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Abstract
The USDA Forest Products Laboratory sponsored the 6th 
International Symposium: Moisture and Creep Effects on 
Paper, Board and Containers at the Monona Terrace Con-
vention Center, Madison, WI, USA on 14-15 July 2009. 
Attendees heard 20 technical presentations; presenters were 
from seven different countries and three continents. Session 
topics included Corrugated Performance, Moisture Flow, 
Component Behavior, Industry Efforts, Other Materials, 
Moisture and Creep Response. 
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Preface
The 6th International Symposium: Moisture and Creep 
Effects on Paper, Board and Containers was held at the 
Monona Terrace Convention Center, Madison, Wisconsin, 
USA, on 14–15 July 2009. 

Locations and dates of previous symposia in this series were 
as follows:

•	 1st	Symposium,	September	1992,	Madison,	Wiscon-
sin,	USA. Coordinated by Ted Laufenberg, FPL, and 
Dr. Craig Leake, National Starch & Chemical Company, 
Bridgewater, New Jersey, USA

•	 2nd	Symposium,	December	1994,	Stockholm	Sweden.	
Coordinated by Dr. Christer Fellers, STFI (now IN-
NVENTIA, Stockholm, Sweden) and Ted Laufenberg, 
FPL

•	 3rd	Symposium,	February	1997,	Rotorua,	New	Zea-
land.	Coordinated by Dr. Ian Chalmers, PAPRO (now 
SCION, Rotorua, New Zealand) 

•	 4th	Symposium,	March	1999,	Grenoble,	France.	Co-
ordinated by Dr. Jean-Marie Serra-Tosio, EFPG, and Dr. 
Isabelle Vullierme, EFPG

•	 5th	Symposium,	April	2001	Victoria	Australia.	Coor-
dinated by Dr. Ian Parker, Monash University, Victoria, 
Australia

These symposia are held on an irregular basis. At the Paper 
Physics Committee meeting held at the International Paper 
Physics Conference in Gold Coast, Australia, 2007, mem-
bers voted to invite FPL to host the next Moisture Sympo-
sium.

Demographics on this Symposium
• Presentations: 1 keynote, 20 technical

• 50 authors/co-authors 

• Presenters from 7 countries and 3 continents

• 19 at-large attendees came from the USA, Canada, and 
New Zealand

Readers will notice a variety of format and style in these 
proceedings. The authors were given great flexibility for 
their material content; formats include full length papers, 
extended abstracts, and short abstracts, and are included as 
received from the authors.

The question and answer time after each presentation was 
lively; coffee breaks and social gatherings allowed for active 
interaction and development of potential scientific collabo-
ration. 

An informal vote taken at the final session suggested Rome 
as an excellent choice for the next Moisture Symposium 
with an undecided date.
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Introduction
The interaction of moisture and cellulose is beneficial and 
problematic. It is beneficial for manufacturing, processing, 
and converting needs, where water is used for fiber trans-
port and softening. It is problematic because it can reduce 
performance. This symposium, like others in this series, was 
devoted to understanding, characterizing, and reducing the 
detrimental effects of this interaction.

Synthetic petrochemical plastics have made serious inroads 
within the packaging sector; however, recyclability of cel-
lulosic materials is a significant advantage. Hybrid plastic/
cellulose composites, which try to enhance each constitu-
ent material’s benefits and reduce their liabilities, create 
even more demand for investigations of moisture/cellulose 
interactions. 

Papermaking additives are used to enhance physical, me-
chanical, and optical properties. Sophisticated syntheses, 
layer-by-layer technology, and nanoparticles comprise but 
a few of the many methods to improve paper properties. 
Retention of the additives and maintaining the achieved 
behavior are often affected by moisture transport. 

Even the paper machine is not exempt from examination for 
techniques and methods to enhance properties. Local fiber 
orientation, residual drying stresses, and formation can be 
affected during paper production and can influence moisture 
behavior.

After paper is made, it is converted or processed to produce 
an end product. Interaction of multiple paper (or non-cellu-
lose) components requires advanced modeling techniques 
because analytical solutions exist for only the most basic 
configurations. These models often need to account for post-
converting damage.

These symposia provide a venue for government, academic, 
and industrial researchers to share results and exchange 
ideas on the important topic of the interaction of moisture 
and cellulose. Industrial competition is strong, so the intro-
duction of value-added products and consumer education 
can provide real advantages for economic viability. Immedi-
ate feedback encourages the researcher to clarify ideas and 
identify shortcomings. New research directions, acknowl-
edgement of well-solved problems, and regular involvement 
of graduate researchers suggest that this series is meeting 
the needs of the community it is seeking to serve.
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The average moisture content at any given time is 
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Assuming the modulus as a function of moisture is given as )()( 0 tmkEtE  , the mechanosorptive strain is given as 
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Figure 1 illustrates the effect that Equation (13) has on the strain. 

Figure 1. Strain based on bulk properties compared to total strain including mechanosorptive strain for a case of transient 
moisture increase. 

The effect shown in Figure 1 is small, but it is important in that it is a predicted behavior even for the simple case of a linear
elastic material coupled with simple diffusion. For the case shown here the response is transient and at equilibrium there are 
no lasting effects. In the case of real materials, and the necessary complications of energy dissipation would cause sustained 
effects.

 The important conclusions from this analysis are the following: 

 One cannot predict the transient deformation based on bulk properties alone. 
 The transient response is caused by a coupling of the spatial distribution of stresses arising from the effects of 

moisture on swelling and magnitude of intrinsic material properties. 
 Interpreting experimental data that only measures the bulk response is difficult when trying to understand the causes 

of mechanosorptive effects. 
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Session 1

Benjamin Frank, Chair 
Packaging Corporation of America

Corrugated Performance

Corrugated board represents the great majority of materials used 
for packaging, protection and transportation. Failure of corrugated 
board ranges from excessive deformation and box bulging to damage 
of contents. Understanding and characterizing moisture effects on 
corrugated board have the potential to save significant property loss 
and maintain the market segment in the paper industry. Innovative 
geometry, design, and production that use paperboard orthotropy to 
its advantage may prospectively increase market share.
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Effects of medium strength properties  
and component rotation on corrugated  
endurance
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Session 2

JY Zhu, Chair 
U.S. Forest Service, Forest Products Laboratory

Moisture Flow

Paperboard is a porous material and so moisture migration affects 
its material properties but also the amount of protection it can 
offer in packaging applications. Moisture hysteresis, as measured 
in diffusion experiments, and hygroexpansion are quantifiable 
measures of moisture sensitivity that are affected by processing, 
chemical additives, and other means. Environmental moisture 
changes should be considered in the material selection procedure.
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Steady-state moisture diffusion through 
corrugated fiberboard
Samuel V. Glass

