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Abstract

The sorption of water into thespapérboard exposes a container to re-
versible and irreversible deformations under relative humidity variations. In
this study, an elasto-plastic_matetial model is used to demonstrate how
through-thickness dry solids content gradients can generate permanent in-
plane strains in papérboard, ‘'The measurements presented in this paper in-
dicate that in consecutive loading-unloading cycles, the yield stress either
remains roughly,/constant or decreases, and an additional permanent set of
strain is“obtained even when the maximum tension of repetitions stays con-
stant. Two, modified approaches concerning elasto-plastic hardening behav-
ior based”on the measurements of this work and the observations of previous
studies are introduced. The simulated results exhibit some shared features of

the frequently observed shrinkage behavior of paperboard exposed to cyclic
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relative humidity changes. The results suggest that with the use of a suitable
hardening approach, the plastic deformations arising from through-thickness
dry solids content gradients may be considered as a time-independent com-
ponent for simulations of phenomena such as moisture-accelerated creeprand

release of dried-in stresses.

Keywords: Paperboard, Moisture-accelerated creep, Mechano“serptive
creep, Elasto-plasticity, Dry solids content gradient, Cycli¢ humidity

changes

1. Introduction

The rheological behavior of paperboard is connected to phenomena such
as stress relaxation (Craven (1962)), strain regovery and moisture-accelerated
creep. All these are important factorsiaffeeting paperboard production, con-
verting and end-use quality. The potential of paperboard-based packages to
resist a buckling collapse underia compressive load in relative humidity (RH)
fluctuations during long-termystorage or shipping is an important aspect of
the performance of corrugated containers.

The sorptiontof water into the paperboard exposes the container to hy-
groexpansion and changes in mechanical properties and internal stresses. De-
pending-oniythé drying history, the deformations arising under cyclic RH
conditions/may manifest irreversible behavior (Uesaka et al. (1992); Nanri
and Uesaka (1993)). Long compressive loading times increase the risk for
collapse due to creep. Moisture-accelerated creep, also known as mechano-
sorptive creep, is a phenomenon in which the cyclic dry solids content (DSC

= kg dry solids/ (kg dry solids + kg water) x100%) changes increase the creep



rate in paperboard. This creep rate increases with lower DSC levels, and be-
cause of the cyclic DSC changes, the creep rate is usually even higher than
it would be at any constant DSC level (Byrd and Koning (1978); Leake and
Wojcik (1992); Coffin (2005)). Delayed recovery is also a rheological preperty
of paperboard. Elastic recovery immediately follows the stress-strain ¢ycle,
but after this, the strain continues to decrease under zero-loading conditions
as a delayed strain recovery (Gates and Kenworthy (1963); Skowronski and
Robertson (1986)).

Orthotropic elasto-plastic approaches to predictsthe_in-plane tensile re-
sponse and deformation of paper have been applied by Castro and Ostoja-
Starzewski (2003), Mikeld and Ostlund (2003)"and Xia et al. (2002). The
effect of pre-straining on the yield surfaceshas been modeled by Borgqvist
et al. (2014). The behavior of paperboard and corrugated cardboard un-
der cyclic loading has been studied By Allaoui et al. (2009). The effect of
local material variations en out-of-plane deformations has been studied by
Lipponen et al. (2008) and Erkkila et al. (2015). Hygroviscoelastic models
for predicting history-dependent dimensional stability and hygroexpansivity
have been introduced by Uesaka et al. (1989) and Lif (2006). A model cap-
turing several phenomena has been presented by Coffin (2009) and the effect
of pre-straining on the tensile response of paper by using an efficiency factor
has.been studied in Coffin (2012). For decades, several macro- and micro-
scale explanations have been proposed to describe the phenomena related
to,moisture-accelerated creep. Habeger and Coffin (2000) have considered
the effect of DSC gradients and the related through-thickness stress distri-

