Zeitschrift: Schweizerische Zeitschrift fur Forstwesen = Swiss foresty journal =
Journal forestier suisse

Herausgeber: Schweizerischer Forstverein

Band: 154 (2003)

Heft: 12

Artikel: Modelling of mechanical properties of wood and wood-based materials
Autor: Gustafson, Per Johan

DOl: https://doi.org/10.5169/seals-1098210

Nutzungsbedingungen

Die ETH-Bibliothek ist die Anbieterin der digitalisierten Zeitschriften auf E-Periodica. Sie besitzt keine
Urheberrechte an den Zeitschriften und ist nicht verantwortlich fur deren Inhalte. Die Rechte liegen in
der Regel bei den Herausgebern beziehungsweise den externen Rechteinhabern. Das Veroffentlichen
von Bildern in Print- und Online-Publikationen sowie auf Social Media-Kanalen oder Webseiten ist nur
mit vorheriger Genehmigung der Rechteinhaber erlaubt. Mehr erfahren

Conditions d'utilisation

L'ETH Library est le fournisseur des revues numérisées. Elle ne détient aucun droit d'auteur sur les
revues et n'est pas responsable de leur contenu. En regle générale, les droits sont détenus par les
éditeurs ou les détenteurs de droits externes. La reproduction d'images dans des publications
imprimées ou en ligne ainsi que sur des canaux de médias sociaux ou des sites web n'est autorisée
gu'avec l'accord préalable des détenteurs des droits. En savoir plus

Terms of use

The ETH Library is the provider of the digitised journals. It does not own any copyrights to the journals
and is not responsible for their content. The rights usually lie with the publishers or the external rights
holders. Publishing images in print and online publications, as well as on social media channels or
websites, is only permitted with the prior consent of the rights holders. Find out more

Download PDF: 01.05.2026

ETH-Bibliothek Zurich, E-Periodica, https://www.e-periodica.ch


https://doi.org/10.5169/seals-1098210
https://www.e-periodica.ch/digbib/terms?lang=de
https://www.e-periodica.ch/digbib/terms?lang=fr
https://www.e-periodica.ch/digbib/terms?lang=en

Modelling of mechanical properties of wood and wood-based materials

GUSTAFSSON, P.J.:

Modelling of mechanical properties of wood

and wood-based materials

PER JOHAN GUSTAFSSON

Keywords: Wood; fibre; material structure; modelling; simulation; finite element.

1. The concept of modelling

In a scientific context modelling requires a mathematical or
theoretical description in order to reproduce or simulate cer-
tain physical properties, performances or a course of events.
Given the wide range of disciplines involved there is a risk of
misunderstandings between disparate areas of research,
e.g. engineering and biology. The concept of the modelling
of mechanical properties as used by forest scientists, tim-
ber engineers, wood scientists and technologists can have
several meanings. The most widely used are probably the
following:

e Statistical regression analysis: the development of a best-fit
equation by means of empirical data. Such an equation
shows how a parameter, e.g. the stiffness of clear wood, is
affected by one or more other parameters, e.g. the density
of the wood.

e Continuum mechanics’ constitutive equations for the per-
formance of a material. «Hook's law» is a simple example
of such an equation. The material is assumed to be a con-
tinuous homogenous medium, which performs in a linear
elastic manner with respect to deformation, i.e. showing
proportionality between stress and strain, the constant(s)
of proportionality being different for different materials
and determined by experimental testing.

o |dealized and simplified mathematical definitions of quan-
tities such as geometry, load and support of a structure.

e Equations and formulas derived from well-defined basic as-
sumptions. Such equations are primary rational rather than
empirical, although commonly including one or more pa-
rameters that must be determined by tests. An example is
the explicit formula for calculating the stress in a beam, as-
suming validity of beam theory and linear elastic properties
of the material. A further example is the ordinary differen-
tial equation for 1D moisture flow derived at the assump-
tion of proportionality between moisture gradient and
flow.

e Numerical simulations of the performance of a structure or
a body. Such simulations are often carried out using the fi-
nite element method, which isa numerical method for solv-
ing differential equations. In turn, these differential equa-
tions represent a model (the so-called governing equa-
tions) of the structural performance and, consequently, are
usually based on natural laws (the equations of equilibrium
being very important in mechanics) and continuum me-
chanics equations (models) for the performance of a mate-
rial and models for the geometry and the loading of the
structure. The simulations may refer to mechanical quanti-
ties - stress, deformation or strain in the structure — or
other physical quantities, such as moisture or temperature.
The structure or body analysed may range from a large
building to the micro-structure in a material.