U.S. Forest Service, Forest Products Laboratory, Madison, Wisconsin

Abstract
Moisture transfer through corrugated fiberboard is measured under steady-state conditions. Several types of corrugated 
fiberboard are investigated, differing in flute size, number of flutes, and component basis weights. The experimental appara-
tus consists of two chambers, each of which has control of temperature and relative humidity. A specimen is sealed between 
the chambers, a gradient in humidity is established, and the rate of mass transfer is measured on both sides of the specimen. 
Experiments are carried out at 25°C over a range of relative humidity levels. The measured water vapor fluxes through the 
various types of corrugated fiberboard are used to construct a model for the effective diffusivity of the components as a func-
tion of relative humidity.
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The effect of hysteresis on moisture  
sorption of paperboard
Sergiy Lavrykov and B.V. Ramarao

Empire State Paper Research Institute
Department of Paper and BioProcess Engineering
State University of New York ESF
Syracuse, NY 13210

Paperboard is subjected to high magnitude stresses and large deformations in many converting operations.  The use of finite 
element analysis can enhance understanding and provide a convenient optimization tool.  Creep of linerboard under changing 
relative humidity reduced the performance of corrugated boxes and can lead to premature box failure. If accelerated creep 
can be further understood and robust models for its prediction can be developed, it is possible to engineer the products for 
better performance. Our objective is to analyze the impact of humidity cycling, sorption hysteresis and the resultant transient 
moisture distributions in linerboard on accelerated creep performance. 

A model for accelerated creep of linerboard was developed based on (a) a transient moisture diffusion model accounting 
for multiple diffusion paths within the pore spaces and the fiber matrix and localized sorption dynamics, (b) a robust local 
sorption equilibrium including sorption hysteresis (c) temperature transients due to adsorption heat effects within the paper-
board and (d) a suitable material model for the linerboard incorporating elasto-plastic response under different moisture and 
temperature conditions.  We conducted a parametric study to identify the impact of sorption hysteresis on moisture induced 
creep. Experimental results on sorption hysteresis and transient moisture uptake are presented.
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Analysis of the hygroexpansion of paper-
board and small flute corrugated board by 
digital correlation of images obtained by  
x-ray microtomography
J. Viguié1, P.J.J. Dumont1, I. Desloges1, S. Rolland du Roscoat2, P. Vacher3, E. Mauret1, J.-F. Bloch1

1. Laboratoire de Génie des Procédés Papetiers (LGP2), CNRS / Institut polytechnique de Grenoble (Grenoble 
INP) - BP 65 - 38402 SAINT MARTIN D’HERES CEDEX 9  e-mail : pierre.dumont@efpg.inpg.fr

2. Laboratoire Sols-Solides-Structures-Risques (3S-R), CNRS / Universités de Grenoble (UJF & Grenoble INP) - 
BP 53 - 38041 SAINT MARTIN D’HERES CEDEX 9

3. Laboratoire SYMME, Polytech Savoie, Université de Savoie Domaine Universitaire BP 80439 – 74944   
ANNECY-LE-VIEUX

Paperboard and small flute corrugated board are increasingly used as stiff packaging materials in food, cosmetic, and pharma-
ceutical industries. They form stratified materials where specific pulps are used for each layer. The integrity of board pack-
aging can be affected by moisture changes that can be induced by a variation of the relative humidity of the ambient air. An 
increase of relative humidity from 20 to 80% may be related to a hygroexpansion of a board sheet varying in a range of about 
0.2 to 2% in its plane and about 8 to 12 % in its thickness direction. In parallel, a decrease of mechanical parameters such as 
the Young’s moduli from 30 to 50% may be noticed. The degree of beating, the kinds of pulps and the drying conditions are 
significant parameters affecting the hygroexpansion behavior. Nonetheless, scarce information is available on the micromech-
anisms of hygroscopic strains of paperboard and small flute corrugated board. This is the purpose of this experimental study.

Tests were performed on two 450 g/m² paperboards composed by 11 layers made up of virgin pulps for the first one and 
recycled pulps for the second one. A 450 g/m² corrugated board with G flutes was also studied. The evolution of the moisture 
content with respect to the relative humidity of the ambient air was measured using a specially designed apparatus at con-
stant ambient temperature for various relative humidity cycles. The hygroexpansion of these materials was evaluated by two 
methods for the same changes in relative humidity. At the macroscopic scale, the dimensional in-plane variations of rectan-
gular samples (dimensions of 150×15 mm²) were measured by a dedicated apparatus. Samples were cut along the machine 
and cross directions of the boards, as well as in off-axis directions. At the microscopic scale, the fields of displacement and 
strain of the fibrous networks were measured by using a Digital Image Correlation (DIC) method. For that purpose, images 
of cross-sections of volumes obtained by X-ray microtomography at ESRF (European Synchrotron Radiation Facility) were 
analyzed, as well as some images obtained using an Environmental Scanning Electron Microscope SEM (ESEM).

Experimental results permit to calculate the average in-plane and out-of-plane hygroexpansivities of the tested boards for 
variation ranges of the moisture content. Hygroexpansivities are found to be highly anisotropic. Moreover out-of-plane 
hygroexpansivities are preponderant compared to in-plane ones. The DIC method permits to reveal that the hygroexpansion 
is highly heterogeneous. For instance, in the case of a paperboard made up of virgin pulps, out-of-plane hygroscopic strains 
mainly occur in the core layers of samples. This might be related to the nature of the layers. Core layers are indeed essentially 
made of pulps obtained by a mechanical process whereas external layers are composed of chemical pulps.
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Session 3

Doug Coffin, Chair 
Miami University, Oxford, Ohio

Component Behavior

An accurate constitutive model for corrugated components is a 
fundamental element of packaging design. Several models exist and 
have their proponents; recently, those models easily incorporated in 
numerical analysis software, such as finite element programs, have 
gained increased acceptance. The ability to identify the effect of 
formation or periodic defects on constitutive behavior may allow 
more precise safety factors in packaging design formulations.
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Formation and edgewise compressive 
creep properties
Christer Fellers, Anne-Mari Ohlsson, Anders Mähler, and Lucina Lason
STFI-Packforsk, Sweden

The mechanical properties of paper depend on unevenness of the paper on different structural levels. It is not yet known 
which structural level has the greatest influence on these properties but it is well known that the formation, chemical addi-
tives, and forming concentration plays a great role for the mechanical properties of paper. Few studies have reported actual 
magnitudes of the effects and it is of fundamental interest to increase the knowledge in this area. 