butions on the moisture-accelerated creep. The effect of hygroexpansion



on creep behavior has also been considered by Urbanik (1995) and Haslach
(1994). Alfthan et al. (2002) and Alfthan (2003) have demonstrated that
nonlinear creep behavior of the material combined with the moisture gra-
dients occurring during DSC changes and the potential material inhomo-
geneities may cause stresses inducing the moisture-accelerated créep. ‘Sam-
ples of very low basis weight was used by Alfthan (2004) to/minimize the
effect, of through-thickness DSC gradients. A micro-scale modeling-approach
has also been used by Strombro and Gudmundson (2008a).and Strombro
and Gudmundson (2008b) to investigate the effects.of different parameters
on the moisture-accelerated creep. Vlahinié¢ etdal. (2012) have suggested that
the viscous softening and both the basic and moisture-accelerated creep are
mainly originating from the nanoscale movement of water which enhances the
internal lubrication. Padanyi (1993) has proposed that aging is a parameter
as important as temperature and'telative humidity for creep and in Padanyi
(1991) has been concluded that, physical aging and mechano-sorptive effects
are actually the samephenomenon. In Reichel and Kaliske (2015a) and Re-
ichel and Kaliske (2015h) & 3D model for wooden structures demonstrating
linear viscoelastic andrnon-linear viscoelastic-viscoplastic material behavior
have been/presented. The accumulated mechano-sorptive deformations were
considered as amplification of mechanically induced creep.

The purpose of the present study is to estimate the potential of time-
independent elasto-plastic hardening simulations to generate permanent de-
formations arising from the through-thickness DSC gradients. The basic
concept is same as in the simple theoretical two bar model presented by

Selway and Kirkpatrick (1992). The theoretical approach is extended by a



material model describing the elasto-plastic behavior of paperboard. In ad-
dition to the traditional approach, the hardening behavior arising from DSC
cycling is dealt with using two modified approaches based on observationg/in
Ostlund et al. (2004) and Nanri and Uesaka (1993) and the measurements
introduced in this work. The results of the simulations are discugssed with
reference to previously published results related to the moisture-accelerated
creep and the internal stresses. The results suggest that/the aceumulation
of the plastic strains may have significant role in the“phenemeéna arising in
cyclic humidity conditions. The simulations also address the importance of

the hardening behavior under cyclic loadings.

2. Measurements

The tensile behavior in the crosssmachine direction (CD) (see Fig. 1) of
an unbleached semi-chemical board sample with a basis weight of 175 g/m?
and a thickness of 257 pum was measured in a standard test atmosphere of
23 °C/50% relative lumidity”(RH). The test procedure consisted of three
repetitions of loading-unloading tests, named 1, 2 and 3 accordingly (see
Fig. 2 and Table 1).” The test samples were initially conditioned at 50%
RH. Between. the repetitions of the load-unload tests, the board samples
were Conditioned to 35% and 98% RH levels in a climate chamber (Memmert
Climatie.@TC 246 MEMMCTC256) that produced changing RH as described
m, Table 1. The temperature was 23 °C. The relative humidity target levels
were chosen according to the climate chamber’s user manual in a manner
that the levels were in a safe operating region. There were also reference

samples which were conditioned at constant 50% RH and 23 °C in the test
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Figure 1: The in-plane directions of paperboard. MDyand*CD stand for machine and

cross-machine direction, respectively.

laboratory for the same time period, as,that of the samples conditioned in
the climate chamber. Tensile tests were performed using a commercial Lloyd
Instruments tensile testefiequipped with a 100 N (in the preliminary test 1
kN for the MD) load{cell> The span length and width of the samples were
180 mm and 15 mm, respectively. The elongation speed was 1 mm/s.

In the préliminary tests, the MD (machine direction) and CD (cross-
machinedirgetion) samples were strained until rupture, using a constant
elongation spéed of 1 mm/s. The flute direction of the corrugated board,
which typically carries the main top-load of stacked boxes, is along the CD.
Also,/the non-linear load-elongation region is more prominent in the CD.
Due to those aspects, the CD samples were selected for cyclic tests. The
target tension of 6500 N/m (point A in Fig. 2) was fixed according to the

preliminary test results of the CD samples.



