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ABSTRACT:

A suggested method to describe the creep behaviour of paperboard in ed-
gewise compression works for paperboard in the same way as for other
polymers. The relation between stress, strain and time may be determined
by a simple equation involving two factors, a power function of time and a
factor describing the non-linear behaviour of the stress-strain curve.

For engineering purposes, it is an advantage to be able to design a given
product in terms of stress and strain in isochronous curves. In some
applications the critical design criteria may be governed by a critical strain.
For such applications isometric curves, i.e. stress versus time at different
strains, are used.

The strain at break in compression of the investigated paperboards was
found to be independent of time. The strain to break in creep was equal to
the strain at break for stress-strain testing under straincontrol. By inserting
the strain at break in creep in the creep equation, the isometric curve at
break could be derived which by definition gives the relation between
stress and lifetime. ‘

The data in this investigation indicate that a rather small number of
specimens and a reasonably short creep time are sufficient to provide a
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good prediction of the long-term creep behaviour. In other words, the
creep of paper follows the fundamental behaviour of the material already
established at short times, and described by the creep equation.

INTRODUCTION

Containers made of corrugated board are often stacked on pallets. If the
contents are heavy, the container at the bottom of the stack has to with-
stand and support considerable loads. Like all engineering materials,
paper is viscoelastic and shows characteristic creep behaviour when sub-
jected to a load. It is also well known that a container will break after a
certain time when subjected to a given load and that the lifetime is dra-
stically diminished as the load or the relative humidity of the ambient
climate is increased. For engineering purposes, it is thus important to find
ways to determine the maximum load that can be applied to a given con-
tainer without causing damage or collapse to the container within a given
time.

Lifetime determinations are timeconsuming both because of the nature of
the problem and because the paper and the container construction have a
certain variability which make the lifetime vary considerably at a given
load. For this reason, a large number of samples must usually be tested to
obtain an average lifetime value with sufficient precision for use in
engineering calculations and in product development work.

Another complication with lifetime determinations in warehouses is that
the ambient climate always varies during the loading period, so that the
average creep rate is increased and the lifetime is diminished. A review of
the effect of cyclic ambient climates on the creep behaviour of paper and
other materials is given by Séremark and Fellers (1).
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Fundamentally, the creep of a container or of a small corrugated board
sample is related to the creep behaviour of the single plies. The purpose
of this paper is to describe the creep behaviour of representative liner
boards and corrugating media in a constant standard ambient climate of
50 % relative humidity as a first step towards understanding and descri-
bing the creep due to more complicated load or humidity histories. Single-
ply creep measurements in a constant ambient climate have previously
been reported for compression loading (2,_3) and for tensile loading (4-6).

Lifetime determinations in a constant ambient climate have also been per-
formed on small corrugated board samples such as those used for the
determination of edgewise compression tests on corrugated board (7-10)
and on corrugated board containers (9-15).

Because of the problems mentioned, it is desirable to find ways to predict
long-term behaviour from short-term tests. The lifetime of a container or a
corrugated board specimen, i.e. the final failure point, is the aspect of
creep which has been investigated most.

One simplified way of establishing the lifetime of a container is first to
determine the mean compression resistance according to a standardised
Box Compression Test, BCT and then to multiply this value by a safety
factor determined by experience (15).

The linear relation between the log of time to failure and the log of creep
rate in the secondary region of the deformation vs. time curve may also be
utilised (3,10, 13, 14, 16).

Another approach is to estimate the lifetime as a function of load by
measuring the failure load as a function of deformation rate for corrugated
board specimens (8). Caulfield (17) derived an expression to predict the
lifetime from the loading rate for viscoelastic materials and used literature
data for wood to verify his expressions.
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In this paper, a new instrument has been used to study the creep of
paperboard in edgewise compression (18). For the description of the
creep behaviour, a method used for engineering design purposes was
evaluated. The method which has previously been used to describe the
non-linear creep behaviour of polymers (19-23) is described as follows:

Isochronous curves, i.e. curves relating stress versus strain at different
constant times, are obtained from cross-sections through the creep curves
at different times. Each isochronous curve may be described by a
hyperbolic tangent function. From the time dependence of these functions,
it is possible to make the data fit a creep equation which describes the
relation between stress, strain and time.

In some applications, the critical design criterion may be governed by a
critical strain. For such applications, an isometric curve, i.e. a curve of
stress versus time at a given strain, may be derived by inserting the
desired strain into the creep equation.