The present examples of modelling are numerical simula-
tions by means of the finite element method. They deal with
material properties at various levels of scale. Figure T shows
the size hierarchy of wood as a structural material and as the
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raw material for wood fibre based materials. For the past
decade, research done at the Division of Structural Mechanics
at Lund University has included model development research
studies of some materials and products in the two legs of the
forest product industry indicated in the figure.

2. Micromechanical modelling of wood
and fibre properties

Starting from the properties of the chemical constituents of a
microfibril, PErsson (2000) developed models for theoretical
predictions of the stiffness and hygro-expansion coefficients
of the cell wall layers. Then, starting from the cell wall prop-
erties, predictions were made of the properties of clear wood,
made up of a large number of cells forming an annual ring.
Such a chain of models makes it possible to identify the micro-

Microfibril

Wood structure

Figure 1: Wood at different scale as the raw material for structural
elements and fibre based products.
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Cellulose

Hemicellulose

Cellulose

Hemicellulose

Figure 2: Two models of the structure of the cross-section of a
micro-fibril.

scale parameters that influence the material performance at
the macro-scale, where wood is regarded as a homogeneous
material.

Figure 2 shows two different geometry models of the cross-
section of a microfibril, assumed to be built of three con-
stituents, each having known properties in terms of orthotropic
linear elastic properties, defined by the nine elasticity parame-
ters and the three hygro-expansion parameters of such materi-
als. The properties of a cell wall layer, regarded as a homoge-
neous continuum, were obtained by analysing the stiffness
properties of an assembly of microfibrils using the finite ele-
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ment method and a homogenization method for periodic
three-dimensional structures. The properties of a cell wall layer
will be effected by the volume fraction of the constituents and

the orientation of the microfibrils in the cell wall layer.
Knowing the properties of the cell walls, each fibre was as-
sumed to be built of three layers: the thin, inner S3 layer,
which may have a significant slope

of the microfibrils, the thick S2 layer

and a third layer representing the
S1 layer, the primary wall and the
middle lamella. The thickness of the
cell wall layers, as well as the total
cell wall thickness and the shape of
the cross section of a cell, were as-
sumed to vary within an annual ring
according to microscope observa-
tions. In the modelling of the geom-

etry of the cells we analysed both

uniform geometries and geome-
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tries with irregularities. Figure 3
shows a picture of an annual ring of
i softwood, together with the geom-
etry of a finite element model. The
finite element model is a three-di-
mensional model, where each cell is
represented by a number of solid el-
ements.

Knowing the variation in wood
density from pith to bark of and the
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and hygro-expansion properties
vary within a tree with micro-to-
macro modelling. The right-hand
side of Figure 4 shows computa-
tional results of the hygro-expan-
sion coefficient in the radial, tan-
gential and longitudinal direction
of clear wood. Corresponding ex-
perimental results are shown on the
left-hand side. The results are valid

o
&
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40 50 60 70 80

for Norway spruce with moisture

Figure 4: Experimental (left) and calculated (right) hygro-expansion coefficient in longitudinal,

radial and tangential direction versus number of growth rings.
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content of approx. 12%. The exper-
imental results relate to samples
from 11 trees and three different
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Figure 5: Free deformation of fibers during drying.
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Figure 6: Force versus deformation during squeezing of fibers.

heights of each tree. The curves in the diagrams on the left are
best-fit-curves drawn according to the experimental results.
Figure 5 and 6 show results from two other finite element
simulations of the performance of fibres, both from Persson
2000. Figure 5 shows the free deformation (twist) of fibres
when dried from 30% to 0% moisture content. The right-hand
side fibre is a collapsed fibre of the type found in paper. The
colours or darker/lighter areas illustrate the magnitude of the

stresses that develop within the fibre during the drying
process. The diagram in Figure 6 shows calculated load versus
deformation during compression and collapse (squeezing) of
fibres when loaded perpendicular to its length axis. Such de-
formation of fibres is a part of the pulp and papermaking
process. Different amounts of energy are needed for the de-
formation, depending on the direction of the load.

3. Modelling of drying distortion
of boards

Timber structural elements show moisture induced shape in-
stability. A certain proportion of sawn boards delivered to a
building site are usually distorted during the timber drying
process, sometimes to such an extent as to render them use-
less for the foreseen purpose. The magnitude of the distortion
varies greatly for different boards. To study the development
and magnitude of distortion induced by the drying process,
ORMARSSON (1999) developed a finite element simulation
model. Material property parameters effecting the distortion
were surveyed and experimental verification carried out of
the theoretical simulation. The work was part of a European
research project, partly reported by DaHLBLOM et al. (2001).