Examples of the measured curves describing the typical tension-strain

behavior are presented in Fig. 3. In the measurements four parallel tests were

conducted and minor variation between samples was detected. The greatest

difference in the curves was obtained between the first and second tensile

test. The third load-elongation curve is nearly equivalent to the sécond,one.

The difference between the first and subsequent load curves ig more notable

when the samples have undergone the humidity cycling /between-the load-

elongation tests. Fig. 4 presents the instant strain measured” immediately

after the tension was released to zero in approximately 3 seconds as well as the

Table 1: The cyclic tensile test procedure for cyelie*relative humidity (RH) conditioned

samples and reference samples.

Operation: Cyclic RH cond. sample Time Operation: Ref. sample
Tensile test'1 Tensile test 1
From 50% RH te 35%RH 6 hours at 50% RH
From 35% RH t0.98% RH 16 hours at 50% RH
From-98% RHto 50% RH 6 hours at 50% RH
Tensile test 2 Tensile test 2
at 50% RH 16 hours at 50% RH
From 50% RH to 35% RH 6 hours at 50% RH
From 35% RH to 98% RH 16 hours at 50% RH
From 98% RH to 50% RH 6 hours at 50% RH

Tensile test 3

Tensile test 3
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Figure 2: One tensile test. The sample is loaded to the target‘tension of 6500 N/m (B —
A); unloading to the initial start position of the tensile test,(A/— C); a 30-second pause
(C); loading to 200 N/m tension (C — D); and uniléading.to the initial start position of
the tensile test (D — E).

strain measured after about 30 seconds of delayed strain recovery. The strains

decrease in consecutive load-elongation tests, but the release of the dried-
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Figure 3: The measured tension-strain curves of one reference sample (left) and of one

cyclic RH-conditioned sample (right).
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Figure 4: The strain measured instantly at zero tension occutringsabout 3 seconds after

tension release (left), and the strain measured after 30 seconds ofsstrain recovery at zero

tension (right).

in strain presumably occurring during the™first humidity cycling increases
both the instant 3 s strain and the 30%s strain. The important observations
concerning hardening modeling in‘the next section is that an additional set of
"permanent” 30 s strain isdntroduced with consecutive loadings, although the
loading was extended/tojthesame maximum tension of 6500 N/m at every
repetition.

Examples 6f fitted tension-strain curves are presented in Fig. 5. The fit-
ting procedure ingroduced in Erkkilé et al. (2013) includes the determination
of the“elastie modulus E, the hardening constant H, the yield stress o, and
thewyield strain e, The fitted stress-strain curves follow the equation (Erkkila
et al. (2015))

Fe if e<e¢,

o= . (1)

E&?y—%—k\/H(%—ké—sy) if e>¢,

The fitted material parameters are presented in Fig. 6. The theoretical plastic

9
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Figure 5: Examples of measured (thick line) and fitted (thin line) tensioptstrain curves for
the RH-cycled samples. On the left is tensile test 1, in the middle is/tensile test 2, and on
the right is tensile test 3. The fitted yield point is marked with a circle.

strain determined from the fitted curves at a tensien of 6500 N/m, using the
relation ¢, = ¢ — 0/ E is presented in Fig. /7 *Assignificant result is that the
linear region at the beginning of the loadselongation test does not become

longer, and the yield stress actually\decreases in the repetitions.

3. Material model

Concerning hardening modeling, the most significant observation based
on the measurements presénted in this work is that in consecutive loading-
unloading cycles; the yield stress either stays roughly constant or decreases,
and an additional permanent set of strains is obtained even when the max-
imum/tension/of repetitions stays constant. The three different hardening
approaches are presented in this section.

