Department of Forest Products Technology

Pekka Tukiainen

Aalto-DD 147/2016

Mode I fracture behaviour of Norway spruce and silver birch in the radial-tangential and tangentialradial crack orientations

Aalto University
School of Chemical Technology
Department of Forest Products Technology
www.aalto.fi

Pekka Tukiainen

BUSINESS +
ECONOMY
ART +
DESIGN +
ARCHITECTURE
SCIENCE +
TECHNOLOGY
CROSSOVER
DOCTORAL
DISSERTATIONS

Aalto University

9HSTFMG*agjddd+

ISBN 978-952-60-6933-3 (printed)
ISBN 978-952-60-6932-6 (pdf)
ISSN-L 1799-4934
ISSN 1799-4934 (printed)
ISSN 1799-4942 (pdf)

Mode I fracture behaviour
of Norway spruce and silver
birch in the radialtangential and tangentialradial crack orientations

2016

DOCTORAL
DISSERTATIONS

Aalto University publication series
DOCTORAL DISSERTATIONS 147/2016

Mode I fracture behaviour of Norway
spruce and silver birch in the radialtangential and tangential-radial crack
orientations
Pekka Tukiainen

A doctoral dissertation completed for the degree of Doctor of
Science (Technology) to be defended, with the permission of the
Aalto University School of Chemical Technology, at a public
examination held at the lecture hall A2 (Otakaari 1X, Espoo) on the
2nd of September 2016 at 12 noon.

Aalto University
School of Chemical Technology
Department of Forest Products Technology
Wood Material Technology

Supervising professor
Professor Mark Hughes
Thesis advisor
Professor Mark Hughes
Preliminary examiners
Professor Per Johan Gustafsson, Lund University, Sweden
Professor Peter Niemz, ETH Zurich, Switzerland
Opponent
Dr. Martin Philip Ansell, University of Bath, UK

Aalto University publication series
DOCTORAL DISSERTATIONS 147/2016
© Pekka Tukiainen
ISBN 978-952-60-6933-3 (printed)
ISBN 978-952-60-6932-6 (pdf)
ISSN-L 1799-4934
ISSN 1799-4934 (printed)
ISSN 1799-4942 (pdf)
http://urn.fi/URN:ISBN:978-952-60-6932-6
Unigrafia Oy
Helsinki 2016
Finland
Publication orders (printed book):
The dissertation can be read at https://aaltodoc.aalto.fi/

Abstract
Aalto University, P.O. Box 11000, FI-00076 Aalto www.aalto.fi

Author
Pekka Tukiainen
Name of the doctoral dissertation
Mode I fracture behaviour of Norway spruce and silver birch in the radial-tangential and
tangential-radial crack orientations:
Publisher School of Chemical Technology
Unit Department of Forest Products Technology
Series Aalto University publication series DOCTORAL DISSERTATIONS 147/2016
Field of research Wood Product Technology
Manuscript submitted 14 April 2016

Date of the defence 2 September 2016
Permission to publish granted (date) 28 June 2016
Language English
Monograph

Article dissertation

Essay dissertation

Abstract
Wood has a very high strength to the weight ratio, but only in the grain direction. Wood always
contains cracks, which reduces the already low tensile strength perpendicular to grain and in
addition induces stress concentrations. In design, failures due to cracks can be avoided by
employing fracture mechanics, but for this, the fracture behaviour of wood has to be known.
In wood, a fracture process zone (FPZ) is observed around the crack-tip. By studying the FPZ,
the macroscopic toughness of the material can be related to its microstructure. However,
relatively little is known about the FPZ in wood. Furthermore, the effect of moisture content
(MC) and temperature on the fracture behaviour of unmodiﬁed and thermally modiﬁed (TM)
wood should be understood better.
The main aim of this study was to investigate the effect of the cellular structure, the
temperature and MC on the fracture behaviour of birch, spruce and TM spruce in the radialtangential (RT) and tangential-radial (TR) orientations.
It was found that in birch and spruce, MC and elevated temperature signiﬁcantly changes
the fracture behaviour of both species and under all conditions, both the calculated fracture
mechanics parameter values were higher in the RT than in the TR system. Elevated
temperature and MC did not affect the failure mode, except in the case of spruce in the RT
system.
The fracture behaviour of spruce was altered by TM: the material becomes more brittle as
the severity of the TM increased. Spruce was altered more in the RT than in the TR system. The
failure mode changed due to TM in the TR system but in the RT system the failure mode of
unmodiﬁed and TM material differed only at high MC and at elevated temperature.
When, displacements near the crack-tip were analysed at the scale of the growth ring, it was
discovered that MC as well as the cell structure affected the size of FPZ. In both spruce and
birch in RT system, the ﬁctitious crack model overestimates the size of the FPZ whereas the
linear elastic fracture mechanics model underestimates the size of the FPZ.
When the near crack-tip displacement ﬁelds were analysed in greater detail it was observed
that only micro-cracking caused large displacements ahead of the crack-tip in the RT system
in air-dried birch and spruce. In green material, micro-cracking was less evident. Based on
these observations, micro-cracking is considered to be the main toughening mechanism in
spruce and birch in the RT orientation.
This dissertation provides new knowledge about the fracture behaviour of birch, spruce and
TM spruce and how elevated temperature and high MC affects the fracture behaviour.
Keywords failure mode, process zone, thermal modiﬁcation, wood fracture
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Tiivistelmä
Suhteessa painoonsa puu on hyvin lujaa, mutta vain syyn suunnassa. Puussa on aina säröjä,
jotka alentavat jo ennestään alhaista vetolujuutta kohtisuoraan syyn suuntaa vastaan. Lisäksi
säröjen kärkiin syntyy jännityshuippuja. Rakenteita suunniteltaessa säröjen aiheuttama
murtuminen voidaan välttää soveltamalla murtumismekaniikkaa, mutta tällöin puun
murtokäyttäytyminen on tunnettava. Puussa särön kärjen läheisyyteen kehittyy
prosessivyöhyke. Tutkimalla prosessivyöhykettä materiaalin makroskooppinen sitkeys
voidaan yhdistää sen mikrorakenteeseen. Prosessivyöhykkeestä tiedetään kuitenkin
suhteellisen vähän. Lisäksi kosteuspitoisuuden ja lämpötilan vaikutukset käsittelemättömän
ja lämpökäsitellyn puun murtokäyttäytymiseen pitäisi ymmärtää paremmin.
Väitöskirjatyön päätavoitteena oli tutkia puun solurakenteen, lämpötilan ja
kosteuspitoisuuden vaikutuksia koivun, kuusen ja lämpökäsitellyn kuusen
murtokäyttäytymiseen radiaali-tangentiaali (RT) ja tangentiaali-radiaali (TR) -suunnissa.
Työssä havaittiin, että sekä kosteuspitoisuus että lämpötila muuttavat sekä koivun että
kuusen murtokäyttäytymistä. Kaikissa koestusolosuhteissa molempien mitattujen
murtumismekaanisten parametrien arvot olivat RT-suunnassa suuremmat kuin TRsuunnassa. Kohonnut lämpötila ja kosteuspitoisuus eivät vaikuttaneet murtotapaan lukuun
ottamatta kuusta RT-suunnassa.
Lämpökäsittely muutti kuusen murtokäyttäytymistä. Materiaali muuttuu sitä hauraammaksi,
mitä korkeampi käsittelylämpötila oli. Lämpökäsittely muutti kuusen murtokäyttäytymistä
enemmän RT- kuin TR-suunnassa. Lämpökäsittelyn seurauksena murtotapa muuttui TRsuunnassa, mutta RT-suunnassa lämpökäsitellyn kuusen murtotapa erosi käsittelemättömästä
kuusesta vain kosteuspitoisuuden ja lämpötilan ollessa korkeita.
Kun siirtymiä särön kärjen läheisyydessä analysoitiin, havaittiin että sekä kosteuspitoisuus
että solurakenne vaikuttivat prosessialueen kokoon. Sekä kuusen että koivun kohdalla RTsuunnassa 'ﬁctitious crack' -malli (FCM) yliarvioi prosessialueen koon, kun taas lineaariseen
murtumismekaniikkaan perustuva malli aliarvioi prosessialueen koon.
Särön kärjen läheisyydessä olevia siirtymiä yksityiskohtaisemmin analysoitaessa havaittiin,
että suuret siirtymät aiheutuivat mikrosäröjen synnystä ilmakuivassa koivussa ja kuusessa RTsuunnassa. Tuoreessa puussa mikrosäröjä oli vähemmän. Näiden havaintojen perusteella
mikrosäröjen syntyä voidaan pitää pääasiallisena sitkistävänä mekanismina kuusessa ja
koivussa RT-suunnassa.
Väitöstutkimus tarjoaa uutta tietoa koivun, kuusen ja lämpökäsitellyn kuusen
murtokäyttäytymisestä, sekä siitä, miten lämpötila ja kosteuspitoisuus vaikuttavat siihen.
Avainsanat lämpökäsittely, murtotapa, prosessialue, puun murtokäyttäytyminen
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1. Introduction

1.1

Background

Due to its increasingly important role in ecology and sustainability, wood has
been rediscovered as a construction material. Wood is a renewable material and
in Scandinavia it has always been easily available. Wood is environmentally
friendly and consumes very little energy during production (Thelandersson
2003). Furthermore, wood has a very high strength to weight ratio.
Timber construction has progressed considerably in recent years (Aicher et al.
2014). New gluing techniques have enabled the development of an ever growing
assortment of load bearing wooden construction components and interest in using modified wood in load bearing structures has been increasing (Aicher et al.
2014). Cross laminated timber (CLT) is a timber product well suited to multistorey buildings. A nine storey building where CLT was used as the load-bearing
structure has already been built and a design concept for a wood-concrete skyscraper has been published (Van de Kuilen et al. 2011). At the same time, however, timber construction has met with some drawbacks. Several large-scale
wooden structures have failed in recent years and, according to Frühwald et al.
(2007), one of the main reasons for these was the cracking of wood, resulting
from low tensile strength perpendicular to grain.
Wood is a hygroscopic material and in service the moisture content (MC) of
nominally dry wood depends upon the relative humidity (RH) and the temperature of the surrounding air. Changes in the moisture content of wood results in
shrinkage and swelling. If dimensional changes are restrained, moisture induced stresses will build up. It has been claimed that in CLT, the crosswise layering eliminates in plane shrinking and swelling (Van de Kuilen et al. 2011), but
in reality cracking due to restrained moisture movements is a real problem (Gereke et al. 2010; Gereke and Niemz 2010). In timber members of large cross section, tensile stresses perpendicular to the grain induced by moisture can be so
large that they result in cracking. Moreover, stresses perpendicular to the grain
caused by external loading cannot be completely avoided in timber structures,
particularly in large timber components like glulam beams (joints, curved
beams etc.).
The anisotropic structure of the cell wall and the cellular structure of wood are
the main reasons for the poor tensile strength perpendicular to the grain and
cracks within the cell wall and between the cells themselves further reduces
strength by decreasing the cross sectional area and by inducing stress concentration at the crack-tip. Wooden construction components always contain
1
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cracks at the time they enter service. Cracks at this stage are the result of uneven
swelling stresses between the cell wall layers and, at the larger scale, between
the radial (R) and tangential (T) directions. Taking into account that timber
components always contain cracks and that stresses perpendicular to grain cannot be avoided, it is clear that the role of cracks cannot be neglected when designing timber structures.
Traditionally, wooden structures have been designed using mechanics of materials theory. Failures due to cracks can be avoided to some extent by designing
structures so that the overall stress level is low. Consequently, this leads to over
dimensioning structures and yet does not give certainty about the safety of the
structure. The role of cracks can, however, be taken into account by utilising
fracture mechanics.
In order to use fracture mechanics in designing timber structures, the fracture
behaviour of wood has to be known so that an appropriate material model can
be used. Mathematical models used to predict fracture behaviour must describe
all the phenomena which are related to fracture and in this case the model usually becomes very complex. For this reason the model must be simplified so that
only the essential aspects are preserved. In practice this means that the fracture
behaviour of wood has to be studied not just at the macroscopic level but also at
the cellular and the cell wall levels.
Long before fracture mechanics was applied to wood, the effect of wood anatomy, such as the earlywood (EW), latewood (LW) and rays, on its fracture behaviour was noted (Roth 1895). The fracture behaviour of wood has been extensively studied (Schniewind and Pozniak 1971; Schniewind et al. 1982; Ashby et
al. 1985; Valentin 1991; Boström 1992; Stanzl-Tschegg et al. 1995; Schniewind
et al. 1996; Vasic 2000; Reiterer et al. 2002b; Gustafsson 2003; Vasic and
Stanzl-Tschegg 2007; Landis and Navi 2009; Stanzl-Tschegg and Navi 2009;
Vasic and Ceccotti 2009) and it is known that the microstructure affects crack
propagation (Boatright and Garrett 1983; Ashby et al. 1985; Thuvander and Berglund 2000; Thuvander et al. 2000a; Thuvander et al. 2000b; Vasic et al. 2002;
Reiterer et al. 2002a; Stanzl-Tschegg 2006; Keunecke et al. 2007; StanzlTschegg 2009; Stanzl-Tschegg et al. 2011). It is widely accepted that wood is a
quasi-brittle material and in such materials, a fracture process zone (FPZ) is
observed around the crack-tip, in which different toughening mechanisms, such
as micro-cracking, crack branching and bridging are mobilized. By studying the
FPZ, the macroscopic toughness of a material can be related to its microstructure, possibly highlighting ways in which toughening mechanisms can be stimulated (Hull and Clyne 1996). However, relatively little is known about the fracture process zone at the crack-tip. Furthermore, the effect that MC and temperature have on the fracture behaviour of unmodified and modified wood should
be understood better.

