For reasons of simplicity, the analysis will start when the displacement in θ = π/2 equals uc. 
Then a real crack is forming and one enters case III. Over the part of the cross section where a 
real crack is propagating, the stress is of course equal to zero. Over the cohesive zone, i.e. when 
θc ≤ θ ≤ θa, one will have for σ: 

σ = σc(sinθa – sinθ)/(sinθa – sinθc)                             (7) 

In addition to equations (6a, b), one must have that for θ = θa, u = uc, which condition with equa-
tions (2) and (5), will give: 

uc = u0 + Rφsin θa                             (8) 

Also, for θ = θc, u = σct/E, which (again with (2) and (5)) will give: 

σct/E = u0 + Rφsin θc                             (9) 

Equations (6a, b), (8) and (9) will give four equations for the four unknowns P, θa, θc and φ 
(choosing u0 to be the independent parameter in this case). If, during the analysis, the displace-
ment at θ = - π/2 becomes equal to zero one has to proceed in a different manner. Putting the 
displacement at θ = - π/2 equal to zero will give with (2) and (5) that: 

u0 – Rφ = 0                       (10) 
 
Now, consider Fig. 8: 

 
Fig. 8: Contacting points. 
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The reaction force FR will affect equations (6a, b) such that: 

� 

2R
2 !cos

2

"# / 2

$a

% $d$ = P + FR;    2R
3 !cos

2

"# / 2

$a

% $sin$d$ = "Ps& "FRR           (6’a, b) 

 
One extra equation is gained, i.e. equation (10) but at the price of another unknown; FR.  How-
ever five unknowns; F, FR, φ, θa and θa are determined by equations (6’a, b), (8), (9), and (10). If, 
at some instant, the reaction force FR goes from a positive value to zero, then FR is put equal to 
zero, equation (10) becomes invalid and the analysis proceed as before. 
 

It should be pointed out that all results are based on the assumption that unloading over the 
cohesive zone never occurs.  
 

In order to relate the results from the analytical model to the AE output, it is reasonable to as-
sume that to create one unit stress free area, in average N0 fiber bonds have to be broken. This 
means that for a given value of θa, one contribution to the number of broken bonds is:  

� 

N0 dA(!) = 2N0R
2

!a

" / 2

# cos
2 !d!

!a

" / 2

# .  

In the cohesive zone the material has failed completely at θ = θa while at θ = θc, the material is 
intact. If it is assumed that the number of broken bonds per unit area varies linearly over the co-
hesive zone, this will give another contribution to the total number of broken bonds according to: 
 

� 

2N0R
2

((sin!" sin!c)cos
2 ! /(

!c

!a

# sin!a " sin!c))d!  

such that the total number of broken bonds will be proportional to Ψ given by: 
 

� 

! = cos
2 "d"

"a

# / 2

$ + ((sin"% sin"c)cos
2 " /(

"c

"a

$ sin"a % sin"c))d"                      (11) 

If there is a direct proportionality between the total number of broken bonds and total number of 
AE events 

� 

ev!  one will have the form of the AE curve given by: 
 

� 

ev!  = αΨ             (12)  
where α is a constant. 

Results 

Numerical example 
To solve the equations, MATLAB [6] was utilized. The following input data were used:  

 
R = 17.5 mm, s = 50 mm, t = 0.042 mm. 
σc = 50 MPa,  E = 500 MPa,  Gc = σcu0/2 = 0.14 N/mm 

 
In Fig. 9a is shown the applied load P versus the load point displacement u0. while Fig. 9b shows 
Ψ versus the load point displacement u0. 
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Fig. 9a: The load P versus the load point dis-
placement u0. 

Fig. 9b: Ψ versus the load point displacement u0. 
 

 
It should be pointed out that the results given in Figs. 9a and 9b are at best qualitative. How-

ever, the experimental P vs. u0 curves shows the same behavior as is shown in Fig. 9b. Also, the 
experimental AE curves exhibit a steep slope just after load maximum and another observation is 
that as the load point displacement u0 is increased, the AE curve levels out.   
 

One thing that must be remembered is that the model does not account for the initiation of 
damage, i.e. for phase II but only for the propagation of a real crack across the cross section of 
the grips. 

Experimental Results 
 

The load – displacement curves and corresponding AE curves are shown in Fig. 10 for the 
two paper qualities. These were as mentioned before; light-weight coated (LWC) paper and pa-
per board. The curves represent average values for at least 8 specimens. Note that on the horizon-
tal axis in Fig. 10, time in seconds is the parameter. With a given deformation rate, this can eas-
ily be converted to displacement.  
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Fig. 10: Curves for load and cumulative AE events for a paperboard and LWC versus time. 
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As can be observed from Fig. 10, there was a big difference between the behavior of LWC 
and paper board. The most obvious difference is the peak load level in that the paper board load 
curve peaked at about 320 N while the LWC load curve peaked at about 700 N. Also, the shapes 
of the curves show differences. For example, LWC seems to be quite brittle since the load de-
creases rapidly after the load peak and there are also very few AE events before the peak load is 
reached. As the load decreases after the load peak, the AE events increased dramatically (in 
agreement with the results from the analytical model). The paper board, on the other hand, had a 
more non-brittle behavior in that damage (AE) started well before the peak load was reached. 
Also, the drop in load after the peak load was not as dramatic as for LWC.  
 
Discussion 
 

An experimental device for studying the damage evolution in paper when loaded in the 
thickness (Z) direction has been presented. The method, when applied to two different paper 
qualities, shows promising results in that it is possible to get some information regarding the 
toughness of the paper material. It is also possible to determine the load or deformation when 
damage initiates. This together with for example the finite element method, can give information 
about stress and strain fields at the onset of damage. An analytical model is also developed 
which in spite of its simplicity seems to be able to predict, at least in a qualitative sense, both the 
load – displacement and AE relations. With a more refined model it might be possible to perform 
parameter estimation, i.e. to estimate from experimental data, the cohesive strength and fracture 
energy. 
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