According to the measured results presented above, the first straining
may particularly notably change the shape of the tension-strain curve, and
the linear behavior is reduced after the first straining. Indeed, the changes

in the material parameters are not profoundly different and relevant for the

10



comparison of the modeling approaches of this study. In the modeling ap-
proach, one stress-strain curve is used for the dry solids content 95% and
the dry solids content dependence is obtained from the reference Frkkild/et
al. (2015). The stress-strain curves for the maximum and the minimum dry
solids contents and the discretization of the curves are illustratedfin Fig. 8.
In the continuum mechanical model plane stress is assumedy and the yield

surface is approximated with the simple von Mises yield fanction
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Figureé 6: The CD elastic modulus E (upper left), the hardening constant H (upper right),
the yield stress o, (bottom left) and the yield strain €, (bottom right) as a function of the

tensile tests. The results are the mean values of four parallel tests.
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f(ff):\/051—011022+U§2+3052 (2)

where 011, 029 and o1 are the MD and CD stresses and MD-CD shear stress,
respectively. The usage of the von Mises yield function instead of a_more
sophisticated yield function is based on two factors: 1) in the simulations,
all external forces are applied to the CD, and the MD is not) externally
constrained; and 2) the moisture expansion coefficient in the'€D'is 3.33 times
greater than that in the MD, affecting the CD dominatien in internal stresses.
The moisture expansion coeflicients have the measutement-based values 5, =
0.036 [%/%] and By = 0.120 [%/%] for the MDvand CD, respectively, and
the typical value 0.27 is used for Poisson’saratio-p. The shear modulus G
is approximated according to Gibson (1994) byrthe equation

E
Glg = m (3)

The border between elastic.and plastic behavior in the first dry solid content

—o&— Cyclic RH conditioned
1.3 —v— Reference i

9
= 1.1
8
» 1
L
8 0.9
o
0.8
¥
0.7
0.6 -
1 2 3
Tensile test

Figure 7: The theoretical plastic CD strain obtained after 6500 N/m of tension. The

results are the mean values of the four parallel tests.
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Figure 8: The stress-strain curves used in all cycles for the maximum and the minimum

dry solids contents. The first circle and triangle-from the origin are the yield points,

and the circles and triangles represent the discretization of the stress-strain curves; linear

behavior is assumed between the points.

cycle (see Fig. 9) is defined as
oy if . fg) <oy
o0 f(a) > o,

where

H H
o, ='max EE?/_E+\/H<E+E_

) 5)

and g, = 1186 N/m (4.615 MPa). When a new dry solids content cycle

begins, Eq. (4) is reformulated as

oy if f(o) <oy

op if  f(o) > oy

flo) =

(6)

where oy: 0, < 0y < 0y, is the new yield stress, depending on the approach.

Three different approaches are investigated:

13



e Approach I: In Eq. (6) oy = oy, i.e. isotropic hardening behavior is

assumed throughout the simulation.

o Approach 2: The internal stresses oy, are set to zero between the/dry

solids content cycles and in Eq. (6) oy = oy,

oine are thedstresses

induced by the through-thickness variation of the plastic strains after

the dry solids content cycle.

o Approach 3: The internal stresses are not set to/zero,between the dry

solids content cycles and (due to that) in Eq. (6) oy = o, + 0y or

when external stress oy is included oy = oy + Gint + Teat-

Approach 1 is a reference case and Approaches 2 and 3 correspond to the

different "relaxation” of the internal stresseswbetween the dry solids content

cycles. In approach 2 all internal stresses are relaxed between the cycles

Dry solids content [%]

100

98

96

T T T
—=O— Initial and fourth step
—— First step

—*— Second step

—x— Third step

94

92

90

881

86

84

82

. .
4 5

. . .
6 7 8

Thickness directional location [-]

Figure 9: The through-thickness dry solids content distributions of one cycle. Locations 1

and 9 are the surface layers, whereas location 5 is the mid-point of the through-thickness

direction.
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whereas in Approach 3 the internal stresses in the end of the cycle remain to

the next dry solids content cycle.