1.2

Objectives and limitations

In wood, there are six different orientations of pre-existing crack relative to the
anatomical structure and, if orientation of the pre-existing crack in relation to

2
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the pith is taken into account, eight crack orientations exist (Figure 1a). In addition to the fracture orientations, three main modes of loading exist (Figure
1b). In most of the studies on wood fracture in the transverse plane, mode I
loading has been assumed and the radial-longitudinal (RL) or tangential-longitudinal (TL) system has been studied (Smith et al. 2003). Relatively little work
has been reported on mode I fracture in the radial-tangential (RT) and tangential-radial (TR) systems. Crack propagation in the RT system is, nevertheless,
important, for example, in the case of veneer peeling, TR in the case of drying
cracks and both systems in the case of timber joints.

Figure 1. The orientations of pre-existing cracks relative to the wood growth axis (a) and loading
modes (b).

The main aim of this thesis was investigate the effect of the cellular structure,
temperature and MC and the effect of altering the physiochemical structure of
the cell wall by means of thermal modification (TM), on the fracture behaviour
of wood in the RT and TR crack propagation systems.
In this thesis two industrially important wood species in Finland (Peura
2007), silver birch (Betula pendula Roth.) and Norway spruce (Picea abies [L.]
Karst.), are considered. Birch is mainly used for plywood in load bearing structures. Norway spruce is commonly used in structural applications such as glulam beams and veneer based products (plywood and laminated veneer lumber).
The specimens studied were at the scale of growth rings and clear wood. Thus
the effect of defects such as knots, fibre inclination and reaction wood were not

3
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included. The effect of microstructure on fracture behaviour was taken into account by using two different species and two (RT and TR) crack propagation
systems. All the tests carried out were static tests, thus the time dependent effects of creep and relaxation on fracture behaviour were ignored. Furthermore,
varying moisture content and temperature were excluded i.e. MC and temperature were constant during the testing. During the testing, crack propagation was
observed and images were taken on the top surface of the specimen. Image and
displacement analyses were carried out using these images. This means that
analyses were confined to the top surface of the specimens and not the whole
specimens’ volume.
The dissertation focussed on the following research questions:
Paper I: The research question was: How do MC, elevated temperature and
microstructure affect fracture behaviour? It is known that MC and elevated temperature affect the mechanical properties of wood (Gerhards 1982). The effect
of MC on fracture behaviour has been investigated (Reiterer and Tschegg 2002;
Vasic and Stanzl-Tschegg 2007; StanzlǦTschegg 2009; Stanzl-Tschegg and Navi
2009), but the effect of elevated temperature only using linear elastic fracture
mechanics (Schniewind et al. 1982; Schniewind et al. 1996).
Paper II: The research questions were: How does thermal modification and its
intensity affect the fracture behaviour? Does the crack propagation system and
thus cellular structure affect how much the properties are altered due to thermal
modification? Do moisture content and temperature affect the fracture behaviour of thermally modified wood differently to untreated wood? The fracture behaviour depends on the cell wall structure; mechanical properties in the transverse plane are dominated by the properties of hemicellulose (Bergander and
Salmen 2002). Thermal modification results in degradation of the hemicelluloses (Bourgois and Guyonnet 1988; Zaman et al. 2000; Esteves and Pereira
2009), so in all probability the fracture mechanical properties, particularly in
the transverse plane, will be affected. The fracture behaviour of thermally modified wood has only been studied by Reiterer and Sinn (2002), Majano-Majano
et al. (2012), Murata et al. (2013) and Pleschberger et al. (2014) and the effect
of elevated temperature has not been investigated at all.
Paper III: The research questions were: How large is the fracture process zone
ahead of the crack-tip in the RT crack propagation system and how does the
moisture content and the cellular structure affects its size? Which one of the
most widely used fracture mechanics models – the linear elastic fracture mechanics (LEFM) or the fictitious crack model (FCM) – describes the fracture behaviour of wood best? The size of the FPZ is needed when fracture mechanics is
applied to quasi-brittle material like wood. However, only a limited number of
studies on the size of the FPZ exist (Vasic 2000; Aicher 2010; Murata et al.
2011). It is likely that cellular structure, crack orientation and MC all affect the
size of the FPZ, but this has not been investigated.
Paper IV: The research questions were: How does the microscopic structure
and moisture content affect crack propagation at the cellular level? How large is
the FPZ ahead of the crack-tip and what are the toughening mechanisms? In
Paper IV the FPZ was investigated in more detail. Based on Paper III it seemed
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that the FPZ is fairly small, but in Paper III fracture behaviour was investigated
at the scale of the growth rings and due to this the magnification was limited.
Because of this the real crack-tip was difficult to detect and it was difficult to
observe the toughening mechanisms that occur inside the FPZ.

1.3

Structure of the thesis

The thesis consists of a summary and four original research articles focusing on
the effect of moisture content, temperature and the size of FPZ on the fracture
behaviour of two anatomically different wood species, spruce and birch. Furthermore the effect of thermal modification of the cell wall material on fracture
behaviour was investigated.
After this introductory chapter, linear elastic and nonlinear fracture mechanics (NLFM) are briefly introduced in Chapter 2, together with a discussion of the
fracture phenomena in wood. In Chapter 3 the materials and methods used are
presented. In Chapter 4, the main results concerning the effect of MC and temperature on the fracture behaviour of birch, spruce and TM spruce (Papers I and
II) and the size of the FPZ (Papers III and IV) are presented. Finally, Chapter 5
consist of conclusions based on Papers I–IV, a brief discussion of the results and
future work.

5

2. Fracture in wood

The objective of this chapter is to provide a brief overview of fracture mechanics
(FM) in general and FM in wood in particular, and also to discuss how the anatomy and moisture content of wood and temperature affects fracture. For more
detail about FM, the reader is referred to specialized publications such as (Anderson 2005) and for FM in wood (Boström 1992; Vasic 2000; Smith et al.
2003)
The ideal strength of a material is approximately ES-1, where E is the modulus
of elasticity (Anderson 2005). This approximation is based on the strength of
materials’ atomic bonds. In spruce tracheids the longitudinal modulus of elasticity (EL) is approximately 20 GPa (Eder et al. 2009) so the ideal tensile
strength should be approximately 6000 MPa, but in reality it is around
600 MPa. Thus the actual strength is only fraction of the ideal strength. The
same is true of all materials. The reason for this is defects in the material and
one of the most severe defects is a crack.
Knowledge of material properties is a prerequisite for its correct use. One important property is the ability of a material to resist crack growth. Fracture mechanics studies the effect of cracks on the mechanical behaviour of materials. In
FM both the phenomena and causes of fracture in a body containing cracks is
studied. Fracture mechanics tries to find mathematical laws and models concerning fracture due to cracks. The conditions (load, critical crack length) under
which a loaded specimen can fail due to crack propagation can be determined
quantitatively by means of FM (Ikonen and Kantola 1986).
Fracture mechanics can be divided into microscopic and macroscopic FM. Microscopic FM considers fracture at the microscopic level and the aim is to elucidate, why and how a material fractures and to develop better materials. Macroscopic FM deals fracture as a phenomenon, barely taking into account the internal structure of the material. (Ikonen, Kantola 1986)
Macroscopic FM can be divided to linear-elastic and nonlinear fracture mechanics depending upon the material behaviour.

2.1

Linear elastic fracture mechanics

As the term linear elastic fracture mechanics implies, it is based on linear elastic
material behaviour. LEFM is applicable only to isotropic and orthotropic (Sih et
al. 1965) materials that display linear elastic behaviour, at least globally (Anderson 2005). A complete list of the assumptions used in LEFM can be found for
6
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example in Vasic et al. (2002), where these assumptions are considered with
regard to wood fracture. LEFM can be divided into stress intensity and energy
approaches. The crack growth criterion is local in the stress intensity approach,
whereas it is global in the energy approach (Anderson 2005).
2.1.1

Energy approach

When considering the energy approach, it is of utmost importance to understand the concept of strain energy. When a body of material is loaded by an external load (P), it deforms and work is done by the load. This work done in loading is stored in the body as strain energy. Stored strain energy can be elastic or
inelastic. Elastic strain energy (U) is recoverable and inelastic is not. Inelastic
strain energy is consumed by the body by different dissipation mechanisms like
plastic deformation. The capacity of a body to store strain energy is not limitless
and when the capacity is exceeded, the body fails.
Figure 2a shows the load-crack-mouth opening displacement (CMOD) diagram of a typical compact tension (CT) specimen that displays linear elastic behaviour and is loaded under displacement control. The area under the curve is
the work done by the load (F) and it is equal to the stored elastic strain energy
up to the point when crack starts to propagate (Figure 2b). After the crack begins
to propagate (Figure 2c), F is larger than U and the difference (F-U) is the energy
consumed in creating new crack-faces.

Figure 2. Load-CMOD diagram of typical CT-specimen that display linear elastic fracture behaviour. F is the work done external load, U is elastic strain energy, a is the length of pre-existing
crack and 'a is the increment of crack length.