In the simulation the wood was regarded as a continuous
orthotropic material with varying material orientation and
properties within the board. The material orientation at any
given point was measured according to the spiral grain angle
and growth ring orientation, which were determined by dis-
tance to the pith and the location and orientation of the
board in relation to the pith of the log. The material proper-
ties in terms of elastic stiffness parameters and shrinkage co-
efficients were determined by distance to the pith of the log.
The material performance model assumed the strain at any
point to be the sum of elastic strain, shrinkage strain and
mechano-sorptive strain.

In addition to the material and geometrical data, the sim-
ulation input (cf. Figure 7) includes the moisture distribution
during the drying process. This distribution was obtained by
separate moisture flow finite element analysis. The simulation
method was verified by means of test results from almost 700
boards originating from 274 spruce trees in 29 stands in Fin-
land, Sweden, Germany, France and England. Figure 8 shows
two examples of calculated drying induced distortion of
boards.

The actual simulation model has also been used to calculate
the drying distortion of green-glued structural elements (Or-
MARSSON 1999). Figure 9 shows beams made up of four parts
of a log, glued together to form a beam with a centre hole. It
is clear that the twist distortion can be significantly reduced
by appropriate orientation of the glued parts.

Figure 7:
Finite element
Distribution of material properties and simulation of
fibre orientation within a log. drying distortion
of boards.
Geometry of the board and its location - Finite element Distortion
and orientation within the log. simulation - of board
Moisture distribution within the board ’ l
during the course of drying. Twist
Bow
Spring
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Drying distorted green-glued structural elements.

Figure 9.
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Figure 12: Calculated global stress versus strain curves for fluffy material with various fibre-to-fibre ductility (left) and various fibre

network density.

4. Modelling of fluffy materials

Dry-shaped cellulose fibre based materials are used in the pro-
duction of hygiene products, such as diapers, or for insulation.
The mechanical performance, in particular the strain instabil-
ity and localisation during fatigue, damage and fracture is im-
portant when used in diapers. To enable studies of the me-
chanical performance, finite element simulation models of
the material structure were developed (HEypen 2000).

Figure 10 shows a micrograph of a fluffy material (right). To
the left, there is a two-dimensional model and in the middle,
a three-dimensional model. The fibres are represented by
curved beam elements in the finite element simulations. The
fibre-to-fibre interaction where fibres are in touch is repre-
sented by linkage elements with friction stick-slip deforma-

tion properties. The geometry of the simulated material struc-
ture is randomly generated, taking any prescribed fibre ori-
entation distribution, fibre length distribution, fibre curl and
network density into account. Since the structure is stochastic,
several nominally equal structures are generated and
analysed, making it possible to evaluate average and scatter
in the mechanical property to be studied. Studied properties
include the elastic stiffness matrix, strength, fracture energy,
course of fracture and the global non-linear stress versus
strain performance. These properties were determined by cal-
culating the structural response to external load or prescribed

normal and/or sheer deformation in one or more directions.
The area or volume of the cell of material under observa-
tion is very small, the side length of the cell typically being
only one or a few times the length of a fibre. However, the
structure's loading response is due to use of pe-

riodic geometry and cyclic loading conditions
valid for a piece of material of an infinitely larg-

2

Notched beams Gy test
method

er size. The periodic geometry means that a cell
exactly fits all neighbouring cells in an infinitely
large structure, all cells having the same geome-

Dowel joints

=

Glued-in rods

v v

try. The cyclic boundary conditions mean that
there is equilibrium and geometrical fit at every
point of the cell boundaries, even when struc-
ture is loaded.

Figure 11 shows a 3-D representation of a ma-
terial cell with an enlargement on the right-hand
side showing the linkage fibre-to-fibre finite ele-
ments. Examples of computational results are in-
dicated in Figure 12. The curves show global
stress versus strain of simulated material struc-
tures. They were obtained from the reaction
force in the x-direction acting on the structure
when subjected to incremental increase of elon-

gation in the x-direction. The diagram on the left
shows the influence of the fibre-to-fibre linkage

properties when the strength of the connection
is kept constant but the ductility varied. The dia-
gram on the right shows the effect of the fibre

Light-weight beam with a hole

O

network density, defined as total length of the fi-
bres per volume of material. We found that a
fairly small increase of the density can signifi-

0O

cantly increase the strength of a more brittle fail-
ure performance, indicated by a steeper slope of

0

Figure 13: Structural elements and a test specimen analysed by fracture mechanics

modelling.