4. The numerical simulations

The numerical results were obtained with the finite element méthod using
the commercial software ABAQUS/Standard. The element‘employed was
shell element S4R with a composite structure (see ABAQUS (2013)). In the
thickness direction, the element was partitioned into eight layers of equal
thickness (see Fig. 10). The in-plane size of the sample was 100 mm in
both the MD and CD, and the thickness was 0.267 mm. The boundary
conditions were allowing for free in-plane displacements in both the MD and
CD. All six degrees of freedom were constrairied in the middle node of the
mesh, and the out-of-plane displacements’and the rotations were set to zero
at the edges of the mesh. The boundary conditions used represent only
one potential approach; the same results could also be obtained with other
suitable boundary conditions,”No out-of-plane deformations occurred due to
the homogeneous“structure of the sample and to the symmetric dry solids
content distributions (see Fig. 9).

The dévelopment of dry solids content distributions in paper and paper-
board has been studied by multiple authors (e.g. Lavrykov et al. (2004), Dano
and" Bouzque (2009), Ostlund (2006) and Baggerud and Stenstrém (2005)).
For the purposes of this paper, one dry solids content cycle is defined by the
initial situation and four simulation steps. The through-thickness dry solids

content distributions are thus defined as follows:

1. Step 0: The initial situation: A constant dry solids content with a

15
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Figure 10: The element used in the simulations with nine thickness directional locations

where the dry solids content is given.

through-thickness of 95%.

2. Step 1: In the outer surfaces of the paperboard, the dry solids content
is decreased to 85%, while in between the middle layers, the dry solids
content remains at 95%.

3. Step 2: A constant4dry solids content with a through-thickness of 85%.

4. Step 3: In the outer-surfaces of the paperboard, the dry solids content
is increased to 95%; while between the middle layers, the dry solids
content{remains’at 85%.

5. Step 4:A,constant dry solids content with a through-thickness of 95%.

This is/the initial situation for the next cycle.

The dry solids content change is applied linearly over one step; see Fig. 11.
Fig. 12 displays the CD plastic strains and the final strains of the three

different approaches, described as follows. In Approach 1, the isotropic hard-

ening behavior is used throughout the simulation. In Approach 2, the yield

point is the same in the beginning of every dry solids content cycle, and

16
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Figure 11: The dry solids contents of the through-thickness locations during the steps
constituting one cycle. Step 0 presents the initial.situation, and because of symmetry,

only locations 1 to 5 are presented.
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Figure”12: The CD plastic strain of the surface layers (left) and the final CD strains
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clarity. The four steps constitute one dry solids content cycle. No external tensions are

applied to the sample.
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the internal stresses are adjusted to zero between the cycles. Now simple
results for the plastic strains and the final strains may be obtained: the
plastic strain behaves in the same way in every cycle and the final strain
increases linearly. In Approach 3, the yield point in the beginning of<every
dry solids content cycle is defined by the final internal stresses of the,pre-
ceding dry solids content cycle; the behavior arises from thesstress transfer
between the cycles. This is supported by Ostlund et al. (2004), asitheir work
demonstrates that the internal stresses generated during the.drying process
with through-thickness dry solids content gradients.are not relaxed by the
dry solids content cycling. With Approach 3¢ the,inecrement in the plastic
and final strains decreases as the number of.cycles-increases. The strain ap-
pears to asymptotically approach some\constant strain. The results share
some common features with the irreversible behavior of hygroexpansion; see,
for example, Nanri and Uesaka (1993). The largest irreversible shrinkage is
obtained in the first exposureto the lower dry solids content, and smaller
irreversible shrinkages/may be-Obtained in subsequent exposures.

Fig. 13 presents the internal residual stresses occurring after the dry solid
content cycless™The shape of the obtained stress profile arising from cyclic
DSC changes isimore complicated than that resulting from a single drying
process with,a through-thickness dry solids content gradient (see e.g. Ostlund
et/al )(2004) and Erkkild et al. (2015)): layers 2, 3, 6 and 7 are under com-
pressive stress, while the surface layers (1 and 8) and the middle layers (4
and 5) are under tensile stress. The overall level of the internal stresses are
in the vicinity of the internal stresses obtained by Ostlund et al. (2004).