Griffith (1921) considered the thermodynamic equilibrium of a crack system
where the material was linear elastic i.e. the stored strain energy is elastic.
ߎ ൌ െ ܨ ܷ  ܵ

(Eq.1)

where 3 is the total energy of the crack system, F is the work done by an external
load, U is the elastic strain energy stored in the body and S is the surface energy
associated with crack formation. According to Griffith, if a crack is to grow the
total energy must be reduced or remain unchanged. This means that crack will
grow if:
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 ܨ ܷ  ܵ
or

(Eq.2)

 ܨെ ܷ  ܵ
or

(Eq.3)

݀
݀ܵ
ሺ ܨെ ܷሻ 

݀ܣ
݀ܣ

(Eq.4)

where dA is the incremental change in crack area. Eq. 4 represents the Griffith
criterion for crack growth. The left-hand side of Eq. 4 is the strain energy release
rate (G) and it is the energy available to grow a crack of unit area:
ܩൌ

݀
݀
ሺ ܨെ ܷሻ ൌ
ሺ ܨെ ܷሻ
݀ܣ
ܽ݀ܤ

(Eq.5)

where B is the thickness of the specimen and da is the incremental change in
crack length. G is simply the area '(F-U) divided by crack increment 'a and
specimen thickness. The right-hand side of Eq. 4 is the crack resistance (R),
which is the energy required for the propagation of a crack of unit area:
ܴൌ

݀ܵ
݀ܵ
ൌ

݀ܽ݀ܤ ܣ

(Eq.6)

It has to be emphasised that in this approach, the crack system is assumed to
display linear elastic behaviour, but this energy approach, with some modifications, is also applicable to materials that do not display linear elastic behaviour.
2.1.2

Stress intensity approach

The stress intensity factor (K) is the most important parameter in LEFM. It is
used to predict the stress state near the tip of a crack and it is used in estimating
whether a cracked body is going to fail as a consequence of crack propagation
(Ikonen and Kantola 1986). The stress intensity factor is dependent on the mode
of loading and a subscript is usually given to denote the mode i.e. KI (opening),
KII (in-plane shear) and KIII (out-of-plane shear) (Figure 1b). A critical value of
the stress intensity factor (Kc), or fracture toughness, is considered to be a material property.
The value of Kc of a material can be measured experimentally utilising tabulated stress intensity solutions for common test specimens and loading configurations. Usually these solutions are calculated assuming that the material is
isotropic and behaves linear elastically. Another way of determining Kc is to use
a combination of mechanical testing and finite element modelling (FEM). Because the stress state can be predicted by means of K, it is also possible to predict
displacement fields using K, if the stress-strain behaviour of the material is
known. This means that by measuring the displacement field at the crack-tip of
a specimen, K can be calculated. The concept of K can also be applied to materials that exhibit small-scale yielding at the crack-tip.
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2.2

Non-linear fracture mechanics

In all materials, if a sizable non-linear zone (NLZ) develops in the vicinity of the
crack-tip, LEFM is not applicable and non-linear fracture mechanics has to be
applied. In the NLZ, a material behaves non-linearly due to different processes,
such as plasticity, yielding or softening (Bažant 2002). The processes that are
mobilised in the NLZ dictate which NLFM-models can be applied in a given material.
In quasi-brittle materials, like wood, the non-linear zone that develops ahead
of the crack-tip is almost entirely filled by a zone in which the material undergoes softening and this zone is called the fracture process zone, whereas in metals the FPZ is quite a small part of the non-linear zone (Bažant 2002). This
means that quasi-brittle materials require a different kind of fracture mechanics
to metals (Bažant 2002).
For quasi-brittle materials, different NLFM models have been developed. Several of these models, like the ‘cohesive’ and ‘crack band’ models and ‘equivalent
LEFM’ approach, has been applied to wood fracture (Boström 1992; Morel et al.
2005; Vasic and Ceccotti 2009). There is, however, at least one NLFM model
that was originally developed for wood. This is the ‘bridging crack model’ developed by Vasic (2000) and it is claimed to mimic the real fracture behaviour of
wood.
It has to borne in mind that the loading rate has an effect on the mechanical
behaviour of wood: wood can be considered to be a quasi-brittle material at
standard loading rate, i.e. under quasi-static loading conditions where failure
occurs in approximately 5 minutes. If the loading rate is high the toughening
processes in the FPZ are not mobilised (Vasic and Ceccotti 2009) whereas if the
loading rate is low, wood behaves in a viscoelastic manner.
2.2.1

Fictitious crack model

In 1976 Hilleborg developed the fictitious crack model to investigate the fracture
behaviour of concrete (Hillerborg et al. 1976). The FCM is material independent
and it is applicable to any material that displays quasi-brittle behaviour. The
fictitious crack model is a cohesive crack model like the Dugdale-Barenblatt cohesive zone model, which is also known as the strip-yield model (Dugdale 1960;
Barenblatt 1962). Unlike the strip-yield model, the stress distribution within the
cohesive zone is not constant, but a function of crack opening. The FCM takes
into account the softening behaviour of a material. Softening means that partly
damaged material is still capable of transferring stresses, but that these stresses
are smaller than the stresses undamaged material can transfer.
Normally, to describe the fictitious crack model, a hypothetical experiment is
carried out where a prismatic specimen is loaded in pure tension (Petersson
1981; Gustafsson 1985; Boström 1992; Smith et al. 2003). However in this work,
the FCM is described using a compact tension specimen (Figure 3).
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At the beginning of the test the specimen behaves in an almost linear elastic
fashion (Figure 3a). As the load increases and approaches the ultimate load, the
curve becomes non-linear (Figure 3a (1)). It is believed that in a pure tension
test, the non-linear behaviour is a consequence of some sort of damage that is
distributed over the entire specimen (Petersson 1981; Boström 1992). However,
in a CT specimen the overall stress level is low even at the ultimate load and high
stresses are observed only at the crack-tip (Figure 3b). In a CT specimen the FPZ
starts to develop when the tensile stress reaches, for the first time, the tensile
strength of the material at the crack-tip. The formation of the FPZ results in
non-linear behaviour well before the ultimate load is reached.
When the ultimate load is reached, a localized frontal FPZ is almost fully developed (Figure 3a and b (2)). Soon after the ultimate load, as the FPZ is fully
developed (Figure 3a and b (3)), the crack starts to propagate and the material
adjacent to the newly formed crack faces and the FPZ is elastically unloaded
(Figure 3b (4)). In a material like wood, it is even possible that a crack already
propagates before the ultimate load. This is because of local strength variation
in the path of the crack.

Figure 3. An example of a load-CMOD diagram of a typical CT-specimen that displays quasibrittle fracture behaviour. The numbered points on the load-CMOD diagram (a) correspond to the
stress distribution ahead of the crack-tip (b).

The material in the FPZ is partly destroyed but is still capable of transferring
stresses. The ability to transfer stress depends upon the local deformation
within the FPZ. In calculations the FPZ is normally replaced by a ‘stress transferring crack’ (‘fictitious crack’) and the ability to transfer stress depends upon
the opening of the crack. This is illustrated in Figure 4 where crack opening and
the stress distribution of a linear elastic and quasi-brittle material are compared
at the peak load.
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Figure 4. Crack opening and stress distribution at the peak load for a linear elastic material
(LEFM) and for quasi brittle material (FCM) with a process zone (FPZ) at the crack-tip.

2.3

Wood fracture mechanical characterisation

The fracture mechanical characterisation of wood serves different purposes.
Perhaps the most important is the ability to predict a material’s fracture behaviour. Understanding the fracture mechanism enables realistic modelling to be
undertaken. This in turn means that the models, with caution, can be used to
extrapolate beyond the range of the test data. Although wood has many excellent
material properties, it also suffers from a number of disadvantages, like dimensional stability and durability (Hill 2006). The aim of wood modification is to
produce a material that has the desired properties. (Hill 2006). Nevertheless,
all the effects of modification are not favourable and for example TM results in
a loss in certain mechanical properties (Esteves and Pereira 2009; Borrega
2011; Hughes et al. 2015).Understanding the structure-fracture mechanical relationships could allow wood to be modified in such a way that fracture toughness is improved, or at least it is not reduced even further.
Linear elastic fracture mechanics was first applied to wood in the 1960s and
the early 1970s (Smith et al. 2003). Even nowadays wood fracture is still mainly
characterised by LEFM parameters and modelled by LEFM models, even
though the basic assumptions of LEFM are often violated (Vasic et al. 2002).
The reason for this is that the techniques have been well developed for other
materials and not because they are necessarily appropriate for wood (Vasic et
al. 2005). Wood's structural composition makes it unlike man-made materials
and so theories for other materials should not simply be borrowed (Vasic 2000).
Nevertheless, in some situations, for example, in the case of notched beams,
LEFM provides good predictions for large-scale structural members (Smith et
al. 1996) this is due to fact that the FPZ is small compared with the dimensions
of the structure and crack length and globally the structure behaves linear elastically. There are also some occasions where LEFM parameters can be used for
comparing the fracture behaviour of two different wood materials.
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Early work focused on applying LEFM concepts to wood. In practice, fracture
toughness parameters were measured and tabulated for a variety of wood species. The preferred fracture toughness measure was the critical stress intensity
factor for mode I (KIc), probably due to its simplicity in measurement (Smith et
al. 2003). In the 1980s, the fictitious crack model was applied for the first time
to wood by Gustafsson (1985) and in the early 1990s a number of workers such
as Petersson (1992), Boström (1992) and Aicher and Reinhardt (1993) continued applying the FCM to wood. Boström (1992) investigated the application of
the FCM to wood both theoretically and experimentally and demonstrated its
utility. The FCM has been applied widely to wood ever since (Coureau et al.
2007; Dourado et al. 2008; Morel et al. 2010; Coureau et al. 2013).
From the 1990s to date the fracture behaviour of wood has been characterised
mainly by measuring the complete load-displacement diagram and both LEFM
parameters, Kc and specific fracture energy, Gf, have been derived from it. Another common approach to fracture characterisation has been to apply the FCM
by determining the cohesive parameter values using a combination of finite element modelling and mechanical testing.
2.3.1

Specimen geometry

Special attention has to be paid to the geometry of wood fracture specimens.
The geometrical proportioning itself is an important factor and so is the specimen volume. The ligament length of a specimen has to be sufficiently long in
order to accommodate the FPZ (Ehart et al. 1996) otherwise the FPZ ‘exceeds’
the remaining ligament length as the crack-tip approaches the edge of the specimen (Figure 5b) or cannot fully develop to its characteristic size at all (Figure
5c). Both cases lead to an underestimation of the specific fracture energy, Gf. It
has to be emphasized that the size of the FPZ in wood depends on the crack
propagation system and the wood species.

Figure 5. The effect of ligament length on the FPZ size formed.

If geometric proportioning remains constant, the ratio of the strain energy
stored in a specimen relative to the energy required for crack extension increases with any increase in the specimen volume (Vasic et al. 2005). If the
amount of strain energy stored in a specimen is too great, crack propagation will
be unstable after crack initiation.
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Thus specimen sizing is an optimisation between volume and ligament length:
geometric proportioning itself should be such that the stored strain energy is
minimised, also specimen volume should be minimised and yet ligament should
be long enough to accommodate the FPZ.
2.3.2

Analysing the complete load-displacement diagram

The critical stress intensity factor provides information only for crack initiation,
so crack propagation is not considered. The total load-CMOD curve not only
characterises the onset of crack growth but also the fracture process in the case
of stable crack propagation. The specific fracture energy, Gf, can be derived by
determining the area under the complete load-CMOD curve. Gf characterizes
the whole fracture process from begin until final fracture (Figure 6a). However,
analysis of the load-displacement diagrams registered during monotonic loading do not reveal the mechanisms behind the non-linear behaviour of a specimen. This is illustrated in Figure 6. The non-linear behaviour can be a consequence of plastic deformation (Figure 6b) or micro-cracking (Figure 6c). This
problem can, in theory, be solved by using cyclic loading, which reveals the
cause of non-linear behaviour. In practise this is very difficult when testing
wood material (Ehart 1996).