The experimental paper machine FEX at STFI-Packforsk was used for the trials. Different formation levels were achieved by 
varying the forming concentration and by adding chemicals that increased or decreased the formation. 

The focus of the investigation was on creep properties of which there are very little results available in the literature but also 
tensile and edgewise compressive properties were investigated. 

The creep properties were measured in various constant or changing climates between 50 and 90% RH and were expressed in 
terms of isochronous and isocyclic creep curves and corresponding creep stiffness index values, respectively. An isochronous 
or isocyclic stress-strain curve may be viewed as a stress-strain curve at a specific time, i.e., 3 days or different number of 
cycles, i.e., 3 cycles (Panek, Fellers, Haraldsson 2004). From the initial slope of the curve, the isochronous or isocyclic creep 
stiffness may be extracted.

The following figure shows one significant finding.

Isocyclic compressive creep 
curves for papers with different 
formation. 

When the formation number 
increased (worse formation), 
no change in stress at a given 
strain was noted at small strains 
(constant isocyclic creep stiffness 
index). 

Only at higher strains, a decrease 
in stress due to a worse formation 
was noted.

Reference
Panek, J., Fellers, C., Haraldsson, T. (2004) Principles of evaluation for the creep of paperboard in constant and cyclic 
humidity. Nordic Pulp and Paper Research Journal 19(2): 155–163.
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Effect of moisture on defect interaction in 
paper and paperboard
J. Considine1, J. Decker2, D. Vahey1, K. Turner2, R. Rowlands2

1. U.S. Forest Service, Forest Products Laboratory, Madison, Wisconsin
2. University of Wisconsin, Madison, Wisconsin, USA

Poor formation in paper, as denoted by large local variation of mass, tends to reduce maximum tensile strength, but this 
reduction has not been quantified. The effect of grammage variation and moisture on tensile strength was studied by introduc-
ing carefully placed holes in tensile specimens made of five different paper materials and testing at static 50% and 90% RH. 
The point-stress criterion (PSC) [1] was used to estimate inherent defect size and predict maximum potential tensile strength 
for each RH level.

The goal of this research was to estimate inherent defect size and predict maximum possible tensile strength, i.e., tensile 
strength of a defect-free material made from the same furnish, with the PSC (point-stress criterion) and to examine the effect 
of relative humidity on these parameters. Successful completion of this work will provide the paper industry will necessary 
tools to perform cost-benefit analysis on papermachine modifications to improve formation and strength.

Five commercial paper materials were examined in this work. Their physical and mechanical properties are given in Table 1. 
Sheet thickness was measured with a Mitutoyo® (Kawasaki, Japan) 543-396B Digital Indicator equipped with a 4-mm-diam-
eter ball tip. Elastic moduli and Poisson’s ratio were obtained ultrasonically with a Nomura Shoji Corporation (Tokyo, Japan) 
Sonic Sheet Tester (SST). The SST is equipped with one sensor pair, which operates at 25 kHz; measurements were taken at 
5° intervals by rotating the sample on a turntable.

Materials A and L are commercial unbleached kraft, single-ply linerboards. Material C is a commercial copy paper, con-
taining about 8% ash. Material E is a commercial envelope paper. Material F is a commercial filter paper, manufactured by 
Whatman® International (Maidstone, Kent, UK) and identified as Chromotography Paper, Model 3MM CHR. The latter was 
chosen as it is 100% cellulose.

Table 1. 50% RH properties of materials 

A C E F L 

Grammage (g/m2)  268  76  92  187  209 
Thickness (mm)    0.38   0.11    0.13    0.31   0.30 
Density (kg/m3)   717   721   734   603   688 
E11 (GPa) 7.80 7.82 7.38 4.52 7.75 
E22 (GPa) 3.71 2.56 3.40 2.12 3.73 
G12 (GPa) 2.10 1.63 1.85 1.27 2.15 
ν12 0.20 0.17 0.23 0.18 0.23 
E11/E22 2.10 3.05 2.20 2.13 2.08 

 

Tensile tests were performed employing an Instron® (Nor-
wood, Massachusetts) Model 5865 test machine equipped 
with line-clamp pneumatic grips. Specimens were 25 mm 
wide with a gage length of 125 mm. The test sequence 
started with a pre-load to 1 N at 12 N/min followed by dis-
placement at a constant speed of 1.5 mm/min that continued 
to specimen failure. Load and grip displacement data were 
collected at 10 Hz. Tests were performed in one of two 
controlled environments, either 50% RH, 23°C or 90% RH, 
23°C. To prevent possible long-axis buckling, all specimens 
were restrained transversely with glass plates. The two 
100-mm-long glass plates that were used as restraints were 
separated by a gap of twice the specimen thickness and 
placed at the vertical center of the tensile specimen.
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Tests were performed in the MD (machine direction) and CD (cross-machine direction) for each material. Six specimen ge-
ometries were tested: (1) standard tensile test, (2) 0.5 mm radius hole, (3) 1.25 mm radius hole, (4) 1.88 mm radius hole, (5) 
2.5 mm radius hole and (6) 5.0 mm radius hole. Holes were centrally located in the specimens with an alignment fixture and 
made with an inside-taper hole punch.

The Whitney and Nuismer [1] failure criterion predicts that a sheet containing a central circular hole of radius R fails when 
the longitudinal stress, σy at a characteristic distance, d0, from the hole edge achieves the unnotched tensile strength of the 
material in the y-direction, σU  (i.e., failure occurs when                         ). This theory is called the point-stress criterion (PSC) 
and intuitively suggests that failure occurs when the longitudinal stress throughout the distance adjacent to the edge of the 
hole, d0, exceeds the unnotched tensile strength, σU. 

The PSC can be formally written as 

 
Where    is the tensile strength of the material containing the central circular hole

                  tensile stress concentration factor for an infinite plate

For our case, we have made two modifications to Equation (1). First, using the same technique as Kortschot and Trakas [2], 
the stress concentration factor for an infinite plate,     , is replaced in Equation (1) by that for our finite-width specimens,     , 
according to the following equation developed by Tan [3]:
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Where: W is the specimen width, 25 mm.