Fig. 14 presents how external compression affects the CD plastic strains

18
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are affected by the number of cycles. Because of symmetry, only layers.1 to 4 are presented.

and the final CD strains in the case of Approach, 3. /The level of external
compression has a significant effect on the“slepestin the final CD strains, so
with increased external compression, morescycles are needed to approach the

constant asymptotic value for the final €D strain. In Strémbro and Gud-
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Figure 14: The CD plastic strain of the surface layers (left), and the final CD strains
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cycles is added as a reference.
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Figure 15: The residual stresses after the dry solid content cycles perfermed with three
different levels of external tensions: 0 N/m (left), 100 N/m (middle),/and 500:N/m (right).

Because of symmetry, only layers 1 to 4 are presented.

mundson (2008b), the mechano-sorptive creep curves,were measured using
external compression of six different forces Fanging from -1.6 kNm/kg to -4.7
kNm/kg. Concerning the simulation results of"this work using 500 N/m =
2.86 kNm/kg of compression, clear similarities to the measured results ob-
tained by Strombro and Gudmundsen, (2008b) can be observed, even though
the material and DSC cycles are not identical.

Fig. 15 shows how the external tensions impact the residual stresses. The
results indicate that the,residual stresses after the DSC cycles are altered in
a more complieated way than by a shift based on any simple dependence on

the external temsion (100 N/m: -0.389 MPa and 500 N/m: -1.946 MPa).

5. Conclusions

The loading-unloading tests repeatedly executed with the same test sam-
ple strips demonstrated that the most notable difference in the stress-strain
curves occurs between the first and second loading. The cyclic condition-

ing at different relative humidity levels released internal dried-in stresses and
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changed the stress-strain curve more notably. The theoretical plastic strains
determined from the fitted stress-strain curves were higher than the strain
measured instantly after the unloading. The correlation between these strains
was high, however, and the lower values of the measured instant strain-can at
least be partly explained by the ca. 3-second time of stress relaxation before
the strain measurement could actually be obtained, during which time, be-
sides the elastic recovery, some delayed strain recovery occurs. Even though
there were some differences between the material parameters obtained in
the fitting of the consecutive stress-strain curves, these.differences were not
considered significant concerning the capturing of.the major trends of the
cyclic behavior, and a single material modelwas chosen to be applied in the
simulation approach.

The rheological properties of paperior board are often simulated using vis-
coelastic models with time-dependent parameters, which is the obvious choice
for many contexts, such as that of creep. Multiple studies have measured
and found that ambient humidity and moisture content changes accelerate
the creep process,or induce a release of dried-in stresses. The starting point
in the simulations, i.e;)the through-thickness dry solids content distributions,
is not new; theysame basic idea in the case of moisture-accelerated creep
has alreadysbeén discussed by Habeger and Coffin (2000). It has also been
showmn,that/in-plane or through-thickness differences of dry solids content can
build up internal stresses and plastic-strain differences in samples (Erkkild et
al,-(2015)). These observations imply that elasto-plastic simulations might
offer a useful viewpoint on cyclic and irreversible straining phenomena. How-

ever, the lack of the internal stress relaxation has to be kept on mind when
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elasto-plastic approaches are used.

The commonly used isotropic elasto-plastic hardening model is not op-
timized for all approaches, including the several repeated load-unload sit-
uations described in this paper. In this paper, the effects of three different
hardening approaches on the permanent strain and internal stresses,of paper-
board were simulated. Approach 3, in which the internal stressés are retained
for the next cycle, yielded results which were the most comparable to those

of earlier studies (Strombro and Gudmundson (2008h)):
Acknowledgements

Simulations were performed by ABAQUScommercial software, which was
licensed to CSC (the Finnish IT Center for Seience).

References

ABAQUS, 2013. ABAQUS,Documentation. Dassault Systemes, Providence,
RI, USA.