Figure 6. Specific fracture energy and different mechanisms for non-linear material behaviour
under tension.

Analysis of load-displacement diagrams is a useful method of characterising the
whole fracture process. However, without microscopic in-situ observations, no
conclusions can be drawn about the causes of the softening behaviour.

2.4

Effect of wood anatomy on its fracture behaviour

Wood can be considered to be orthotropic and, due to this, six main orientations
of the pre-existing crack in relation to the growth axis can be identified: LR, LT,
RL, RT, TL and TR (see Figure 1a). Under mode I loading, the first letter specifies the load direction and if the crack propagates in its original direction the
second letter specifies the direction of crack extension. Wood is considered to
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be relatively tough when fractured ‘across-the-grain’ (LR, LT crack propagation
systems), but toughness ‘along-the-grain’ is significantly lower (RL, RT, TL and
TR crack propagation systems).
Three structural levels affect the fracture mechanical properties of wood: the
gross-level, where defects such as knots and spiral grain have the greatest influence, the level of the growth ring, where the cellular structure affects the behaviour and the ultra-structural level where the cell wall structure dominates.
2.4.1

The level of growth ring

In wood science, it is generally accepted that the density of wood correlates
strongly with its mechanical properties. This is a reasonable assumption when
the properties along the grain are considered: the majority of the load carrying
cells are oriented along the grain and the shape of the cell cross-section does not
affect the mechanical properties. However when wood is loaded across the grain
cell geometry does greatly affect its mechanical properties and so in transverse
loading, the mechanical properties cannot simply be explained by density, the
cellular structure also has to be taken into account.
The cellular structure of softwood and hardwoods differ markedly. Softwoods,
like spruce, consist mainly of tracheids oriented parallel to the axis of the tree
stem, together with some parenchyma that are most often to be found in the
rays (Kärkkäinen 2003). In cross-section the tracheids are arranged in straight
rows in the radial direction, whereas in the tangential direction they are not
(Figure 7a). The density difference between earlywood and latewood is significant in Norway spruce, approximately 600 kg m-3 (Bouriaud et al. 2005). In
spruce, the volume fraction of radially oriented uniseriate rays is only ~ 5–6 %
(Petric and Scukanec 1973; Reiterer et al. 2002b).
The structure of hardwoods is more complicated, consisting as it does of different tissue types like vessels, fibre tracheids, libriform fibres and parenchyma
(Reiterer et al. 2002b). Diffuse porous hardwoods like birch show no large variation of density across one growth ring (Saranpää 2003). In general hardwoods
can have larger rays (multiseriate rays) and a higher relative volume fraction of
this radially oriented tissue (Burgert et al. 2001; Kärkkäinen 2003). In birch,
the volume fraction of rays is approximately 10 % (Bhat and Kärkkäinen 1981;
Burgert et al. 2001). Due to these differences in microscopic structure, the fracture behaviour of softwoods differs from hardwoods (Reiterer et al. 2000b).
Nevertheless, in both softwoods and hardwoods the ray cells resist crack growth
in the tangential direction (Boatright and Garrett 1983; Reiterer et al. 2002a).
There is some evidence that ray cells contribute to crack bridging (StanzlTschegg et al. 1995). However, if a crack propagates in the radial direction the
rays act as weak planes (Ashby et al. 1985).
At the scale of the cells, three types of failure can be distinguished (Figure 7a).
Cracks can propagate between cells in the middle lamella (ML) (inter-cell [IC]
failure), inside the cell wall (intra-wall [IW] failure), or across the cell wall
(trans-wall [TW]) (Smith et al. 2003). Both the density of wood and crack orientation affect the failure type (Ashby et al. 1985). For example, in spruce,
cracks propagating in the tangential direction have a more tortuous fracture
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path (mostly cell wall fracture occurs) to follow than radial cracks (Figure 7a),
due to the irregular arrangement of the cells in the tangential direction, which
hampers crack advance and leads to more stable crack propagation (StanzlTschegg 2009).

Figure 7. Schematic illustration of the cellular (a) and the cell wall structure (b) of wood, together
with failure types (fracture paths): across cell wall (trans-wall [TW]), in the middle lamella (intercell [IC]). Crack can also propagate inside cell wall (intra-wall [IW]), which is not shown in the
figure.

2.4.2

The effect of cell wall composition

The mechanical performance of wood is highly dependent on the structural arrangement and properties of the polymers (cellulose, hemicellulose and lignin)
within the fibre cell wall (Salmén and Burgert 2009) and this is also true of its
fracture mechanical properties. In the axial fibre direction, the thickest S2 layer
(Figure 7b) dominates the mechanical properties of the cell wall (Salmén and
Burgert 2009) and it is cellulose that governs the elastic properties (Bergander
and Salmén 2002). When the transverse modulus of the cell wall is considered,
the microfibril angle (MFA) of the S2-layer has only a minor influence as long as
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it is below 30° (Salmén 2004). It has been shown that the properties of hemicellulose and lignin dominates the transverse mechanical properties of fibres
(Bergander and Salmén 2002). According to Ashby et al. (1985) the composition
and strength of the cell wall are roughly the same for all woods. This means that
the cell wall composition does not explain the different fracture mechanical
properties between wood species. It does not, however, mean that the composition of the cell wall does not have an effect on fracture behaviour.
When wood is thermally modified, the cell wall is altered and thus the composition of TM wood and normal wood differs. Thermal modification results in a
reduction in the mass of wood that is believed to be mainly due to the degradation of the hemicelluloses (Hakkou et al. 2006). According to Borrega and
Kärenlampi (2010), there are three mechanisms that occur during thermal
modification that affect the mechanical properties of wood: the degradation of
structural components (mass loss), irreversible hydrogen bonding (hornification) and microscopic cell wall damage caused by a mismatch in the drying
shrinkage of the cell wall elements.
The intensity of heat treatment during thermal modification defines to what
degree the hemicellulose content is reduced (Borrega 2011) and the mechanical
properties are altered. Since the hemicelluloses and lignin play an important
role in the transverse properties of fibres (Bergander and Salmén 2002), it is
thus likely that a reduction in the hemicellulose content will alter the fracture
behaviour of wood in the transverse plane; indeed it is known that the transverse fracture mechanical behaviour of wood alters and it becomes more brittle
following thermal modification (Reiterer and Sinn 2002; Majano-Majano et al.
2012; Murata et al. 2013; Pleschberger et al. 2014). Majano-Majano et al.
(2012), Murata et al. (2013) and Pleschberger et al. (2014) all investigated the
effect of the intensity of thermal modification on the fracture properties of wood
in the RL and TL crack propagation systems under mode I loading, whereas
Reiterer and Sinn (2002) only studied fracture in the RL orientation, but under
both mode I and mode III loading.

2.5

The effect of moisture content and temperature on wood fracture

Wood is a hygroscopic and viscoelastic material. Its moisture content depends
on the relative humidity and the temperature of the surrounding air. Temperature and moisture content both affect wood’s mechanical properties (Gerhards
1982) and its viscoelastic behaviour (Navi and Stanzl-Tschegg 2009) by softening the polymeric constituents (Salmén 1982). The fracture behaviour of wood
depends on the MC (Reiterer and Tschegg 2002), the moisture history (StanzlTschegg et al. 1994) and the rate of loading (Olejniczak and Gustafsson 1994).
The immediate and long term effects of moisture content and temperature on
mechanical properties have to be separated from each other.
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2.5.1

Moisture content

The immediate effect of MC on the fracture behaviour of wood is well documented; distinct changes in fracture behaviour as a function of MC have been
reported (Reiterer and Tschegg 2002; Vasic and Stanzl-Tschegg 2007; StanzlTschegg and Navi 2009). The effect of MC depends on the fracture orientation
and species, but in general the highest fracture toughness, KIc, values are attained at low MC whilst, normally, the specific fracture energy, Gf, is greatest
when the MC is above fibre saturation point (FSP).
2.5.2

Temperature

Temperature affects the mechanical properties of wood (Gerhards 1982), and
its effects differ depending upon the orientation. According to Gustafsson
(2003), based on Siimes (1967), both MC and temperature affect tangential tensile strength in birch more than in spruce. Because temperature has an effect on
the mechanical properties of wood, it will most likely also affect its fracture behaviour. To date, however, only a very limited number of studies are available
about the effect of elevated temperature on crack propagation (Schniewind et
al. 1982; Schniewind et al. 1996; Reiterer 2001; Stanzl-Tschegg and Navi 2009;
Larsen and Ormarsson 2014). Reiterer (2001) was the first to measure the effect
of elevated temperature on the fracture energy of spruce and beech. StanzlTschegg and Navi (2009) quoted Tukiainen (2006), who reported on the effect
of elevated temperature and MC on the fracture energy of birch in the RT system. Larsen and Ormarsson (2014) studied the effect of temperature and MC on
the tangential tensile strength and fracture behaviour in Norway spruce logs and
found a negative correlation with increasing temperature at constant MC.

2.6

Summary of the fracture in wood

Fracture mechanics is concerned with the effect of cracks on the mechanical behaviour of materials. In FM both the phenomena and causes of the fracture of a
body containing cracks is investigated. Fracture mechanics can be divided into
linear-elastic and non-linear fracture mechanics according to the material behaviour.
Wood is a quasi-brittle material in which the non-linear zone develops ahead
of the crack-tip, thus LEFM is not applicable if the non-linear zone is large compared with dimensions of structure or specimen and non-linear fracture mechanics has to be applied.
Linear elastic fracture mechanics was first applied to wood in the 1960s and
the early 1970s and early work focused on the application of LEFM concepts to
wood. In the 1980s, the fictitious crack model was applied to wood for the first
time and its utility was demonstrated. The FCM has been widely applied to wood
ever since.
From the 1990s to date the fracture behaviour of wood has been characterised
mainly by measuring the complete load-displacement diagram and both LEFM
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and NLFM parameters have been derived from it. Another common approach
to the fracture characterisation of wood has been to apply FCM by determining
the cohesive parameter values, using a combination of finite element modelling
and mechanical testing. Cohesive parameter values defined this way ensures
that the FCM predicts the wood fracture correctly globally, but these parameter
values are not based on the observations of real behaviour within the fracture
process zone.
It is supposed that the non-linear fracture behaviour of wood results from
toughening mechanisms that are mobilised in the fracture process zone. Toughening mechanisms are related to the microstructure of wood, moisture content
and temperature. It is imperative to characterise the toughening mechanisms
and the size of the FPZ in order to predict wood fracture behaviour through realistic modelling. Different estimates about the size of FPZ have been presented
in the literature. However, most of these estimates are based on mathematical
models and only a few on real observations, like those of Vasic et al. (2002),
Frühmann et al. (2003) and Murata et al. (2011).
It is known that temperature and moisture content both affect the mechanical
and fracture mechanical properties in wood and yet still there are only a few
systematic studies on how moisture content and, in particular, how temperature
affects wood fracture. There is also interest in using thermally modified wood in
load-bearing structures. Thermal modification changes the cell wall structure,
which has an effect on fracture behaviour. However, the effect of thermal modification on wood fracture has been studied relatively little.
Wood fracture behaviour has been studied extensively and yet still many questions remain unanswered, for example:
x How does temperature and moisture content affect wood fracture?
x If wood cell wall structure is altered how does the fracture behaviour
change?
x What is the size of fracture process zone?
This prohibits the ability to predict wood materials fracture behaviour through
realistic modelling. This dissertation aims to investigate these questions.
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3. Materials and methods

3.1

Wood material

Two different species, silver birch (Betula pendula Roth.) and Norway spruce
(Picea abies [L.] Karst.), were used. Birch and spruce were chosen because their
cellular structures differ from each other and they are both commercially important species in Finland. All the wood material was grown in southern Finland. The author himself felled the trees and delivered the logs to the laboratory
(Papers I and II) or fresh logs was delivered to the author by Raute Oyj and
Lassila & Tikanoja (Papers III and IV).