The strain at break in compression of the investigated paper boards was
found to be independent of time. By inserting the strain at break into the
creep equation, the isometric curve for the strain at break could be
derived, which by definition gives the relation between stress and lifetime.

The data was subjected to statistical treatment. The necessary creep time
and number of samples to be tested to obtain a given precision in the long
time creep naturally depend on the variability of the material. The data in
this investigation indicate that a fairly small number of specimens and a
reasonably short creep time are sufficient to give a good prediction of the
long-term creep behaviour. In other words, the creep follows the funda-
mental behaviour of the material already established at short times and
described by the creep equation.
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The conclusion drawn from this investigation is that the suggested method
to describe the creep behaviour of paperboard in edgewise compression
works for paperboard in the same way as for other polymers and that the
relation between stress, strain and time may be described by a simple
equation. This knowledge makes it possible to predict the strain and life-
time as a function of stress and to design paperboard products from
engineering principles with more confidence than was previously possible.

MATERIALS AND METHODS
Paper board samples

Four different commercial papers were used in the investigation, covering
the grammage region of 127-200 g/m?2, viz.:

Material K Kraftliner, 185 g/m2.

Material T Testliner, 200 g/m2.

Material N NSSC corrugating medium, 127 g/m2,

Material R Corrugating medium based on recycled fibres, 150 g/m2.

Testing climate

The SCAN-test standard climate of 23°C and 50 % RH was used (24).
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The compression creep apparatus

Figure 1 shows a schematic representation of the new apparatus for the
measurement of stress-strain and creep properties of paper board in

compression.

Pivot point Columns
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Column Paper board

tabs Load cell

Column force

Figure 1.  Principle of the apparatus for the evaluation of the stress-
strain- and creep properties of paperboard in compression.

Two clamps for holding the test piece at its ends are firmly mounted on
low-friction roller slides. Because of the rather large clamping area, 25 mm
times 30 mm, no failure occurred close to the clamped area. The lateral
pressure in the clamps is achieved by turning the screws by hand with a
torque wrench.

In order to be able test the compressive properties of paper it is necessary
to keep the test piece perfectly straight during the loading. This is accom-
plished by providing lateral support for the test piece by means of 17 pairs
of 3 mm thick, 25 mm wide columns separated by gaps of 0,6 mm. The
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total length of the supported part of the test piece is 60 mm. The columns
are able to pivot slightly around pins. The length of the columns is 150 mm
with the pins mounted 100 mm from the end making contact with the
paper. The 17 pairs were ground together after assembly to ensure
parallel support for the paper. The spacing between the columns is 0,1
mm less than that recommended (25, 26) for use in the short-span
compression test (27).

The columns are pressed against the paper with a force of 60 N applied
by a hanging load. To ensure good support of the test piece during the
loading it is necessary that opposite columns follow the paper movement
without misalignment. Opposite columns are therefore connected by align-
ment tabs and made to follow the movement of the paper by means of
short needles protruding from each of the column pairs. The loading on
the left-hand clamp is provided by a hanging load for the creep experi-
ments and by an electromagnetic actuator for the stress-strain experi-
ments. The actuator also serves the purpose of holding the left-hand
clamp in position during clamping and of releasing the left-hand clamp in
the creep experiments. The force is measured by a 500 N load cell,
connected to the right-hand clamp. The strain in the test piece is recorded
from the movement of two of the columns separated by a distance of
45 mm. The movement is detected by a strain gauge arrangement
mounted on top of the columns and covering a total strain range of 2 %.

The load and strain gauge signals are fed to a PC through an A/D-
converter. Appropriate computer programs were used for carrying through
the creep experiments and the subsequent evaluation of the data.
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Stress-strain testing

The stress in the stress-strain experiments is applied by an electro-
magnetic actuator connected to the left-hand clamp. With the apparatus it
is possible to achieve linear strain or stress ramps vs. time and to record
the corresponding stress-strain curves of paperboard under either stress-
control or strain-control at different rates.

To determine the mean stress-strain properties, 10 samples were tested
for each data point.

Creep testing

In creep testing, the stress is kept constant and the strain is recorded as a
function of time. The stress in the creep experiments is applied by a
hanging load which is connected to the left clamp by a string. Before
starting the creep test, the string is stretched by the hanging load while the
actuator holds the left clamp in position. The test piece is then mounted.
By a computer command, an actuator then releases the left clamp and the
creep testing starts.