Alfthan, J., Gudmundson, P., Ostlund, S., 2002. A micro-mechanical model
for mecliano-serptive creep in paper. Journal of Pulp and Paper Science

28(3)3-985104

AlfthanyJ., 2003. A simplified network model for mechano-sorptive creep in

paper. Journal of Pulp and Paper Science 29(7), 228-234.

Alfthan, J., 2004. The effect of humidity cycle amplitude on accelerated ten-
sile creep of paper. Mechanics of Time-Dependent Materials 8(4), 289-302.

22



Allaoui, S., Aboura, Z., Benzeggagh, M.L., 2009. Phenomena governing uni-
axial tensile behavior of paperboard and corrugated cardboard. Composite

Structures 87, 80-92.

Baggerud, E., Stenstrom, S., 2005. Further insight in the web conselidation
process, Part III: Modelling of paper shrinkage. Nordic Pulp and, Paper
Research Journal 20(1), 58-63.

Borgqvist, E., Lindstrom, T., Tryding, J., Wallin, M sRistinmaa, M., 2014.
Distortional hardening plasticity for paperboard.\International Journal of

Solids and Structures 51, 2411-2423.

Byrd, V.L., Koning, J.W., 1978. Edgewise compression creep in cyclic relative
humidity environments. Tappi 61(6), 35<37.

Castro, J., Ostoja-Starzewski, M., 2003. Elasto-plasticity of paper. Interna-
tional Journal of Plasticity 19, 2083-2098.

Coffin, D., 2005. Thefcreep response of paper, in: Proceedings of 13th Pulp
and Paper Fundamental Research Symposium, Cambridge, pp. 651-747.

Coffin, D. 2009 Developing a deeper understanding of the constitutive be-
havior of paper, in: Proceedings of 14th Pulp and Paper Fundamental
Research/ Symposium, Oxford, pp. 841-875.

Coffing D., 2012. Use of the efficiency factor to account for previous straining
on the tensile behavior of paper. Nordic Pulp and Paper Research Journal

27(2), 305-312.

23



Craven, B.D., 1962. Stress relaxation and work hardening in paper. Appita
Journal 16(2), 57-70.

Dano, M.-L., Bourque, J.-P., 2009. Deformation behavior of paper and hoard
subjected to moisture diffusion. International Journal of Solids and, Struc-

tures 46, 1305-1316.

Erkkild, A.-L., Leppénen, T., Himél&inen, J., 2013. Empirical plasticity mod-
els applied for paper sheets having different anisotreopy and dry solids con-

tent levels. International Journal of Solids and Structures 50, 2151-2179.

Erkkild, A.-L., Leppéanen, T., Hamélainen, J.,NTuovinen, T., 2015. Hygro-
elasto-plastic model for planar orthotropic material. International Journal

of Solids and Structures 62, 66-80:

Gates, E.R., Kenworthy, 1.C.,”1963= Effects of drying shrinkage and fibre
orientation on some physical properties of paper. Paper Technology 4(5),

485-493.

Gibson, R.F., 1994. Prineiples of Composite Material Mechanics. McGraw-
Hill Inc.

Guo, Y., Ea, Y., Zhang, W., 2007. Creep properties and recoverability of
double-wall corrugated paperboard. Experimental Mechanics 48, 327-333.

Habeger, C., Coffin, D., 2000. The role of stress concentrations in acceler-
ated creep and sorption-induced physical aging. Journal of Pulp and Paper

Science 26(4), 145-157.

24



Haslach H.W. Jr., 1994. The mechanics of moisture accelerated tensile creep

in paper. Tappi Journal 77(10), 179-186.

Lavrykov, S., Ramarao, B.V., Lyne, A.L., 2004. The planar transient/ hy-
groexpansion of copy paper: experiments and analysis. Nordic Pulp,and

Paper Research Journal 19(2), 183-190.

Leake, C., Wojcik, R., 1992. Humidity cycling rates: How theyaffect con-
tainer life spans, in Proceedings, Cyclic Humidity Effects on Paperboard

Packaging, Forest Products Laboratory, Madison,WI, pp. 134-144.