3.2

Specimen preparation

In all the tests small clear wood specimens were used. Particular attention was
paid to specimen preparation and the grain direction was taken into account
during sawing in order to obtain truly orthotropic specimens. The test specimens were machined from green wood to the nominal dimensions shown in Figure 8 and having the cross-section of the eventual compact tension specimens.
Thereafter, specimens were cut from each batten, and either allowed to dry
gradually or were kept in the green state. In the case of thermally modified
wood, the specimens were dried gradually from the green state to a MC of about
14 % by allowing them to equilibrate at an RH of 60 % and temperature of 22 °C
for 3 months. Before the actual TM, the specimens were oven dried for 24 h at
103 °C. Thermal modification was carried out in an oven (Electrolux, Air-osteam, Electrolux Professional SpA, Pordenone, Italy), without a shield gas, in
dry hot air at atmospheric pressure at two different temperatures, 190 and
210 °C, for 3 hours. By utilising small wood blocks, rather than larger specimens, drying stresses were minimised and consequently micro-cracking was
avoided. Micro-cracks created during specimen preparation and drying are usually difficult to detect when the specimens are not under load, though when testing begins, existing micro-cracks open-up and become visible even at low load
levels, however, no micro-cracks were observed at the beginning of testing in
these specimens.
Particular care was taken in order to obtain anatomically similar specimens.
In addition, adjacent specimens were tested under different conditions, so that
only the effect of the conditions were studied, with negligible influence from anatomical differences.
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The manufacturing of identical specimens was particularly successful in the
tests that are discussed in Papers I and II: All the specimens from same batten
had the same growth ring numbers and the starter crack was located within the
same growth ring.

Figure 8. Specimen preparation and sampling: specimens were sawn from each batten (a) and
adjacent specimens were tested at different MCs and temperatures. The nominal dimensions of
the CT specimens: Papers I and II (b and c), Paper III (d) and Paper IV (e).

3.3

Mechanical testing

In all the studies reported herein compact tension specimens were used and the
tests were carried out using two different micro-tensile testing apparatuses. A
larger apparatus was used in the tests that are reported in Papers I, II and III
and a smaller one in the tests reported in Paper IV. In the work reported in Papers I, II and III larger specimens than those that were employed in the investigation reported in Paper IV were used (Figure 8). All testing was carried out
under displacement control, which in theory results in stable crack growth
(Smith et al. 2003). This was done in order to be able to register complete loadCMOD diagrams. Further details about testing and the micro-tensile apparatuses may be found in Papers I, II, III and IV.
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3.4

Microscopy

After the mechanical tests were performed (Paper I and II), the cracks of one
specimen from each category were examined using a light microscope (Nikon
Optishot 2, Nikon Europe B.V., Badhoeverdorp, The Netherlands) in order to
determine the failure mode.
Crack propagation was also observed in-situ by means of microscopy, with images being captured during testing. In Paper III, a light microscope (Wild MZ8,
Leica, Wetzlar, Germany) was used and in Paper IV an environmental scanning
electron microscope (ESEM) (FEI Quanta 600 FEG-ESEM, FEI Company,
Hillsboro, OR, USA) was employed. The aim of the microscopy study was to directly observe crack propagation as well as to analyse the displacement fields
using the digital image correlation method. Further details about the microscopy and image capture may be found in Papers III and IV.

3.5

Digital image correlation

The identification of displacement fields in wood requires appropriate displacement measuring techniques. This is especially true for loading conditions that
create complex heterogeneous deformation fields (Lecompte et al. 2006). Digital image correlation (DIC) is a suitable method for tackling this challenge
(Lecompte et al. 2006). Digital image correlation is an optical-numerical fullfield measuring technique that is used to determine in-plane displacement
fields at the surface of objects under any kind of loading. The technique is based
on a comparison of images taken at different load steps (Lecompte et al. 2006).
Sutton et al. (2009) refer to the term ‘digital image correlation’ as the whole
system that is used to extract full-field displacement information. Such a system
includes image acquisition, digital storage of the images acquired and their
analysis by means of digital image matching (DIM).
For DIC to work, the object of interest must be covered with an arbitrary
speckle pattern (Lecompte et al. 2006). The speckle can be painted on the surface of the specimen or it can be the inherent surface texture of the material.
The size of the speckles combined with the size of the sub-window influences
the accuracy of the measured displacements (Lecompte et al. 2006), whilst the
image and the random speckle quality determines how accurately the displacements can be determined
In the work reported in Paper III, the texture of the transverse surface of
spruce and birch acted as a random speckle so there was no need for applying a
separate speckle on to the surface. In the case of never-dried green specimens,
this is a great advantage because a painted speckle, for instance, would be extremely difficult to apply. In the work reported in Paper IV, the cellular structure
of wood acted as a random speckle.
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3.6

Data analysis

3.6.1

Stiffness and fracture mechanics parameters

Small compact tension specimens were subjected to pure mode I loading in both
the radial-tangential and tangential-radial crack propagation systems at different MCs and temperatures. Load-CMOD diagrams were recorded, from which
characteristic stiffness and fracture parameters were calculated.
The initial slope (kinit) and two fracture mechanics parameters – the critical
stress intensity factor for mode I and specific fracture energy – were calculated
from the load-CMOD curves. Before calculating these parameters, the loadCMOD curves were normalised to match those of a specimen with a nominal
thickness of 10 mm.
The kinit in the linear elastic region was determined in order to characterise the
relative stiffness of the material (Eq. 7).
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(Eq. 7)

where P is load, Pmax is the maximum load attained and ¨CMOD is the increment of CMOD corresponding to ¨P. Both the shear and elastic moduli of the
CT specimen will affect kinit. This quantity is proportional to the effective modulus of elasticity and shear modulus of the material. In Papers I and II kinit was
calculated in order to estimate the effect of temperature, MC and thermal modification on the stiffness of the material, whereas in Paper III the elastic property
values used in the model were taken from literature and scaled in such a way
that kinit, measured from the specimens, could be modelled correctly. In the CT
specimens, particularly in the RT and TR orientations, shear forces have an
enormous impact on the CMOD value and thus on the value of the kinit. In CT
specimens, CMOD can be roughly estimated using the double cantilever beam
model, which takes into account the effect shear forces on the deflection (Timosehenko beam theory, Timoshenko 1921) and in this case CMOD = 2·deflection). In short beams, deflection caused by shear forces is significant and it is
more significant the lower the ratio of shear modulus to elastic modulus. In
spruce and birch in the RT-plane the ratio of shear modulus to E is low.
In many studies where small wedge splitting or CT specimens have been used,
the critical stress intensity factor has been calculated using the equation for isotropic materials (Reiterer and Sinn 2002; Majano-Majano et al. 2012). An isotropic approach is justified for crack initiation parallel to the grain, at least in
the RL system (Schachner et al. 2000). Although the calculation of stress intensity factors using an isotropic material model for wood fracture in the RT and
TR systems is questionable, it was used because it takes into account specimen
geometry, which varied somewhat due to the shrinkage caused by both MC and
thermal modification. Values for KIc were determined using Eq. 8 given in
(Reiterer and Sinn 2002; Majano-Majano et al. 2012).
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where Pmax is the maximum load attained, a0 is the distance from the starter
crack-tip to the loading line, and W is the distance from the loading line to the
end of the specimen and B is the thickness of the specimen.
Ideally for characterisation of the complete fracture behaviour, including the
crack propagation phase, specimens would be tested until full separation and Gf
would be calculated based on Eq. 9.
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(Eq. 9)

where A is the total ligament area and GF the area under the load-CMOD curve.
However, with the test set-up used it were not always possible to continue tests
until full separation of the specimen, and at the end of the test some specimens
were still carrying a small load i.e. stain energy was stored in the specimen. It
was assumed that the main toughening mechanisms is micro-cracking and the
stored strain energy was elastic (Figure 6). Because of this Gf was calculated
based on Eq. 10.
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where A is the projected area of the fractured surface during test and GF the area
under the load-CMOD curve minus the elastic energy stored in the specimen at
the end of the test. Gf corresponds to the integrated area under the load-CMOD
curve minus the elastic recovery divided by the fractured surface area. In this
study the projected fracture area perpendicular to the tensile load direction was
used, so possible meandering of the crack or deviation from the original direction was not taken into account. In order to calculate Gf the fracture behaviour
should be stable, but fracture energies were also calculated in the case of unstable crack propagation. This gives a lower limit for the estimation of fracture energy.
3.6.2

FEM modelling

In the work reported in Paper III crack propagation was simulated by FEM
modelling based on LEFM and on NLFM by means of the FCM. Franc2D code
(version 3.2-3 11/15/07, Cornell University, Ithaca, NY, USA) was used in both
simulations (Wawrzynek and Ingraff ea 1993). The nominal specimen dimensions (Figure 8d) were used and the material was assumed to be orthotropic and
homogenous. The values of elastic input parameters for the model were taken
from Dinwoodie (2000) and modified in such a way that the initial slope could
be predicted correctly (Table 1). The values of all elastic parameters was multiplied by a single correction factor, although it has been reported that ER and ET
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are affected by the MC to a slightly higher degree than the EL and GRT (Ozyhar
et al. 2012) but still the elastic anisotropy remains widely unchanged with MC
(Ozyhar et al. 2012). In the case of air-dried spruce, the elastic parameter values
used are clearly higher than values taken from Dinwoodie (2000), but still in
agreement with Wittel et al. (2005) and Sedighi-Gilani and Navi (2007).
Table 1. Elastic parameters (modulus of elasticity Ei, shear modulus Gij, and Poisson ratios Qij)
together with the cohesive element parameters (tensile strength ft and critical opening w) at different MCs used in the FEM simulations.
Parameter

ET (MPa)

Norway spruce

Birch

Dinwoodie
(2000)

Air-dried

Green

Dinwoodie
(2000)

Air-dried

Green

430

731

363

620

620

226

ER (MPa)

710

1207

599

1110

1110

405

EL (MPa)

10700

18184

9033

16300

16300

5952

23

39

19

190

190

69

GTR (MPa)

QTR

0.310

0.310

0.310

0.380

0.380

0.380

QTL

0.025

0.025

0.025

0.018

0.018

0.018

QRL

0.034

0.030

0.030

0.030

0.034

0.034

ft (MPa)

-

6.0

3.3

-

18.0

4.3

w (mm)

-

0.07

0.15

-

0.10

0.20

Load was applied as a point load and plane stress conditions were assumed. It
was assumed that the pre-existing crack propagates along its original direction.
The application of plane stress conditions (as opposed to plane strain conditions) does not have a significant effect on the calculated displacement field because, for non-yielding materials such as wood, the irreversible deformations
are due to the formation of micro-cracks; therefore, no plastic deformations take
place and the difference between plane stress and plane strain is small (Petersson 1981).
In the NLFM simulations, a predefined crack path was modelled with interface
elements having linear softening behaviour. Crack propagation occurs when the
peak tensile stress is reached at the interface elements. Normally, the softening
behaviour of wood is modelled based on bilinear softening functions (Boström
1992; Stanzl -Tschegg et al. 1995; Dourado et al. 2008). Both a bilinear model
and a linear model were tested in preliminary simulations. A linear softening
function was chosen because the simulations with linear softening were a better
fit to the measured load-CMOD curves than simulations with bilinear softening.
In the case of the bilinear model, the slope of the first descending branch of the
softening curve has a great effect, but the tail of the softening curve with lower
slope has only a small effect on the modelled load-displacement curve (Boström
1992). The parameter values for the interface elements (Table 1) were chosen so
that the FEM models correctly predicted the load-CMOD behaviour around the
peak load. The areas outside the crack path were modelled based on the same
elastic parameter values as in the case of the LEFM simulations. In addition to
load-CMOD curves, displacement fields around the crack-tip were obtained
from the node displacements of the model.
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3.6.3

Displacement field analysis using digital image matching

In digital image matching grayscale raster images are usually used. It has to be
emphasised that image data has to be stored in a lossless format like TIFF. Using
a lossless format makes it possible to manipulate image data without losing image quality. A grayscale digital raster image is a two dimensional matrix containing intensity value for each picture element (pixel) (Figure 9). Because image data is in numerical format (matrix) it can be treated mathematically.