Second, we assume σU is an unknown. This last modification seems reasonable in that all commercial material have inherent 
defects due to the manufacturing process

We will show how inherent defect size and maximum possible tensile strength vary with humidity and relate these parameters 
to formation measurements.
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Experimental Characterisation of Paper for 
Corrugated Board
M.E. Biancolini, C. Brutti, S. Porziani

Department of Mechanical Engineering, Tor Vergata University, Rome
Contact: biancolini@ing.uniroma2.it

Corrugated board is widely used to ship and keep any kind of goods across the entire world. Due to ecological and economi-
cal reasons, the main goal in box design is to fit required box performances while minimizing paper material consumption.

An efficient utilisation of raw materials can be achieved if all design parameters affecting the performance of a container, as 
box dimensions number of layers and paper material, are carefully controlled. Predictive tools that rely on design formula or 
complex structural models require a complete characterisation of paper material constants.

Paper, due to its manufacturing process, can be treated as an orthotropic, fibrous material. As can be seen in Fig.1, it is 
possible to identify three main directions: Machine Direction MD, Cross Direction CD, and Thickness Direction TD (those 
direction can be also be applied in corrugated cardboard panels). Using this paper model and referring to the paper reference 
coordinate system, a complete characterisation of paper can be achieved considering five elastic constants and five strength 
constants. For an orthotropic 2D fibrous material, stress strain relation can be expressed as

1 21 1

12 21 12 21
1 1

12 2 2
2 2

12 21 12 21
12 12
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0
1 1

0
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0 0

E E

E E
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ν
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τ γ

 
 − −    
    =     − −        
 
 

Eq. (1)

Where index 1 refers to MD and index 2 refers to CD (stresses and strains in TD are neglected considering a 2D material). 
Matrix components in Eq. 1 can be identified performing simple tensile tests with a general purpose testing machine (Fig. 2) 
on differently oriented paper specimen (fig.4): for each material several specimens in three directions (0°-Machine direction, 
90°-Cross direction, 45° direction) by means of a CNC cutter has been extracted. Elastic constants were computed as reported 
in Table 1. Five strength constants have been computed for each paper: tensile strength in CD and MD, compression strength 
in CD and MD, and shear strength (Table 2). Strength constants reported in Table 2 can be used to verify tensional state of pa-
per subject to a specific load, by means of an appropriate failure criterion, such as Tsai-Wu or Tsai-Hill, which can take in ac-
count paper’s different behaviour in both principal directions. A wide test campaign has been carried on, based on the actual 
papers used at Smurfit-Kappa Anzio Plant. The complete range of paper tested is reported in Table 3. Computed constants are 
reported in Table 4 and Table 5.

Table1. Elastic constants 

1E  Young Modulus from 0° specimen 

2E Young Modulus from 90° specimen 

12G Theoretical relation: 

1

12
12

1 1 2 45

2 1 1 4G
E E E E






 
    
 

12 Empirical relation: 12 2 10.293 E E 

21  Theoretical relation: 21 12 2 1E E  
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Table 2. Strength constants 

1t  tensile strength in MD Ultimate stress in 0° specimens 

2t  tensile strength in CD Ultimate stress in 90° specimens 

1c  compression strength in MD SCT tests  

2c  compression strength in CD RCT tests 

12  shear strength Empirical relation: 12 1 2c c   
 
Table 3. Paper commonly used for facings. Class names following GIFCO 
nomenclature. 

Code Grammage  [g/m2] Class  Code Grammage  [g/m2] Class

KB3 140 White Kraft  F2 112 Fluting 
KB5 175 White Kraft  F4 140 Fluting 

K3 140 Kraftliner  S4 127 Semichemical

K5 170 Kraftliner  S6 150 Semichemical

LB3 135 White test 2  S9 175 Semichemical

LB5 185 White test 2  SS4 130 Semichemical

TB3 145 White test 3  SS6 160 Semichemical

T2 115 Testliner 4  SS9 180 Semichemical

T3 135 Testliner 4 
T5 185 Testliner 4 
L3 150 Testliner 3 
L5 185 Testliner 5 
L6 200 Testliner 6 
KL3 140 Testliner 1 
KL5 200 Testliner 1 
KL6 230 Testliner 1 

Table 4. Elastic constants for tested papers. 
Density 

[ 3kg m ]
1E

[Mpa]
2E

[Mpa]
12G

[Mpa] 12 21
K 5 656.49 3678 1473 1361 0.185 0.074 
K 3 638.53 4363 534 579 0.103 0.013 
TB 3 684.65 2567 1129 746 0.194 0.086 
LB 5 817.26 4024 2036 1172 0.208 0.105 
LB 3 807.22 4619 1611 1166 0.173 0.060 
KB 5 800.48 3280 1978 1138 0.228 0.137 
KB 3 805.75 4874 2257 1711 0.199 0.092 
KB 3 696.43 3262 1672 1031 0.210 0.107 
T 5 548.48 2577 1354 758 0.212 0.112 
T 3 614.04 3490 1273 980 0.177 0.065 
T 2 610.11 3822 1256 971 0.168 0.055 
L 6 649.71 2673 1759 984 0.238 0.156 
L 5 643.27 2646 1589 914 0.227 0.136 
L 3 648.71 3576 1607 1023 0.196 0.088 
KL 6 655.14 2803 1723 964 0.230 0.141 
KL 5 653.07 3167 1577 1129 0.207 0.103 
KL 3 675.47 4134 1806 1122 0.194 0.085 
SS 9 645.19 2968 1643 1054 0.218 0.121 
SS 6 683.04 3752 1689 1027 0.197 0.088 
SS 4 689.47 4179 2124 1288 0.209 0.106 
S 9 645.45 3396 1764 1014 0.211 0.110 
S 6 665.24 3980 1876 931 0.201 0.095 
S 4 648.48 4245 1965 1241 0.199 0.092 
F 4 569.92 3858 801 618 0.134 0.028 
F 2 593.75 3600 960 733 0.151 0.040 

 

Table 5. Strength constants for tested papers. 