The shortest reliable time in a creep strain test depends on several
factors. The time constant of the amplifiers must be considered and only
small oscillations of the stress can be allowed at each load level.
Furthermore, in order to diminish the effect of the loading procedure, it is
necessary to wait a certain time after the ramp time up to the desired load
until the first reliable strain results can be obtained. Since the loading time
for the tests never exceeds 0,1 seconds, which is also within the range of
the time constant of the strain amplifier, it is safe to start using the
collected data at 1,0 second, i.e. more than one decade later than the time
to reach the desired load level, as common practice (28). Ten data points
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are collected over each decade of time or at least one point per 0,01 %
strain.

About 80 samples in MD and CD respectively of each paperboard were
tested and used to determine the creep properties. In the trial where
isochronous curves in compression and tension were compared, 20
samples were used in the same apparatus.

Equations for the description of creep

If creep causes failure, three distinct stages in the time-dependence of the
deformation can be identified, viz.: primary, secondary and tertiary. The
region for which creep deformation is approximately linear with time is
designated secondary creep.

A number of investigators have described creep strain as a function of
stress and time in terms of linear springs and linear viscous elements.
These models are used in linear viscoelasticity. Few engineering materials
can however be described by linear viscoelasticity. A large number of
descriptive equations have therefore been used to model the creep of
materials but none has universal applicability. Reviews of creep equations
are given in several papers (28-32).

The task is to find an equation which gives the relation between strain,
stress and time.

We propose that there is a class of materials for which the strain ¢ is a
non-linear function of the two independent variables time t and stress o%W
as in equation (1).

e=f(t)-g (V) (1)
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Two such hypothetical materials, described by equations (2) and (3) are
used to describe uniaxial creep of paper.

oYW= (t/to)" - a4 - tanh (e - ap/ay ) @)
o%=(1- m-log tto) -B1 - tanh (& - B2/B1 ) 3)
where oY= stress= force/(width - grammage), Nm - kg1
For paper we choose to use the term "stress" as a shorter term for
"specific stress" i.e. stress divided by density or force per width per unit
grammage.
m, n, aq, o2, B1, P2 = material constants, to= constant= 1 s.
At small strains the hyperbolic tangent function becomes linear and both
equation (2) and (3) describes the behaviour of a linear viscoelastic
material namely that isochronous curves are linear, i.e. that the relation
between stress and strain is linear at equal time.
We define a useful engineering parameter, a "creep stiffness index" by
means of equation (4) and (5) respectively as the initial slope of the
isochronous stress-strain curve. The creep stiffness is by definition the
same in compression and in tension.
Ewer(t)= (Uto)" - o2 (4)

Ew.cr(t)= (1- m-log t/to) - B2 (5)

where EW.Cf(t)= creep stiffness index, Nm/kg
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A logarithmic time dependence is used in most of the creep investigations
on the small corrugated board samples and corrugated containers. The
advantage is a straight line representation of stress vs. log time, the dis-
advantage that a finite lifetime is reached at zero stress, which was shown
not to be true for materials in general (33).

A power function to describe the time dependence is suggested among
others by Findley (29) and Turner (2Q) to describe creep and by
Andersson (34) and Gunderson et al. (35) to describe the dependence of
failure stress of paper on the rate of straining.

The hyperbolic tangent description of the non-linear stress-strain beha-
viour was originally suggested to describe the tensile properties of paper
(36) and was used to describe the stress-strain curve of paperboard in

compression (35, 37-39).

To test whether either of equations (1-5) were suitable for describing
uniaxial creep of paper in compression and in tension, the four different
paperboard samples were tested in MD and CD. The equations were fitted
to the recorded data by means of the Gauss-Newton method.

Definition of the strain at break in the creep trial.

In stress-strain experiments it is easy to define the strain at break as the
strain at the maximum force. In creep experiments this method is not
readily available since the force is constant and the strain rapidly rises at
the break point. The following principle was used to define and to find the
strain at break on the creep curve, shown in figure 2.
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Strain at break

1 second Linear time

Figure 2. Principle for the determination of strain at break during creep
testing.

At the starting time of one second, a variable strain, emin is recorded. An
increment of A € is added to this strain and we obtain emax and the
corresponding time increment A t. The strain increment included approxi-
mately four data points.