Figure 9. Grayscale digital raster image (a). Numbers represent intensity values. Three-dimensional representation of intensity values (b).

In its simplest from DIM is a straightforward two-dimensional (2D) discrete
cross-correlation of two images. 2D cross-correlation measures similarity between two matrices and the shift between them and the results are shown in a
correlation matrix in which the correlation peak defines the shift between correlated images. The 2D cross correlation is illustrated in Figure 10 using two
very small and simple images i.e. matrices.
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Figure 10. Principle of two dimensional discrete cross correlation. Two 5-by-5 matrices, M1 and
M2 (a), are cross correlated. M1 and M2 are first line up so that (5, 5) element of M1 and (1,1)
element of M2 coincide. Element-by-element product is calculated (c). M1 is shifted to the right
and the element-by-element of product of those elements that coincide are calculated and
summed. Repeating the procedure for new positions of M1, gives the full correlation matrix (c).

In this study the MatPIV (version 1.6.1, University of Oslo, Oslo, Norway) computer program was used for DIM analyses. MatPIV is a computer code written
for particle image analysis (Sveen 2004) and is run in the Matlab (Mathworks,
MA, USA.) environment. The code uses 2D discrete cross-correlation to extract
the displacement data. The principle of the MatPIV is illustrated in Figure 11.
The analysis includes the following steps:
1. Images are divided to sub-windows (Figure 11a).
2. Sub-images are extracted from the full images (Figure 11b).
3. From sub-windows the mean intensity value of sub-window is subtracted to avoid correlation of the mean intensities.
4. Sub-windows are multiplied with weight matrix using element-wise
multiplication to avoid errors caused by peripheral regions (Figure
11c).
5. Sub-images are cross correlated by means of two-dimensional discrete
cross correlation. Correlation results in a correlation matrix which
must be further normalized. Normalized correlation matrix is shown
in Figure 11d.
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6. The local displacement is given by the position of the correlation peak
(Figure 11d). A Gaussian fit is applied to calculate the displacement
with sub-pixel accuracy.
7. Repeating the procedure for new positions of sub-windows in the full
images, gives the full displacement field (Figure 11e).
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Figure 11. Principle of the correlation algorithm.
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4. Results and discussion

To ensure the safe and correct use of wood in structures, a thorough understanding of its fracture behaviour is desirable. The fracture behaviour of wood
is affected by its microscopic structure, its density and moisture content, as well
as the crack propagation system, loading mode and the rate of loading. On the
one hand, it is important to quantify how much these factors affect the fracture
behaviour by calculating fracture parameters and on the other, it is also important to understand how the wood fractures.
The main aim of this thesis was to characterise the fracture behaviour of
spruce and birch in the transverse plane, i.e. the RT and TR crack propagation
systems. The effect of wood anatomy and cell geometry at two moisture contents
and temperatures was investigated in Paper I. The fracture behaviour of wood
arises from a combination of its cellular structure and the mechanical properties
of the cell wall material. By comparing the fracture behaviour of thermally modified and unmodified wood, new insights into the role of changes in the chemical
structure of the cell wall on fracture behaviour was obtained in Paper II. In Papers III and IV, the fracture behaviour of unmodified birch and spruce in the RT
crack propagation system was investigated in more detail. In particular, the displacement fields near the crack-tip were investigated.

4.1

Effect of anatomy, temperature and moisture content on fracture mechanics parameter values

The effect of anatomy, temperature and moisture content on fracture behaviour
were investigated by testing small compact tension specimens in pure Mode I
loading at two temperatures (22 and 50 °C) and at two MCs (air-dried and wet).
In the case of unmodified material, the MC of the air-dried specimens was about
14 %, whereas in TM spruce the MCs were 9–10 % (TM at 190 °C) or 7–8 % (TM
at 210 °C). The MC was well over FSP in all wet specimens (72–150 %). The effect of anatomy was investigated in three ways; cellular structure was studied by
using two different wood species, in two fracture orientations, and the effect of
cell wall material was taken into account by altering the cell wall structure
through thermal modification. Load-CMOD histories were recorded from which
characteristic fracture parameters were calculated. Fracture behaviour was
quantified with three parameters: kinit, KIc, and Gf.
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4.1.1

Load-CMOD diagrams

Load-CMOD diagrams characterise the entire fracture process from crack initiation until total failure of the specimen. Figures 12 and 13 shows representative
load-CMOD diagrams registered during the experiments for birch (Figure 12a
and b), for spruce (Figure 12c and d), for spruce thermally modified at 190 °C
(Figure 13a and b) and for spruce thermally modified at 210 °C (Figure 13c and
d). Each of the subfigures represent curves obtained from four adjacent specimens at different MC and temperature. Because the specimens were anatomically almost identical – adjacent to one another – it is expected that only MC
and temperature affected the shape of the load-CMOD diagrams within each
group. When a crack was introduced at an angle to the radial direction, there
was a tendency for the crack to grow in a purely radial direction. Thuvander and
Berglund (2000) reported the same form of crack deviation in pine.

The effect of anatomical structure
In unmodified material the shape of the curves is dependent on species, MC and
temperature, and, to a lesser extent, the fracture orientation (Figure 12a–d). At
22 °C, crack propagation was unstable in air-dried birch in both orientations,
whereas in spruce, instability was restricted mainly to the TR system. Keunecke
et al. (2007) reported unstable crack propagation in spruce in the TR system
and stable crack propagation in the RT system. As either MC or temperature (or
both) are increased, crack propagation becomes stable in both species and in
both fracture orientations. Under these conditions, the shapes of the loadCMOD curves for birch in the different orientations do not differ much, whereas
in spruce, there is distinct dissimilarity between the orientations. In the TR system, the crack propagates in a stepwise manner through one or several LW
bands at a time (Figure 12d) depending on the conditions, whereas in the RT
system, the crack propagates smoothly. Stepwise crack propagation in the TR
system at elevated MCs has been observed previously (Thuvander and Berglund
2000; Vasic and Stanzl-Tschegg 2007), and this behaviour can be explained by
the repetitive stiffness variation over the growth rings in softwood (Thuvander
et al. 2000a). Birch does not show stepwise crack propagation (Figure. 12b),
most probably due to the very slight density variation within the growth rings
(Saranpää 2003), i.e. the LW is only slightly denser than EW.
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Figure 12. Representative load-CMOD diagrams for unmodified birch and spruce. In each subfigure, the curves represent the fracture behaviour of four adjacent specimens. The curves are
normalised to 10 mm specimen thickness using the measured thickness of each specimen. Values are taken from Paper I. RT = radial-tangential crack propagation system, TR = tangentialradial crack propagation system.

The effect of cell wall material
The thermal modification of spruce led to a loss of oven-dry mass in the specimens and to shrinkage. In the specimens thermally modified at 190 °C, the mass
loss varied between 1.3 and 2.0 % and the specimens shrank by 0.6 % in the
radial direction and by 1.3 % in the tangential direction. In the specimens thermally modified at 210 °C, the mass loss was between 4.9 and 6.1 % and shrinkage was 1.7 % and 3.7 % in the radial and tangential directions respectively.
Mass loss increases with increasing treatment temperature, exposure time (Esteves and Pereira 2009) and moisture content (Borrega and Kärenlampi 2008).
The mass loss observed in this study is in accordance with previous studies (Esteves et al. 2008) but it is clearly lower than in spruce thermally modified in a
humid atmosphere (Borrega and Kärenlampi 2008).
The load-CMOD diagrams clearly illustrate the effect of thermal modification
on fracture behaviour (Figure 13a–d). The higher the thermal modification temperature and the resultant higher dry mass loss, the more the properties are affected. Thermal modification changes the fracture behaviour more in the RT
system than in the TR system, which is in accord with the results of MajanoMajano et al. (2012). Although these workers investigated the RL and TL systems, the fracture plane is identical in the RT and RL as well as in the TR and
TL systems. Whilst the shape of the curves differs significantly depending on
MC, temperature and fracture orientation, TM does not change the shape of the

31

Results and discussion

curve under a given condition compared to unmodified material, though the
curves are in a way scaled down, especially in the RT system.
In air-dried unmodified and TM spruce at both temperatures, crack propagation was unstable in the TR system, but it became stable at high MC, except in
specimens thermally modified at 210 °C. In the RT system, crack propagation
was stable in unmodified and in TM spruce at both MCs and temperatures and
it seems that TM does not affect the stability of crack propagation.
Based on these results, TM does not alter the manner in which a crack propagates: in the radial direction, the crack propagates in a stepwise manner at high
MC through one or several LW bands at a time as in unmodified material (Figure 13b and d), whereas in the tangential direction, the crack propagates
smoothly.

Figure 13. Representative load-CMOD diagrams for thermally modified (TM) spruce. In each
subfigure, the curves represent the fracture behaviour of four adjacent specimens. The curves
are normalised to 10-mm specimen thickness using the measured thickness of each specimen.
Values are taken from Paper II. RT = radial-tangential crack propagation system, TR = tangentialradial crack propagation system, TM = thermal modification.