508

the curve during the damage process when the
stress is decreased.
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5. Concluding remarks

The above examples of modelling represent numerical simu-
lations by means of the finite element method. In line with a
seemingly unlimited increase in computing power, it has be-
come possible to develop more advanced modelling. A pow-
erful computer, however, does not guarantee good simula-
tions. Access to accurate constitutive material models to math-
ematically define mechanical properties and performance at a
specific «point» or in a small volume of the material are vital
in producing good simulations. In addition it is necessary to
have good descriptions of the actions in terms of loading and
climatic conditions, as well as the build and geometry of the
structure to be analysed, be it a material structure, the struc-
ture of some product or a building structure. This means that
there is demand for experimental tests and observations to
provide both input data and data for verification. It is to be
expected that the purpose, demands and methods of experi-
mental research will be significantly affected by the ongoing
development of methods for rational theoretical modelling.

The modelling examples described above focused on the
deformation analysis of materials. To complete the picture to
a certain extent, Figure 13 shows examples relating to the
strength and the fracture analysis of structural elements. The
elements shown were analysed using fracture mechanics, em-
ploying either finite elements or various kinds of beam theo-
ry as tools for the calculations. By using rational fracture me-
chanics modelling based on energy balance equations instead
of relying only on compilations of experimental strength data,
the available experimental data can be used much more gen-
erally. In addition attention is drawn to certain phenomena,
which is not always the case when using only empirical data.
One such phenomenon is the size effect in load capacity when
structural geometry leads to stress concentration instead of
uniform stress distribution. Another similar phenomenon is
the dualism between material strength and material fracture
toughness as decisive for the load bearing capacity of a struc-
tural element. The examples in Figure 13 are taken from Mor-
Ris et al. (1995), SERRANO (2000), GUSTAFSSON & LARSEN (2001),
GUSTAFSSON et al. (2001) and GusTaFssoN (2003).

Summary

Modelling is a wide concept. This paper describes various
meanings of modelling in relation to mechanical properties of
wood and wood-based materials. Three examples of model-
ling by means of the finite element method, presented in re-
cent years in PhD theses, are used as reference points. They re-
late to modelling of the micro-structure of wood and its me-
chanical properties, modelling of drying-induced distortion of
boards and modelling of the micro-structure and properties of
dry-shaped cellulose fibre materials. The paper concludes with
remarks on some studies relating to fracture simulations,
strength modelling and glued joints.

Zusammenfassung

. Modellierung mechanischer Eigenschaften von
. Holz und Holzwerkstoffen

Das Konzept der Modellierung ist breit gefachert. In diesem

Aufsatz werden zuerst verschiedene Bedeutungen von Model-
| lierung bezlglich mechanischer Eigenschaften von Holz und
| Holzwerkstoffen aufgefiihrt. Danach werden drei Beispiele
von Modellierung anhand der Finiten-Element-Methode ge-
nannt, die in ktirzlich erschienenen Doktorarbeiten prasentiert
wurden. Diese Beispiele beziehen sich auf die Modellierung

Schweiz.Z. Forstwes. 754 (2003) 12: 504-509

der Mikrostrukturen von Holz und deren mechanischen Eigen-
schaften, die Modellierung von durch Trocknung hervorgeru-
fenen Verformungen von Brettern und die Modellierung von
Mikrostrukturen und Eigenschaften von trocken geformtem
Zellulose-Fasermaterial. Einige Studien beztglich Bruchsimula-
tionen, Modellierung von Dauerhaftigkeit und verleimten Ver-
bindungsstlicken werden in einer abschliessenden Bemerkung
erwahnt.

Résumé

Modélisation de propriétés mécaniques du bois
et de matériaux dérivés du bois

Le concept de modélisation est vaste. Cet article traite tout
d’abord de divers sens qui sont donnés au concept de modéli-
sation en relation avec les propriétés mécaniques du bois et de
matériaux dérivés du bois. Trois exemples de modélisation par
la méthode de I’élément fini, tirés de théses de doctorat ré-
centes, sont ensuite abordés. Ces exemples se rapportent a la
modélisation de la structure microscopique du bois et de ses
propriétés mécaniques, a la modélisation de la déformation de
planches due au séchage, enfin a la modélisation de la struc-
ture microscopique et des propriétés de fibres de cellulose tra-
vaillées a sec. D'autres études se rapportant a la simulation de
ruptures, a la modélisation de la résistance et aux joints collés
sont mentionnées en conclusion.

Traduction: JEAN-PIERRE SORG
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