The slope of the curve S= A ¢/A t, at a given strain, emin is determined by
making a linear regression to all the data points in the increment.

The slope of the curve is scanned in steps of 0,01 % strain units. First the
minimum slope Smin is determined. Secondly the strain on the curve is
determined where the slope is larger than X times Smin This strain defines
the strain at break during creep. The numerical values of A € and X are
discussed in the resuits.
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Construction of isochronous curves and isometric curves from creep
curves.

Isochronous curves, i.e. stress versus strain at different times are con-
structed by making cross-sections in the creep curves at different times,
figure 3. Isometric curves, i.e. stress versus time at equal strain, are
constructed by making cross-sections in the creep curves at different
strains, figure 4.
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Figure 3. Construction of isochronous curves from creep curves.
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Figure 4. Construction of isometric curves from creep curves.
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RESULTS

The purpose of this paper is to describe the creep behaviour in com-
pression of representative linerboards and corrugating mediums using a
new instrument. The measurements were performed in a constant stan-
dard ambient climate of 50 % relative humidity as a first step towards
understanding and describing the effect on creep of more complicated
load or humidity histories. Comparisons are also made with tensile creep
properties.

Four different paper boards used for the manufacture of corrugated board
were tested in MD and CD.

We have chosen to use data for one of the investigated papers, paper K,
in most of the figures to illustrate a particular aspect of creep behaviour.
We have carefully checked that the results in those cases were
representative for all the investigated papers. In some investigations it was
however necessary to use the data for all four materials to establish the
universal applicability of the results. We are not at this point however
aiming to make a numerical comparison of the creep behaviour of the four
papers.

Creep curves

Creep curves in CD for paper K at different stress levels are shown in
figure 5. Only a few of about 80 recorded curves are shown. The curves
are plotted in figure 5a) against linear time up to 200 seconds and in figure
5b) against log time up to 108 seconds. The time 200 seconds is indicated
by a dotted line. The star-point on each curve show the strain at break in
creep defined by using Ae=0,04 % and X=4 in figure (2). Note the variation
in strain at break.
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Figure 5. Creep curves in CD for paper K at different stress levels,
plotted in a) linear time and b) log time.
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All the recorded data for each paper in either MD or CD were used to find
the material constants in equation (2). The ability of equation (2) to fit the
data is demonstrated in figure 6 at a few stress levels for paper K in CD.
The solid lines are the measured curves at a given stress level and the
dotted lines are the strains fitted to equation (2). Note that some predicted
curves lie above and some below the measured curves.
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Figure 6. Creep curves and fitted curves at a few stress levels for
material K in CD. The solid lines are the measured curves at
a given stress level and the dotted lines are the strains fitted
to equation (2).

Figure 7 shows the relation between strains fitted to equation (2) and
measured strains for all data points for paper K in CD. The deviation from
a straight line is primarily due to the non-uniformity of the paper but may
also be influenced by the variation in the testing conditions. The data
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points are reasonably well symmetrically distributed around the 1:1 line
which establishes that the chosen equation (2) fits the data well.

The relation between strains fitted to equation (3) and measured strains
had a pattern similar to that in figure 7.
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Figure 7. The relation between strains fitted to equation (2) and
measured strains for all data points for paper K in CD.

Isochronous curves and creep equations

From the creep curves, isochronous curves were constructed. A short-
time and a long-time isochronous curve are shown in figure 8 in both MD
and CD for paper K. Note that the long-time isochronous curve contains
fewer measurement points. Each isochronous curve in figure 8 is des-
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cribed by the previously described hyperbolic tangent function in equation
(2), by considering all the data-points. The fit is excellent and also repre-
sentative for all the investigated papers.

Within the investigated time span there is no significant difference
between the power function of time in equation (2) and the logarithmic
time function in equation (3) in any of the investigated papers. The
differences appear at longer times, as will be shown later.
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Isochronous curves for paper K in MD and CD, each at a
short time, 1 second and a long time, 10.000 seconds The
solid lines are the fit according to equation (2) using all the
recorded data for this paper. The points in the figure are the
actual data points at each particular time.
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Isochronous curves in tension and compression

From creep trials in tension and compression in MD and CD on paper K,
isochronous curves were constructed, figure 9. Only the initial part of the
tensile isochronous curves are shown. The initial slope of the curves, the
creep modulus according to equation (4), was the same in tension and
compression for this paper as expected from linear viscoelastic theory. At
higher strains, the curves deviate from linearity, a non-linear viscoelastic
behaviour. Furthermore the compression curve lies below the tensile
curve, a fact that was earlier found also when the stress-strain curves in
compression and tension were compared (18, 26, 40).