Lif, J.O., 2006. Hygro-viscoelastic stress analysisin paper web offset printing.
Finite Elements in Analysis and Design 42(5), 341-366.

Lipponen, P., Leppéanen, T., Kouko,Js, Haméldinen, J., 2008b. Elasto-plastic
approach for paper cockling phenoemenon: on the importance of moisture

gradient. International Journal of Solids and Structures 45, 3596-3609.

Miikeld, P., Ostlund<S., 2003, Orthotropic elastic-plastic material model for
paper material§.\International Journal of Solids and Structures 40, 5599-

5620.

Nanri, Y 3 Uesaka, T., 1993. Dimensional stability of mechanical pulps -
drying slirinkage and hygroexpansivity. Tappi Journal 76(6), 62-66.

Padanyi, Z.V., 1991. Mechano-sorptive effects and accelerated creep in paper,
in: Proceedings of International Paper Physics Conference, Kona, Hawaii,

pp. 397-411.

25



Padanyi, Z.V., 1993. Physical aging and glass transition: effects on the me-
chanical properties of paper and board, in: Proceedings of 10th Pulp and
Paper Fundamental Research Symposium, Oxford, pp. 521-545.

Reichel, S., Kaliske, M., 2015. Hygro-mechanically coupled modelling‘f creep
in wooden structures, Part I. Mechanics. International Journal of Solids

and Structures 77, 28-44.

Reichel, S., Kaliske, M., 2015. Hygro-mechanically coupled modélling of creep
in wooden structures, Part II: Influence of moisture content. International

Journal of Solids and Structures 77, 45-64.

Selway, J.W., Kirkpatrick, J., 1992. The assessment of high humidity corru-
gated box performance, in Proceedings,/Cyclic Humidity Effects on Paper-

board Packaging, Forest Products Laboratory, Madison, WI, pp. 31-47.

Skowronski, J., RobertsonsAA., 1986. The deformation properties of paper:

Tensile strain and reeovery, Journal of Pulp and Paper Science 12(1), 20-25.

Strombro, J., Gudmundson, P., 2008a. Mechano-sorptive creep under com-
pressive loading - A ‘micromechanical model. International Journal of Solids

and Structures 45, 2420-2450.

Strombro, J., Gudmundson, P., 2008b. An anisotropic fibre-network model
for mechano-sorptive creep in paper. International Journal of Solids and

Structures 45, 5765-5787.

Uesaka, T., Kodaka, I., Okushima, S., Fukuchi, R., 1989. History-dependent
dimensional stability of paper. Rheologica Acta 28, 238-245.

26



Uesaka, T., Moss, C., Nanri, Y., 1992. The characterisation of hygroexpan-
sivity of paper. Journal of Pulp and Paper Science 18(1), 11-16.

Urbanik, T.J., 1995. Hygroexpansion-creep model for corrugated fiberbeard.
Wood and Fiber Science 27(2), 134-140.

Vlahini¢, 1., Thomas, J.J., Jennings, H.M. Andrade, J.E., 2012, Transient
creep effects and the lubricating power of water in matefials ranging from
paper to concrete and Kevlar. Journal of the Mechanies and Physics of

Solids 60, 1350-1362.

Xia, Q.S., Boyce, M.C., Parks, D.M., 2002. A constitutive model for the
anisotropic elastic-plastic deformation of paper and paperboard. Interna-

tional Journal of Solids and Structures.39,74053-4071.

Ostlund, M., Ostlund, S., Carlssenli.A., Fellers, C., 2004. The influence of
drying restraints and beating degree on residual stress build-up in paper-

board. Journal of Pulp and Paper Science 30(11), 289-292.

Ostlund, M., 2006:Modeling the influence of drying conditions on the stress
buildup duting drying of paperboard. Journal of Engineering Materials and
Technoelogy, Transactions of the ASME 128(4), 495-502.

27