4.1.2

Initial stiffness

The effect of cellular structure and cell wall structure together with testing temperature and MC on the effective stiffness of the material was quantified with
the kinit parameter and the results are shown in Figure 14. The results are averages, and the error bars represent the minimum and maximum values calculated, in most cases, on the basis of six specimens.
In both unmodified birch and spruce, kinit in the RT system was greater than
that in the TR system (Figure 14a and b). In birch, the difference was more significant, as kinit was 20–40 % higher in the RT than in the TR system depending
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on MC and temperature. The difference is more significant at lower MC and
temperature. In spruce, the values in the RT system were 14–35 % higher than
in the TR system, except in wet specimens at 22 °C. Keunecke et al. (2007) did
not observe significant differences in kinit between RT and TR systems in either
air-dried yew or spruce.
Both elevated MC and temperature had the effect of lowering kinit in both species and in both orientations, and the influence of MC was more significant than
the influence of temperature. Raising the MC from ~ 14 % to well over FSP at
22 °C decreased kinit in TR orientation by ~ 62 % in the case of birch and by
~ 55 % in the case of spruce. This is in accordance with previous findings by
Vasic and Stanzl-Tschegg (2007), who measured 60 % and 70 % decreases in
kinit for spruce and beech respectively in the TR orientation as MC was increased
from ~ 12 % to ~ 30 % i.e. near to FSP. Higher temperature resulted in lower
kinit values in both species and the effect of temperature was more significant in
birch. This is in accord with Reiterer (2001), who investigated the effect of temperature on the fracture behaviour of spruce and beech at low MC. It seems that
the effect of MC and temperature on kinit is more pronounced in hardwoods than
in softwoods and the reason might by the higher hemicellulose content in hardwoods compared to softwoods. Gerhards (1982) reported that MC and temperature affected the mechanical properties perpendicular to grain to a greater extent than along the grain. It is known that hemicelluloses play an important role
in the transverse properties of fibres (Bergander and Salmén 2002) and that
both MC and temperature soften the polymeric constituents of wood (Salmén
1982). Thus it seems likely that the higher the hemicellulose content the more
MC and temperature affect the properties, especially in the transverse plane.
Comparison between species shows that in the case of air-dried material at
22 °C, the kinit for birch is over two times greater than that of spruce, but at a MC
over FSP and a temperature of 50 °C, the difference is only twofold.
As in unmodified spruce, in TM spruce, kinit in the RT system was greater than
in the TR system (Figure 14c and d) at both MCs and temperatures. In TM
spruce, the difference between orientations was more significant than in the unmodified material at lower MC. At low MC, thermal modification increases kinit
in the RT system, in other words, the tangential modulus of elasticity (ET) or the
tangential-radial shear modulus (GTR) or both increase. It has previously been
reported that TM increases stiffness in the longitudinal direction (Esteves and
Pereira 2009; Majano-Majano et al. 2012). In the TR system, kinit and thus the
radial modulus of elasticity (ER) or the tangential-radial shear modulus changed
only slightly, which is in accordance with the findings of Borrega and
Kärenlampi (2011). They reported a small decrease in the ER of spruce hightemperature dried at 130 °C. On the other hand, an increase in spruce ER after
TM at 180 °C has also been reported (Pfriem et al. 2010). Results on the effect
of TM on mechanical properties may be controversial, because treated wood
material and the TM process affect the outcome. TM results in only slight
changes in cell wall material properties if the temperature is lower than 140 °C
(Hill 2006). Relatively little work has been reported on the effect of TM on the
shear modulus. On the basis of the investigations by Kubojima et al. (1998),
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however, it seems that the TM affects the shear modulus and modulus of elasticity in similar ways. At lower treatment temperatures (120 °C and 160 °C) values for both moduli increase in the initial stages and become constant. At higher
temperature, the value of shear modulus increases during the initial stages of
heating and reduces thereafter (Kubojima et al. 1998) as does the modulus of
elasticity (Hill 2006).
An increase in MC results in a reduction in the kinit of TM spruce more than in
unmodified spruce. A higher testing temperature also results in a lower kinit. The
thermally modified specimens were somewhat smaller than the untreated specimens and this affects the kinit values so this comparison is not strictly accurate,
but the trend is clear. The difference between RT and TR systems in TM spruce
and also between unmodified and TM material is more significant at lower MC
and temperature.

Figure 14. Initial stiffness values of unmodified birch (a) and spruce (b) and for thermally modified
(TM) spruce (c) and (d). Values for unmodified material are from Paper I and for thermally modified spruce, from Paper II.

4.1.3

Stress intensity factor

The critical stress intensity factor, KIc, predicts the stress state near the tip of a
crack at the maximum load in homogenous materials that display linear elastic
behaviour. In many studies, the critical stress intensity factor has been calculated on the assumption that the materials is isotropic (Reiterer and Sinn 2002;
Majano-Majano et al. 2012). Although the calculation of stress intensity factors
in the RT and TR orientations in wood is questionable, based on the assumption
that it is an isotropic and homogenous continuous material, the effect of temperature and MC can be compared better based on KIc values than a simple maximum load, as it takes into account the slight changes in specimen geometry due
to shrinkage.
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The KIc values obtained are shown in Figure 15. Clear differences in KIc were
found between the different material, the crack propagation system, MC and
temperature. In birch, the KIc values are more than twice as great as spruce at
lower MC, but the difference is slightly smaller at high MC. In both species, the
RT-KIc was greater than TR-KIc, but the values are not significantly different. In
the case of spruce, the KIc values obtained at 22 °C are somewhat lower than
those reported by Vasic and Stanzl-Tschegg (2007), but on the other hand, the
higher values of KIc at lower MC compared to saturated wood are in agreement
with previous findings (Vasic and Stanzl-Tschegg 2007).
The thermal modification of spruce affected KIc. As the severity of heat treatment increases, the reduction in the KIc values in the RT orientation also increase. This is in accordance with previous studies (Majano-Majano et al. 2012;
Pleschberger et al. 2014). On the other hand, it seems that heat treatment does
not affect the KIc values much in the TR system. This might be due to the failure
mode in this orientation; in unmodified wood, the radial crack propagates between the cells (Ashby et al. 1985) in the middle lamella, which is the weakest
link in the case of unmodified spruce. The ML mainly consists of lignin (Fengel
and Wegener 1989) and since lignin is a relatively more stable component of
wood when undergoing thermal modification, it is reasonable to suppose that
the mechanical properties of the ML are not affected as much by TM as other
parts of the cell wall. In unmodified material, KIc is higher in the RT system than
in the TR system, but in TM material this is reversed.

Figure 15. Critical stress intensity factor values for mode I of unmodified birch (a) and spruce (b)
and for thermally modified (TM) spruce (c-d). Values for unmodified material are from Paper I,
and for the thermally modified spruce, from Paper II.
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4.1.4

Fracture energy

The specific fracture energy characterises the energy needed to propagate an
existing crack in wood.
In Figure 16, the results for the Gf of birch, spruce and TM spruce in the RT
and TR systems at the different conditions are presented. The Gf values obtained
in the case of unstable crack propagation are also reported; these values represent the lower limit of real Gf. At 22 °C and MC ~ 14 %, crack propagation in
birch was unstable in both orientations whereas in spruce the instability was
restricted to the TR orientation. Keunecke at al. (2007) encountered the same
stability problem when testing air-dried yew and spruce in the TR orientation.
In the case of native material in both species and in both crack orientations,
Gf was the highest in air-dried wood tested at 50 °C and an increase in MC resulted in a lower Gf. This is most probably due to the fact that in air-dried wood
at elevated temperature, the fracture propagated stably but the effect of temperature on the maximum load was less significant than MC. Previous findings on
the effect of MC on Gf are contradictory. Reiterer and Tschegg (2002), for example, reported that in spruce in the RL orientation at room temperature, Gf
increases as MC increases from 12 % to 58 %. Vasic and Stanzl-Tschegg (2007)
investigated the fracture behaviour of oak, beech, spruce and pine at four different MCs in both the RL and TR systems at room temperature. On the basis of
their results, the effect of MC on Gf is different in different species and orientations. For example, in the RL system in spruce, the effect of MC on Gf is negligible and in the TR system, Gf decreases as MC increases from ~ 12 % to ~ 30 %.
Thermal modification affected the Gf values of spruce significantly. At low MC,
the higher the treatment temperature, the lower the resulting Gf values, which
is in accordance with the results of Majano-Majano et al. (2012) and
Pleschberger et al. (2014). Again, TM has a greater effect in the RT system than
in the TR system. In unmodified spruce, Gf is clearly higher than in TM material
under all testing conditions in the RT system. In the TR system, the Gf of unmodified spruce is higher than that of TM material at low MC, but the reverse is
observed when the MC is high.
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Figure 16. Specific fracture energy values of unmodified birch (a) and spruce (b) and for thermally
modified (TM) spruce (c–d). Values for unmodified material are from Paper I, and for thermally
modified spruce, from Paper II.

In unmodified birch and spruce and under all conditions, all the calculated fracture parameters were higher in the RT orientation than in the TR orientation.
This is probably due to the effect of the rays. Rays strengthen wood in the radial
direction impeding crack propagation in the tangential direction (Boatright and
Garrett 1983); however, when a crack is propagating in the radial direction, the
rays act as weak planes (Ashby et al. 1985). The fracture behaviour differs considerably between the two species studied. All the fracture parameter values are
significantly greater in birch than in spruce, and the most obvious factor explaining these is the measured greater density of birch (467–521 kg m-3) compared to spruce (327–368 kg m-3). In birch, the difference in the RT and TR
systems is slightly greater than in spruce. This might be due to differences in the
cellular-level fracture. Birch is a diffuse porous hardwood (Burgert et al. 2001)
where the LW is only slightly denser than the EW. Concerning the cellular structure, birch is quite similar in both the radial and tangential directions except for
the presence of the rays, which strengthen birch in the radial direction. In
spruce, the density variation between EW and LW is high. When a crack is propagating in the radial direction, the rays act as weak planes, but the crack has to
propagate through the dense LW bands; it seems that the strengthening effect
of the LW bands almost offsets the weakening effect of the rays. On the other
hand, when a crack is propagating in the tangential direction, it propagates in
the low-density EW, but the rays resist crack growth.
In TM spruce and under all conditions, all the calculated fracture parameters
are greater in the TR orientation than in the RT orientation, which is in contrast
to the unmodified spruce. In the RT orientation, the crack propagates in the thin
walled EW; however, the KIc and Gf in unmodified wood are higher in the RT
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system than in the TR system and this is at least partly due to the strengthening
effect of radially oriented ray cells. It has been reported that the hemicellulose
content of ray cells in spruce is approximately 30 %, whereas in the tracheids it
is approximately 18 % (Perilä 1961). The degradation of hemicelluloses most
probably results in a notable loss in strength of the ray cells in TM spruce and
thus the KIc and Gf values in the RT system decrease to a greater extent than in
the TR system.

4.2

Microscopic observations

In addition to the purely numerical values of the fracture mechanics parameters, it is essential to know how the crack propagates in wood. Subsequent analysis of cracks uncovers the failure mode, i.e. where the wood fractures, revealing
the weakest part of the cellular structure.
In-situ microscopy observations provide information about formation of the
fracture process zone and toughening mechanisms that are mobilised.
4.2.1

Post-failure analysis of crack faces

After the mechanical tests were performed (Paper I and II), the cracks of 32
specimens – one from each category – were examined using a light microscope
in order to determine whether the species, TM, testing temperature or MC had
an effect on the failure mode.
In Figure 17, the crack edges of four unmodified birch and spruce specimens
tested at elevated temperature and high MC are shown. In birch, neither MC nor
temperature influenced the failure mode; in the TR system (Figure 17a), the
crack propagated along the weak planes formed by rays. The dominant failure
mode was IC in both the TR and RT (Figure 17a and c) systems. In spruce, neither MC nor temperature affected the failure mode in the TR orientation (Figure
17b) and the crack propagated mainly along the rays, with the failure mode being mainly IC in both the EW and the LW. These findings are in agreement with
those of previous studies (Ashby et al. 1985; Thuvander and Berglund 2000).
However, both MC and temperature affected the failure mode in spruce in the
RT system albeit the crack propagated always in the EW. In air-dried spruce the
failure mode was predominantly of the TW type as has been reported by Ashby
et al. (1985). At elevated temperature or at high MC, both TW and IC failure
modes were observed. At 50 °C and fully saturated conditions, IC failure mode
predominated (Figure 17d).
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Figure 17. Crack edges of wet specimens tested at elevated temperature (50 °C). TR orientation
of birch (a) and spruce (b) and RT orientation of birch (c) and spruce (d). Inter-cellular fracture is
predominant in both species and in both crack propagation systems (Paper I).