1t 2t 1c 2c 12
[Mpa] [Mpa] [Mpa] [Mpa] [Mpa] 

K 5 56.16 15.38 9.45 6.80 8.02 
K 3 72.80 17.65 9.08 5.18 6.86 
TB 3 18.41 6.50 5.95 4.53 5.20 
LB 5 39.37 10.80 8.96 7.00 7.92 
LB 3 37.65 9.54 7.64 5.78 6.64 
KB 5 48.62 12.39 11.04 8.96 9.95 
KB 3 66.58 19.40 10.12 8.32 9.17 
KB 3 46.54 12.16 9.81 6.88 8.21 
T 5 18.95 7.55 6.66 4.92 5.72 
T 3 25.31 6.89 6.27 4.44 5.27 
T 2 25.29 7.29 5.49 3.64 4.47 
L 6 32.62 10.92 9.24 6.94 8.01 
L 5 26.55 8.96 8.37 6.77 7.53 
L 3 30.01 9.51 7.93 5.98 6.89 
KL 6 48.79 12.37 11.08 8.06 9.45 
KL 5 48.12 11.39 11.14 8.45 9.70 
KL 3 40.58 11.97 9.75 6.98 8.25 
SS 9 35.39 10.61 8.65 6.88 7.71 
SS 6 33.67 11.31 7.95 6.17 7.00 
SS 4 42.77 13.16 8.36 6.26 7.24 
S 9 33.23 11.36 8.21 6.76 7.45 
S 6 38.09 11.89 7.28 6.17 6.70 
S 4 38.07 12.07 6.87 5.38 6.08 
F 4 32.44 4.35 6.29 3.66 4.80 
F 2 22.27 5.78 4.89 3.06 3.87 
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1t 2t 1c 2c 12
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K 5 56.16 15.38 9.45 6.80 8.02 
K 3 72.80 17.65 9.08 5.18 6.86 
TB 3 18.41 6.50 5.95 4.53 5.20 
LB 5 39.37 10.80 8.96 7.00 7.92 
LB 3 37.65 9.54 7.64 5.78 6.64 
KB 5 48.62 12.39 11.04 8.96 9.95 
KB 3 66.58 19.40 10.12 8.32 9.17 
KB 3 46.54 12.16 9.81 6.88 8.21 
T 5 18.95 7.55 6.66 4.92 5.72 
T 3 25.31 6.89 6.27 4.44 5.27 
T 2 25.29 7.29 5.49 3.64 4.47 
L 6 32.62 10.92 9.24 6.94 8.01 
L 5 26.55 8.96 8.37 6.77 7.53 
L 3 30.01 9.51 7.93 5.98 6.89 
KL 6 48.79 12.37 11.08 8.06 9.45 
KL 5 48.12 11.39 11.14 8.45 9.70 
KL 3 40.58 11.97 9.75 6.98 8.25 
SS 9 35.39 10.61 8.65 6.88 7.71 
SS 6 33.67 11.31 7.95 6.17 7.00 
SS 4 42.77 13.16 8.36 6.26 7.24 
S 9 33.23 11.36 8.21 6.76 7.45 
S 6 38.09 11.89 7.28 6.17 6.70 
S 4 38.07 12.07 6.87 5.38 6.08 
F 4 32.44 4.35 6.29 3.66 4.80 
F 2 22.27 5.78 4.89 3.06 3.87 

 

Figure 1. Paper reference coordinate system

Figure 2. Testing Machine

Figure 3. Specimen preparation at Smurfit-Kappa 
Anzio Plant

Figure 4. Specimen orientations.

References
[McKee1963] - McKee, C.; Gander, J. W. & R., W. J. “Compression strength formula for corrugated boxes” - Paperboard 
Packaging, 1963, 55, 149-159 
[Baum1981] - Baum, G.; Brennan, D. & Habeger, C. “Orthotropic elastic constants of paper” - TAPPI Journal, 1981, 64, 97-
101 
[Bronkhorst2003] - Bronkhorst, C. “Modelling paper as a two-dimensional elastic-plastic stochastic network” - International 
Journal of Solids and Structures, 2003, 40, 5441-5454 
[Campbell1961] - Campbell, J. “The in-plane elastic constants of paper” - Australian Journal of Applied Sciences, 1961, 12, 
356-357

37

Proceedings, Sixth International Symposium: Moisture and Creep Effects on Paper, Board and Containers



38

This page intentionally left blank.

General Technical Report FPL–GTR–196



39

Session 4

Ian Chalmers, Chair 
Scion, Rotorua, New Zealand

Industry Efforts

Ultimately, the paper and paperboard manufacturing industries 
need to educate their customers on the effects of moisture-induced 
behavior of cellulose-based materials. Several manufacturers have 
modernized mills to create unique linerboards or mediums that 
behave impressively in variable moisture environments. Such product 
differentiation improves profit margins and retains customers. 
By providing knowledge of paper behavior during converting or 
printing, customers recognize methods to reduce losses in their 
processes. Novel materials, e.g., paperboard with vapor barriers, 
offer alternatives to products that are ultimately landfilled.
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Repulpable water vapor barrier coatings 
made easy
Ronald E Hostetler
U.S. Paper Consulting, Vancouver, WA, USA 
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Other Materials

67

All cellulose-based composite materials experience reduced 
strength and stiffness and increased failure strain in high moisture 
environments, but these changes occur at different magnitudes 
depending on material. Each species of solid wood has different 
moisture sensitivity that needs to be accounted for in structural 
applications. Composite material manufacturers often take 
advantage of the high strength to weight ratio of cellulose fibers for 
production of innovative products, using moisture sorption within 
their design. Other manufacturers need the high strength to weight 
ratio with very low moisture sensitivity and rely on impervious 
laminations.
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Strength properties of low moisture  
content yellow-poplar and Southern Pine
David E. Kretschmann, Research Engineer
David W. Green, Supervisory Research Engineer, Emeritus

U.S. Forest Service, Forest Products Laboratory, Madison, Wisconsin

Contemporary engineering design practices in the United States require information on the strength of lumber for moisture 
contents as low as 4%. Efficient design of experimental studies on lumber properties at low moisture contents requires a 
better understanding of the basic mechanisms controlling moisture-property relationships. A study is being conducted on the 
effect of moisture content on strength and stiffness in bending, tension and compression parallel and perpendicular to grain, 
and longitudinal shear in yellow-poplar (Liriodendron tulipifera L.). Results of this study and one previously conducted on 
Southern Pine (Pinus taeda) will be compared and there implications on structural performance discussed.
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Hygroexpansion of plant-based fiber mats 
for “green” composites
P.J.J. Dumont1, J.-F. Bloch1, L. Orgéas2, B. Vermeulen3, P. Vroman3, S. Rolland du Roscoat2

1. Laboratoire de Génie des Procédés Papetiers (LGP2), CNRS / Institut polytechnique de Grenoble (Grenoble 
INP) - BP 65 - 38402 Saint-Martin-d’Hères cedex9, France

e-mail : pierre.dumont@efpg.inpg.fr

2. Laboratoire Sols-Solides-Structures-Risques (3S-R), CNRS / Université de Grenoble (UJF & Grenoble INP) - 
BP 53 - 38041 Saint-Martin-d’Hères, cedex 9, France

3. École Nationale Supérieure des Arts et Industries Textiles (ENSAIT), 2 allée Louise et Victor Champier, BP 
30329, 59056 Roubaix cedex 1, France

Keywords: composites, plant fibers, dimensional stability, hysteresis, anisotropy, X-ray microtomography

There is a growing interest in making renewable and sustainable composite materials. Plant fibers are suitable to reinforce 
composites due to their high strength and stiffness with respect to their low density. Nonetheless, they have intrinsic draw-
backs such as their poor dimensional stability when subjected to changes in temperature or moisture.