Stress, kNm/kg
40 . . . .

Tensile
35 .
o MD
30+ 4
o .
25k W Compression J
1
+
201 L
Tensile
15+
Compression CD
10+ .
+
5 '+ .
O,
(] 01 02 03 04 05 06 07 08 09 1

Strain, %

Figure 9. Compression and tensile isochronous curves for paper K in
MD and CD (10 seconds).
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Strain at break

In order to investigate whether the strain at break is a time-independent
material constant, it was determined by three different tests:

1) by creep tests
2) by stress-controlled stress-strain tests and

3) by strain-controlled stress-strain tests.

Typical results are shown in figure 10 for paper K in MD and CD.
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Figure 10.  Strain at break determined for paper K in MD and CD.
1) by creep tests 2) by stress-controlled stress-strain tests
and
3) by strain-controlled stress-strain tests.
(Ae=0,04 % and X=4 according to figure 2)
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The variation in strain at break was considerable for all the papers in all
these tests. A statistical analysis of the data showed that the strain at
break in each type of test, for a given paper, was time-independent on the
95 % confidence level. A difference however existed between the strain at
break determined by the three tests. The mean values for each one of the
three tests, using all the data points at all the times, are shown and
compared in table 1 for the four papers tested.

The strain at break determined by creep tests is on average equal to the
strain at break determined by the strain-controlled stress-strain test but
9 % lower than the strain at break obtained by the stress-controlled
stress-strain test. The reason for the higher values in the stress-controlled
test is difficult to explain considering the time-independence of the strain
at break. The acceleration of the strain at the end of the test, when the
actuator maintains a constant stress-rate, may be one explanation (18).
Different combinations of Ae and X, figure (2), were tried for the deter-
mination of strain to break in creep. The results were however insensitive
to minor changes in the chosen values given in figure 10.

Based on these results, we decided to use the constants given in figure
10 in the forthcoming determination of the strain at break in creep tests.
As will be shown later, the chosen procedure for measuring the strain at
break in creep also makes sense in the determination of the lifetimes by
means of isometric curves.
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Table 1. Strain at break by three different tests: 1) by creep tests 2)
by stress-controlled stress-strain tests and 3) by strain-
controlled stress-strain tests. The results are shown for all
four papers in MD and CD.

Strain at break, %) Difference, %

Paper Creep Stress Strain (1-3) (2-3)

tests (1) control (2) control (3) 3 3
K MD 0,38+0,01 0,40+0,01 0,39+0,01 -23 +3,9,
CD 0,63+0,02 0,68+0,03 0,63+0,02 +0,6 + 8,7
T MD 0,41+0,01 0,47+0,01 0,42+0,01 -1,9 +10,9
CD 0,70+0,02  0,76+0,03  0,70+0,02 - 0,1 +7,2
N MD 0,42+0,01 0,46+0,01 0,42+0,01 -0,5 +95
CD 0,88+0,04 0,82+0,03 0,79+0,03 +11,9 + 4,3
R MD 0,65+0,02  0,62+0,02  0,54+0,02 +2,8 +15,1
CD 0,96+0,03 1,00£0,03  0,88+0,04 +9,0 +13,3
Average + 2,4 + 9,1

*) Mean value and 95% confidence limits for approximately 40 samples.
Ae=0,04 % and X=4 according to figure 2.
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Construction of isometric curves by means of the creep equations.

In some applications, the critical design criteria of paperboard products
may be governed by a critical strain. For those applications, isometric
curves i.e. stress versus time at different strains, rhay be derived by inser-
ting desired strains in the creep equations (2) or (3). To illustrate the
difference between the power function in equation (2) and the logarithmic
function in (3), we have in figure 11 plotted isometric curves in MD and
CD for paper K up to the point on a logarithmic time scale where the
equation (3) intersects with the time-axis. The points in the figures are the
recorded values at a particular strain. (1.000 years is about 3:1010 ).
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Figure 11.  Isometric curves a) in MD and b) in CD for paper K.
The points in the figures are the recorded values at a
particular strain. The strain levels are given in the figure.
Equation (2), solid lines, equation (3), dotted lines.
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There is no significant difference between the two equations up to about
one week of creep (6,05-105 s) and a statistical treatment of the data
could not show which of equations (2) or (3) was the better within the time
scale used. Both equations initially give linear curves in the lin-log dia-
gram. At longer times, the logarithmic representation remains linear while
the power-curve shows a less steep slope.