This study aims at describing the microstructural deformation phenomena of plant-based fiber mats that are induced by 
changes in the relative humidity (RH) of the ambient air. Tested mats were formed with flax fibers of various qualities. They 
were produced by opening the fiber bales by carding and subsequently orientated to cross-machine direction by using a cross-
lapper to form a web of required basis weight. Finally they were needle-punched and hydro-entangled. 

At the macroscopic scale, the in-plane dimensional variations of these mats were studied by using a specially developed 
device. At the microscopic scale, an in situ analysis of the 3D evolution of their microstructure was carried out by using the 
synchrotron X-ray microtomography (European Synchrotron Radiation Facility, Grenoble, France). In parallel, their sorption 
properties were studied. During these various experiments, samples were subjected to the same relative humidity (RH) cycles 
(RH varying between 20 and 80%) at a constant temperature of 23°C.

Results show hysteresis phenomena for the absorption and desorption properties, as well as for the hygroexpansion of these 
fibrous mats. In this latter case, results emphasize also the influence of the anisotropic structure of the tested fibrous mats. At 
the microscopic scale, the analysis of the X-ray microtomographies highlights the combined evolutions of the porosity and of 
the geometry of the fibrous phase during the RH cycles. Accounting for these various observations, a model for the hygroex-
pansion of these mats is proposed.
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Sergiy Lavrykov, Chair 
Empire State Paper Research Institute (ESPRI), Syracuse, New York

Modeling and Creep Response

Recent advances in corrugated container modeling incorporate 
nonlinear, viscoelastic behavior of medium and linerboard along 
with sophisticated geometry. Powerful numerical analysis is now 
possible on desktop computers. These developments allow box 
designers to analyze multiple, non-related failure mechanisms 
while optimizing container weight and cost.
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Corrugated board box design using full  
detailed FEM modelling
M.E. Biancolini, C. Brutti, S. Porziani
Department of Mechanical Engineering, Tor Vergata University, Rome
Contact: biancolini@ing.uniroma2.it

Due to its large use in shipping and keeping goods, interest in corrugated board box design is grown in the last period. The 
main request for a box is to support its own weight and of any other box stacked on it without damage. 

The performance can be predicted by means of design formula or complex structural models. An accurate prevision allows 
an optimisation of the product that can be achieved finding the best composition (i.e., number of layers, corrugation type 
and materials). Furthermore a local analysis of the stress field allows the optimisation of ventilation holes and handles holes 
shape and position. 

Finite Elements Modelling (FEM) allows to estimate the local stress field an can be conducted at two level of complexity. 
The first one consists in the modelling each wall of the container with shell elements, condensing the internal structure by 
means of the lamination theory or homogenisation, the second one consists in the complete modelling of each layer of paper 
material representing its actual shape. The last approach is very difficult to implement for two reasons: the numerical cost of 
the calculation, and the complexity of the model. For this reason such kind of analysis is still confined to research field.

This paper is focused on the full detail modelling of corrugated board containers. A dedicated software has been developed 
for FEM model preparation (Fig.1). The tool allows to generate a detailed mesh of a generic container. Starting parameters 
include: paper materials (selected from a database), number of wave (single or double wall, Fig.5), box dimensions (includ-
ing flaps, Fig.3), creasing shape (Fig.4) and adhesive stiffness (adhesive joining is represented by single node to node con-
nectors), meshing parameters (local refining can be prescribed in the critical areas, Fig.2).

Proposed tool allows to quickly set-up parametric analysis with a minimum man effort (of course a lot of CPU is required for 
the non linear analysis completion). Numerical previsions are discussed from different perspective: 

• a detailed modelling allows to better understand the structural behaviour of the container and its failure mechanism; 

• a wide parametric analysis allows to define design maps that would be very expensive to obtain experimentally; 

• a comparison between experiments and numerical prediction can be performed to understand the differences between the  
  FEM model (representative of an ideal container) and reality; 

• full detail modelling can be used as a reference for the tuning of simplified models based on design formula or shell based  
  FEM.
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Figure 1. Graphical User Interface

Figure 2. Box FEM model

Figure 3. Real box and 
symmetrical model.

Figure 4. Implemented creasing shapes.

Figure 5. Single and 
double wall corrugated 
board profiles.
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Mechanical model on creep properties 
of double-wall corrugated paperboard

Note: Travel difficulties prevented Professor Guo from presenting his paper.
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transient elastic deformation rule of spring, yet the second term 3 (1 )te eα αε −= −  is an

exponential function and accords with the deformation rule of Kelvin Model.[8] By the above
analysis, the first mechanica odel may be establ hed as the combined m el of damper, springl m is
and Kelvin Model, which is shown in Fig.1, and it consists of four parameters such as viscosity
factor

od

1η , elastic modulus , viscosity factor2E 3η  and elastic modulus  of Kelvin Model.3E

Fig.1 The first mechanical model with four parameters

For the first mechanical model with four parameters, the stress strain constitutive relations of
damper, spring and Kelvin Model are respectively described as follows:

Calculation of model parameters
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par ay be

(1) During the initial stage of loading (

So, by using coefficient method, the four ameters of mechanical model m calculated
according to the following procedure: 

1t ≤ ), by comparing the strain 1 0a tε = with the first 

scosityexpression of Eq.(3), the vi factor of damper is derived as 0
1

0a
ση = . Then substituting the

characteristic factor and constant compression load0 0a σ at twenty different experimental

conditions in Table.1 into 1η , the viscosity factor of damper 1η are calculated and shown in 
Table.2.

le.2 ter erTab Viscosity parame of damp 1η (104Pa ⋅ s)