We decided to use the power function in equation (2) in the remainder of
this paper for two reasons:

1)  Equation (2) has the appealing property that a given percentage de-
crease of stress, starting from any stress level, results in a constant
increase in log creep time to a given strain.

2)  Zhurkov (33) found that the lifetime of some materials, particularly at
high temperatures at low stresses, did not show a linear depen-
dence of stress in a lin-log diagram as expected according to the
Eyring theory of reaction rates. The reason for the deviation was not
however elucidated. This aspect may be of great importance when
papers are tested at higher relative humidities.

Lifetime determinations by the isometric curves for the strain at
break.

As stated earlier, the strain at break in compression of the investigated
paper boards was found to be independent of time. By inserting the strain
at break during creep in the creep equation (2), the isometric curve at
"break could be derived, which by definition gives the relation between
stress and lifetime, i.e. the time to reach the strain at break, figure 12.
Note that more points appear below the curve at longer times. The reason
is that only the weakest samples reach the failure-point at a given stress
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in the investigated time interval. The strong samples which would have
been placed above the curve never reached the failurepoint.

The excellent fit of equation (2) to the actual lifetime points further verifies
that the chosen procedure for the determination of strain at break in creep
was satisfactory as was also the choice of the constants Ae and X in

table 1.
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Figure 12.  Lifetimes in MD and CD for paper K. The strains at break

during creep in MD and CD are given in the figure.
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A statistical analysis of the creep data

The problem of estimating the precision of a given isometric curve for a
given paper is not trivial and is difficult to solve analytically. We have
chosen to illustrate one aspect of the problem, namely to estimate the
importance of creep time and number of creeptests to predict the
isometric curve at the strain at break at one week of creep. The following
procedure was performed in MD and CD for all papers:

In trial one, a total of about 80 tests were initially performed, figure 12,
and this was considered to give a "true" prediction of the creep behaviour.
The stress at 108 seconds of creep was determined (about 1,5 weeks).

In frial two, the same curves were used, but the creep time was now
truncated at given times, between 50 and 40.000 seconds. For each trun-
cated time, equation (2) was solved. The stress at 106 seconds was then
compared to the stress in trial one. Figure 13 gives the estimation of the
error in stress at 106 seconds.
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Figure 13.  Estimated error in stress after one week of creep as a func-
tion of the truncated creep-time. Data for four papers in MD
and CD for 80 creep tests.

As expected, the percentage stress-difference tend to increase as the
creeptime was diminished. The difference was at most 8 % when using
creep-times of 100 seconds. The difference was diminished to half that
value if the creep-time was increased one decade to 1.000 seconds.

The appearance of the corresponding isometric curve for paper K is
shown in figure 14. The predicted stress-differences at one week of creep
are given in the figure.
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Figure 14. The appearance of the isometric curve for paper K in MD
and CD for the different truncated creep-times given in figure
13. The predicted maximum errors in stress at one week of
creep are given for 80 samples. Compare the curves in
figure 12.

To illustrate the importance of the number of creeptests we performed
trial two a second time but with half the number of samples selected
randomly once among the 80 samples for each of the papers. The results
are given in figure 15. The predicted error in stress at one week of creep
was compared to the stress in frial one, as in figure 13. As expected, the
estimated errror in stress was higher for 40 than for 80 tests. The error at
shorter times was negligible.
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Figure 15.  Estimated error in stress after one week of creep as a func-
tion of the true creeptime. Data for four papers in MD and
CD for 40 creep tests.

DISCUSSION

The suggested method for the description of the creep behaviour of
paperboard in edgewise compression works for paperboard in the same
way as for other polymers. The relation between stress, strain and time
may be determined by a simple equation consisting of two factors, a
power function of time and a factor describing the non-linear behaviour of
the stress-strain curve.

For engineering purposes, it is an advantage to be able to design a given
product in terms of stress and strain, according to the isochronous curves.
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In some applications, the critical design criteria may be governed by a
critical strain. For these applications, isometric curves, i.e. stress versus
time at different strains, are used.

The strain at break in compression of the investigated paperboards was
found to be independent of time. The strain to break in creep was equal to
the strain at break in stress-strain testing in strain-control. By inserting the
strain at break in creep into the creep equation, the isometric curve at
break could be derived. By definition, this gives the relation between
stress and lifetime.

The necessary creep time and number of samples to be tested to obtain a
given precision of long-term creep naturally depend on the variability of
the material. The data in this investigation indicate that a fairly low
number of specimens and a reasonably short creep time are sufficient to
obtain a good prediction of long-term creep behaviour. In other words, the
creep of paper follows a fundamental behaviour of the material already
established at short times, described by the creep equation.

The number of tests and creeptimes naturally affects the precision of the
measurement and must be chosen with regard to the purpose of each
investigation. Further studies are needed to find statistical methods to
optimise the necessary total testing time, i.e. number of specimens and
creep time for each specimen, to predict the creep behaviour of paper
with the desired precision.

The conclusion from this investigation is that it possible to predict long-
term behaviour of paperboard products from engineering principles with
more confidence than was previously possible.
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Transcription of Discussion

EDGEWISE COMPRESSION CREEP IN PAPERBOARD
- NEW PRINCIPLES OF EVALUATION

T Haraldsson, C Fellers & P Kolseth

V Padanyi, Amcor Research & Technology Centre, Australia
Thanks for the presentation, it is very impressive work. | would like
to comment in view of what | said in my presentation. If you take
account of the age of the sample before you do all this experimental
work, and you make sure that all your samples are at the same agse,
the scatter in your points would be enormously reduced.

C Fellers

| am quite sure that the papers used were all at the same age. They
had been stored for a very long time before testing. They were old
reels from commercial paper machines.

V Padanyi
Long storage time does not guarantee the same thermal history.

C Fellers
| will keep that in mind and | think we all have to consider what you
say in future testing.

Dr F El Hosselny, Weyerhaeuser Paper Co, USA

You have assumed that the lifetime of a combined board is
controlled only by the lifetime of the liner and medium but the
combined board is made of starch also. Are we justified in ignoring
the effect of starch? '



C Fellers

The first examples in my presentation were just aimed to put our
work in the right perspective. There are many lifetime studies being
performed and | feel that the first step is to work with the material
itself and to develop a method where we can start comparing and
evaluating the different components of the corrugated board. |
realise that once you put them together with starch and so on, itis a
much more difficult situation. We know from a lot of work from
Leake (Ref. 9, 10), for example and other people, the quality of the
starch and its moisture sensitivity etc. takes a great role. The next
step is how you transfer this type of methodology to boxes? It could
be done but it is more complicated.

Prof M Kortschot, University of Toronto, Canada

The compressive strength is really a structural property rather than
a material property. It depends on the gauge length of the specimen
and in the diagram of your tester, the gauge length, if | read it
correctly, is just 0.6mm....

C Fellers
It is like 70mm and we have put a strain gauge on the paper.

M Kortschot

You have a lot of side supports which prevent lateral motion and
constrain the buckling of the sheet. | think it is probably true that the
compressive failure strains that you observed are valid only for a
very short gauge length materials. Would you use those strains to
predict the failure of liner board in a box configuration?



C Fellers

You are touching on a very important subject. We are trying to
measure the material properties as good as we can and this follows
the tradition from Dennis Gunderson at FPL and STFl. We have
tried to do everything to prevent the buckling. Once you put them
into the corrugated board construction we know that there might be
microbuckling phenomena between the flute tips etc. So | agree with
you that is the next step to account for all those things too.

Dr D Gunderson, US Dept. of Agriculture (FPL), USA

| would like to compliment you on the very nice methodology. One of
the questions that is asked is do we have to use compressive creep
data - is there any promise that we will be able to use tensile testing
data to work in compression or will we always have to work with a
rather complicated compressive creep apparatus?

C Fellers

With reference to the slide | showed earlier (Fig. 9). What we have
here is tensile curves, compression curves and creep modulus. As
long as you are working at small strains the two curves have the
same linear creep response, linear viscoelasticity, but as you go up
close to failure which would be the true situation in a box, these two
have a very significant difference. The difference is different for all
these five papers we have been investigating. Thers is no universal
scaling law between tension and compression. It depends on furnish
and MD/CD etc. So basically you cannot replace tension for
compression. You need to make compression measurements.