Const pre adant com ssion lo 0σ /10kPa
RH/%

60 10.5897 11.5053 11.3216 7.0700 4.9946
1.688 1.842 1.996 2.150 2.304

70 7.7396 7 6.6823 5.7920

90 4.7456 3.4346 2.8240 3.0346 2.6535

.9637 5.5212
80 5.9124 5.0041 5.0519 4.6376 4.6016

(2) During the creep stage of loading (1 168t< ≤ ), by comparing 2 0 1a eαε = + −

ained as 

with the second

expression of Eq.(3), the elasticity parameter of spring is obt 0
2

0 1a e
E α

σ
= . Then 

substituting the characteristic factors  and 

+ −

0a α , and constant compression load 0σ  at twenty
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Compression fatigue creep of paperboard
C. Tim Scott and Roland Gleisner
U.S. Forest Service, Forest Products Laboratory, Madison, Wisconsin

Mechanical fatigue creep is the imposition of a cyclic stress on a structural element causing irreversible deformation. Fatigue 
is typically characterized by a mean stress level about which a periodic stress is imposed whose amplitude and frequency 
can vary with time. Considerable effort has been made to characterize the fatigue properties of materials, principally metals, 
since catastrophic failures are often associated with cyclic fatigue stresses, particularly when defects are present. Both tension 
and compression fatigue stresses are present in many paper processes and applications. In the papermaking process itself, the 
paper web experiences periodic tensioning as it winds through the machine. It may again experience more cyclic stress as it is 
unwound and converted. The core on which it is wound and unwound may also experience considerable cyclic stresses which 
have been known to cause failures, particularly near the chuck. 

In a specific structural application of paper, corrugated boxes are designed to carry considerable stacking loads but may also 
experience cyclic compression stresses in the shipping environment. Even humidity variations can lead to considerable cyclic 
stresses in warehouse environments. Attempts have been made to measure the stacking strength of boxes exposed to various 
vibration loads and under cyclic humidity conditions. Likewise, attempts have been made to measure the compression creep 
response of linerboard and medium under cyclic humidity conditions. However, little is known about the fatigue strength of 
the paperboard exposed to cyclic compression stresses or how fatigue cycling may be used to predict moisture hysteresis. 

This paper will present an overview of the instrumentation and experimental approach developed to evaluate cyclic com-
pression fatigue of paperboard. A heavy linerboard sample (BW = 260gsm), cut for cross-machine direction specimens, was 
selected for initial tests. Four cyclic frequencies were evaluated (.2, 2, 20, and 200 Hz). The mean compressive stress was 
chosen not to exceed 80% of the “static” compressive fail load. Specimens were subjected to cyclic fatigue for at least 1-hour 
or until they failed. The cyclic creep portion of the data was fit to a power-law function and creep rates were determined at 
various time intervals.
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Session 7

M.E. Biancolini, Chair 
University of Rome, Rome, Italy

Moisture and Time Response

Cellulose materials have hierarchal structure, and various 
degrees of viscoelastic behavior occur at all structural levels, but 
measuring these effects becomes particularly challenging when 
approaching microstructures. Improvements in test equipment 
allow more complete analysis of these behaviors. Recent work on 
cellulose fiber mechano-sorptive behavior helps define a range of 
performance in fiber webs, where continuum behavior is measured. 
The vast spectrum of time, temperature, and moisture behavior of 
cellulose materials provides an important area of future research.
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Use of ultrasonic velocity measurement 
to investigate moisture-induced stress 
relaxation in paper
David Vahey, John Considine, Roland Gleisner
U.S. Forest Service, Forest Products Laboratory, Madison, Wisconsin 

Introduction
Convenient, non-destructive ultrasonic velocity testing is useful for studying the influence of moisture treatments on paper 
performance. Ultrasonic testing is sensitive to internal stresses developed during paper manufacture and responds to the loss 
of such stresses induced by moisture treatments. The goal of this work is to characterize the internal stresses in paper by 
monitoring their degradation under moisture cycling.

The present approach uses ultrasound to characterize the stiffness of a set of commercial papers covering a wide range of 
grammage and function. The papers were subjected to repetitive cycles of soaking, preconditioning at 30% RH, and recon-
ditioning at 50% RH, all done without drying restraint. Following each cycle, the stiffness anisotropy and orientation-angle 
(the “peanut curve”) were determined ultrasonically. Both shear and tensile stiffnesses were measured.  Dimensional changes 
in the samples were also measured.

This approach to study the relation between drying stresses and stiffness orientation is the reverse of that commonly taken. 
Wahlström and Mäkelä (2005) and Hess and Brodeur (1996) both related handsheet stiffness properties to fiber orientation 
and the degree of drying restraint [1,2]. They found that stiffness and fiber-orientation anisotropy were the same for sheets 
dried under full restraint. For sheets that were freely dried or dried under partial restraint (wet straining), they found that the 
stiffness anisotropy was higher than the fiber-orientation anisotropy. Hess and Brodeur (1996) also showed that the fiber 
misalignment angle was invariably larger than the stiffness misalignment angle. However, a theoretical basis for the observa-
tions was not provided.

A heuristic model suggested by the findings is

where E(θ) is the sonic modulus at orientation angle θ, EB is the (isotropic) modulus contribution from bonding, F is the 
contribution from fiber orientation anisotropy AF and orientation θF, and S is the contribution from stress orientation anisot-
ropy AS and orientation θS. The analysis of our experiments will be based on this model, using the assumptions that (1), the 
fiber orientation distribution F is unchanged as a result of moisture cycling, and (2) the isotropic bonding contribution EB 
is unchanged by moisture cycling. This leaves stress orientation S as the variable to be characterized by repeated soaking-
drying cycles.

Samples and Tests
The samples used in the study were four boards and four office papers.  The samples have had an extensive measurement 
history in connection with previous work on z-direction fiber orientation [3]. As part of previous work, two specimens from 
each sample were measured on commercial ultrasonic testing equipment offered by SoniSys Corporation, Atlanta, Georgia. 
Measurements included the “peanut curve” associated with the in-plane propagation of longitudinal sound waves. In ad-
dition, shear propagation was measured in the cross-machine direction (CD) and at 45º to the CD. In the current work, the 
same specimens were measured after each of five wetting/drying cycles using two Sonic Sheet Testers model SST-250, made 
by Nomura Shoji Corporation, Japan. One of the testers was used as produced.  The other was modified to measure in-plane 
shear waves. Calibration of the shear velocity measurement was done by comparison to the shear measurements provided by 
SoniSys on the same samples.

Specimen shrinkage in the MD and CD was also measured after each moisture cycle. Measurement resolution was 0.25 mm. 
corresponding about 0.1%. After five moisture cycles, typical total shrinkage was about 1.0%, corresponding to 10 resolution 
elements.

( ) ( ) ( )SSFFB ASAFEE θθθθθ −−= ,, Eq. (1)
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Wood	fibres	do	indeed	show	mechano-sorptive	creep.				

Lennart Salmén, Anne-Mari Olsson, Christer Fellers 
STFI-Packforsk
Box 5604,
SE 114 86 Stockholm,  
Sweden

Abstract

The phenomenon of increased creep during changing moisture has been observed for long, 
both for wood and paper products. This accelerated creep, termed mechano-sorptive creep, is 
a complex phenomenon that has been extensively studied from the time of its discovery in the 
late 1950ties. At a time it was argued that wood fibres did not show this mechano-sorptive 
creep and therefore the effect was sought in the structure of the paper and the bonding 
between the fibres. The claims for this arguing were mainly based on measurements of 
holocellulose fibres. However later studies to some extent questioned this result, as being a 
consequence of inadequate moisture sorption rates, but also due to observations that 
regenerated cellulose fibres did show mechano-sorptive creep.  

In order to clarify the behaviour for wood and pulp fibres a fibre testing methodology was 
adopted enabling single fibre testing under climatic variations. For this purpose single wood 
and pulp fibres were prepared either by careful microscopic isolation of native wood fibres 
from a single annual ring of a spruce tree or as holocellulose spruce pulp fibres isolated by 
maceration of the wood. These fibres were one by one glued, using a stiff moisture insensitive 
glue, to a tensile stage of a dynamic mechanical analyser, DMA, and tested. Each single fibre 
was first exposed to a tensile stress at a constant climate of 80% relative humidity, RH, 
followed by a cycling environment varying between 80 and 30 %RH. A number of fibres 
were measured in this way at different stress levels.
Contrary to earlier claims it was by these measurements demonstrated that single wood and 
pulp fibres exposed to a cyclic relative humidity indeed show a considerably higher creep 
than that corresponding to the highest RH experienced in the humidity cycle, i.e. showing a 
mechano-sorptive creep behaviour. The cyclic creep rate was also shown to be a function of 
the constant creep rate and to be an apparent linear function of the applied stress.
The ratio between the cyclic creep rate to the constant creep rate was about 2 for the wood 
fibres and around 2.9 for the holocellulose fibres. This should be compared to a ratio of 5 
shown to be the case for papers. If this discrepancy is related to influence of fibre-fibre bonds 
or to the fact that transverse fibre properties play a role have to be further investigated. 
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Hygroexpansivity of thermally aged papers
J.M. Considine1*, M.J. Wald2, R.E. Rowlands2, and K.T. Turner2

1 U.S. Forest Service, Forest Products Laboratory, Madison, Wisconsin
2  University of Wisconsin, Madison, Wisconsin
*contact author: jconsidine@fs.fed.us

Confidence in the performance of engineered paper products can be increased through knowledge of how mechanical proper-
ties, such as strength, stiffness, and hygroexpansivity change with exposure to various conditions. Environmental effects 
present during storage of paper products can greatly degrade and change the mechanical performance. The primary aim of the 
present work is to characterize changes of mechanical properties, including tensile response and dimensional stability, with 
aging and to develop time-dependent models to describe the behavior.  Specifically, this research evaluates the effects of ther-
mal aging on the properties of two different papers using tensile testing and hygroexpansivity measurements. The change in 
stiffness, strength, and hygroexpansivity was measured for papers aged at different temperatures for various lengths of time. 
An Arrhenius relationship was used to shift the data collected at various temperatures to a master curve where possible. Full 
details of experimental results as well as insight into the underlying mechanisms of aging will be presented in this talk.
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The Influence of Heterogeneity on Tensile 
Accelerated creep in Paper
Chuck Habeger, Douglas Coffin
The Institute of Paper Science and Technology

Abstract
The presentation begins with a brief review of our preferred explanation for accelerated creep. We previously argued that 
accelerated creep is a result of the load dependence of the creep constitutive equation (JPPS 26(4) pp. 145–157 (2000)). 
Materials suffer more creep when subjected to a cyclic load than when held a constant load of the same average magnitude. 
Moisture cycling results in localized load cycling and therefore in additional creep. There are two ways this can happen. We 
call one of them “moisture-gradient-driven accelerated creep:” during sorption, transient moisture gradients pass through the 
sample, and differential swelling leads to stress gradients. The other is “heterogeneity-driven accelerated creep” Moisture 
cycling combined with spatial variability in hygroexpansion can also produce localized stress cycling.

If the humidity is changed rapidly compared to the sample sorption time, if the humidity cycle time is not much less than 
or much greater than the sample sorption time, and if the moisture transport conditions are such that a significant portion of 
moisture gradient is across the sample, moisture-gradient-driven accelerated creep will be observed in hydrophilic materials. 
Heterogeneity-driven accelerated creep doesn’t have the same stringent requirements on sorption conditions, but it can only 
occur in materials made of parts with disparate responses to moisture. We contend that, if properly cycled, all hydrophilic ma-
terials will exhibit extra creep. We attribute this general action to moisture-gradient-driven accelerated creep. Heterogeneity-
driven accelerated creep is a rarer phenomenon that we suspect is also active in paper.

Because of the great difference between radial and axial hygroexpansion of wood fibers, paper has an unusual opportunity 
to display heterogeneity-driven accelerated creep. Fibers bonded together in the sheet will often have different orientations. 
Hygroexpansion results in dimensional incompatibilities, and cyclic humidity changes cause cyclic, fiber-level stress gradi-
ents. Compared to similar, but-homogeneous materials, paper suffers a great deal of accelerated creep. Cellophane has more 
hygroexpansion and greater creep enhancement through load cycling than does paper, yet it is less prone to accelerated creep. 
The reason for this may well be that paper is also subject to heterogeneity-driven accelerated creep.

To address the question of the role of heterogeneity in paper-accelerated creep, we tested papers made from a combination of 
furnishes. We selected bleached kraft softwood and thermo-mechanical pulps (TMP). When dried under full restraint, the pure 
TMP sheets had about 20% more hygroexpansion than the BKS ones. We compared sheets made from 50-50 blends of the 
two pulps with the single-furnish pulps and mixed-furnish multi-ply sheets with single-furnish multi-ply sheets. After decid-
ing on a method to quantitatively rate accelerated creep, we concluded that heterogeneous layering did contribute to acceler-
ated creep, whereas fiber blending did not. We surmise that the extra fiber-level heterogeneity contributed by fiber blending 
was small compared with that already present because of anisotropic fiber swelling. However, layering with plies of different 
hygroexpansion opened up a new scale for heterogeneity-driven accelerated creep.
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