TM changed the failure mode in spruce in the TR system (Figure 18a and b); in
unmodified spruce, the failure mode was mainly IC in both the EW and the LW
under all testing conditions. In spruce, thermally modified at 190 °C, the failure
mode was IC in the LW but in the EW both IC and TW failure modes occurred
(Figure 18a). As the severity of thermal modification increased (TM at 210 °C),
the failure mode in the LW also changed towards TW (Figure 18b). Testing temperature and MC only slightly affected the failure mode of radial cracks in thermally modified material. When the crack propagates in the radial direction in
unmodified softwood, the main failure mode is IC and the crack propagates in
the ML (Ashby 1985). In this case, the ML is the weak layer. When wood is thermally modified, the cell wall becomes weaker and the ML is no longer the weakest link and thus the crack propagates through the cell walls (TW).
In the RT system, both MC and temperature affected the failure mode in unmodified spruce. In TM spruce, the failure mode was mainly TW regardless of
the treatment temperature, MCs and testing temperature (Figure 18c and d).
Thermal modification does not affect the failure mode in the RT system much
and in this case the crack always propagates in the EW. In unmodified wood, as
temperature and MC increase, the failure mode shifts from TW to IC but in the
thermally modified wood the main failure mode is TW under all testing conditions. This is partly in accordance with Pfriem et al. (2010), who found that the
main failure mode in unmodified spruce is IC and in thermally modified spruce
TW in air-dried specimens at 20 °C.
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Figure 18. Crack edges of thermally modified spruce specimens tested at elevated temperature
(50 °C) and high MC.

4.2.2

Near crack-tip displacement analysis

The aim of the displacement analysis was to characterise material behaviour
near the crack-tip. This in turn defines which fracture models are applicable to
a given material. If a sizable non-linear zone develops in the vicinity of cracktip, LEFM is not applicable. In quasi brittle materials the non-linear zone that
develops is almost entirely filled with the fracture process zone (Bažant 2002),
which is the zone in which the material undergoes softening damage (Bažant
2002).
It is possible to calculate the displacement field near the crack-tip from micrographs taken at the different load levels by means of digital image correlation.
At the lower magnification (Paper III) analysis mainly reveals the size of the
NLZ. With sufficient magnification (Paper IV) it is also possible to analyse factors, like micro-cracking, which cause non-linear behaviour.

The size of the non-linear zone ahead of the crack-tip
In Paper III crack propagation was modelled using both linear elastic fracture
mechanics and non-linear fracture mechanics, relying on the fictitious crack
model. The measured and modelled displacement fields were compared.
The displacement fields near the crack-tip were calculated by DIC from images
captured at two load levels in the ascending part of the load-CMOD curve. For
all specimens, the lower load level was between 71 % and 78 % of the maximum
load and the higher load level was  95 % of maximum load. At the lower load
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level, the specimen was still behaving linearly, and at the higher load level, nonlinear behaviour was obvious, except in the case of air-dried spruce. The displacement fields obtained by DIC and the simulated displacement fields are presented in Figure 19.
In air-dried spruce (Figure 19a), the displacement field near the crack-tip, as
determined by DIC, is very similar to the theoretical LEFM displacement field
(Figure 19a,i), although the former is greater than the latter, especially ahead of
the crack-tip (Figure 19a,ii). This is logical because the specimen behaved almost linearly up to the maximum load. The NLFM model seems to exaggerate
displacements near the crack-tip. The parameters of the cohesive elements (tensile strength ft and critical opening w) have a significant effect on the displacement field around the crack-tip. A decrease in the critical opening or an increase
in tension strength value decreases the displacement values. It seems that the
tension strength value as input in this simulation was too small and the critical
opening value was too large (Table 1). Samarasinghe and Kulasiri (2000) tested
pine under pure mode I loading in the TL crack propagation system and compared the measured and theoretical displacement fields. In their calculations,
the equations given by Sih et al. (1965) were used. The conclusion was that experimental crack-tip displacements compare well with LEFM predictions.
In green spruce as well, the measured displacement field near the crack-tip is
very similar to the theoretical LEFM displacement field (Figure 19b,i) and differs significantly only ahead of the crack-tip (Figure 19b,ii). The displacements
near the crack-tip are about the same order of magnitude as in air-dried spruce,
although the load increase is only around half that of air-dried spruce.
In air-dried birch (Figure 19c), the displacement field at the crack-tip, as determined by DIC, is quite close to the theoretical NLFM displacement field, although the former is smaller than the latter, especially ahead of the crack-tip
(Figure19c,ii). On the other hand, it can be seen from Figure 19c,i that the measured and modelled (NLFM) displacement further away coincides very well. In
the test specimen, there were vessels  0.1 mm ahead of the original crack-tip
and the crack propagated into the vessel between the load levels, which affected
the measured data. Based on the analysis, the NLFM model seems to predict the
displacement field around a crack-tip of air dried birch quite accurately.
As may be seen, in green birch (Figure 19d,i) the crack opening behind the
crack-tip is almost equal to the crack opening predicted by the NLFM model.
However, the NLFM modelled displacements at, and ahead of, the crack-tip are
much larger than the measured ones (Figure19d,ii). In the test specimen, some
micro-cracking ahead of the crack-tip was observed between load levels. The
displacements near the crack-tip are much larger than in the case of air-dried
birch, although the load increase was less than half that of air-dried birch.
The experimental crack-tip displacement fields in both green and air-dried
spruce are in quite good agreement with LEFM predictions. In the case of green
and air-dried birch, NLFM predicts the displacement fields better than LEFM.
In both species, the MC has a significant effect on the softening behaviour. In
the FCM the parameter values of the cohesive elements have a significant effect
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on the displacement field around the crack-tip. In the FCM, the FPZ is condensed over a crack line, although, in practice, the FPZ is distributed within a
certain zone of finite width. This means that the modelled FCM and measured
displacements should be equal at some distance from the crack line if the cohesive parameters as the basis of the model are correct. It seems that the tensile
strength values used in these simulations (Table 1) were too small and the critical opening values were too large for all specimens, and this distorted the predicted curves. Obviously, the modelled displacement fields still deviate from the
measured ones, even if the cohesive parameters were chosen so that loadCMOD behaviour is modelled correctly.
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Figure 19. Changes in displacements in the vicinity of the crack-tip between two loading levels
are presented in sub-figures (i) and opening profiles in sub-figures (ii). Experimental results are
shown in red, and theoretical displacements are shown in black (LEFM) and yellow (FCM). (a)
Air-dried spruce, (b) green spruce, (c) air-dried birch, and (d) green birch. For visual clarity displacements are shown nine times greater than actual displacements in the subfigures (i). Results
are from Paper III.

The MC as well as the cell structure affected the size of FPZs; however, the magnification of the micrographs analysed did not permit a detailed analysis of the
crack-tip FPZ.
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Detailed analysis of the crack-tip FPZ
The effect of the microscopic structure and the MC of wood on its fracture behaviour was investigated in detail in Paper IV. Green and air-dried spruce (Picea
abies [L.] Karst.) and birch (Betula pendula Roth.) wood were subjected to pure
mode I loading in the RT crack propagation system. The tests were carried out
in-situ in an environmental scanning electron microscope to observe crack
propagation at the cellular level. Crack-tip displacement fields were computed
by digital image correlation.
Figure 20 shows the displacements in an air-dried spruce specimen. The displacements, computed by DIC, clearly show the crack opening in the specimen
(Figure 20a–d). As the load is increased (Figure 20d–f), the crack opens and
propagates and micro-cracking is observed ahead of the crack-tip, but there are
no large radial displacements ahead of the crack other than those that are a result of the micro-cracking. The images analysed were captured before the maximum load was achieved. It is usually assumed that micro-cracking occurs before the maximum load is attained, but the crack does not propagate. In dry
spruce, both cell wall and inter-cellular fracture occur when the crack propagates in the early wood (Figure 20f). Dill-Langer et al. (2002) reported that the
predominant failure mode in spruce in the RT system is cell wall fracture.
The DIC results from the image sequence of an air dried birch specimen are
presented in Figure 21. The displacements computed by DIC clearly show the
crack opening at the beginning of loading (Figure 21a and b), micro-cracking
(Figure 21c and d), and crack propagation (Figure 21d and e). During crack
propagation, there are again no large radial displacements in front of the cracktip other than those caused by micro-cracking. Unlike in spruce (Figure 20),
where the crack propagated in its original direction, in air-dried birch the crack
deviated from its original direction and propagated through the vessels. In airdried birch, the main failure mode is a trans-wall one. In Figure 21, some erroneous correlation results can be seen. If the sub-windows are located almost entirely inside the vessels, there is no distinctive surface pattern, so the correlation
results will be erroneous.
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Figure 20. DIC analyses of dry spruce. Displacements were compared to the beginning of the
test. For visual clarity, the displacements are shown two times greater than the actual displacements. (Paper IV).
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Figure 21. DIC analyses of dry birch. Displacements were compared to the beginning of the test.
For visual clarity, the displacements are shown two times greater than the actual displacements.
(Paper IV).

Analysing wet specimens by DIC was difficult. The images were captured at high
magnification and the original image size was approximately 500 × 500 ǋm2
and only a small area ahead of the crack-tip could be seen. Cropping reduces the
image size further. In addition, identifying the tip of the starter crack was difficult at low load levels and, in many cases, the starter crack opened and revealed
the real crack-tip at higher CMODs. As a consequence, at low load levels, the
images were captured in the wrong positions; however, subsequent images were
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captured at the crack-tip at higher load levels. Because the crack was propagating and the image size was small, the image sequence captured at the same location contained only a few images. In some cases, water evaporated from the
water-filled lumens. This changes the surface pattern, so it is obvious that an
analysis based on pattern matching is problematic. However, it was possible to
analyse some image sequences, but it was impossible to use the image captured
at zero load level as a reference image, because the starter crack-tip was not visible.
The DIC results of the image sequence of wet spruce specimen are presented
in Figure 22. Crack opening (Figure 22b and c) can be seen and also some large
displacements ahead of the crack-tip (Figure 22d). These displacements are due
to both micro-cracking and cell deformation. In dry spruce, the cell did not deform noticeably, so the larger deformations seen in green spruce are most likely
due to the lower E of the cell wall caused by the high MC. In green spruce, the
main failure mode was inter-cellular (Figure 22d) and there was less microcracking than in air-dried spruce.
The DIC results of the image sequence of green birch are presented in Figure
23, where crack opening (Figure 23b and c) and also some large displacements
and micro-cracking ahead of the crack-tip (Figure 23c and d) can be seen. However, these displacements and micro-cracks were confined to very small local
fracture zones. As in the air-dried birch, fracture propagated through the vessels
in green birch, in which case the main failure mode was inter-cellular.

Figure 22. DIC analyses of green spruce. For visual clarity, the displacements are shown two
times greater than the actual displacements. (Paper IV).
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Figure 23. DIC analyses of green birch. For visual clarity, the displacements are shown two times
greater than the actual displacements.

4.2.3

In-situ observations of crack propagation

It was impossible to analyse the whole ESEM image sequence captured at the
crack-tip by DIC because the location at which the images were captured also
changed during crack propagation. In view of this, the image sequences of airdried spruce and air-dried birch were also analysed visually, in terms of crack
propagation, and the distance of the micro-cracks from the position of the original crack-tip were measured manually from the micrographs. The crack was
assumed to have propagated when the micro-cracks coalesced with the main
crack forming a continuous crack (further details can be found in Paper IV). In
many cases, it was not easy to determine whether the crack was really continuous or not, so in these situations the distance of the micro-crack farthest away
from the original crack-tip provides a much clearer and more accurate measurement than crack propagation.
The results of these measurements are presented in Figure 24. It should be
noted that axis scaling in Figure 24a and b are different. The cross-head movement was stopped whilst the images were captured. This results in the load
drops seen in load-CMOD diagram. Load drops are consequence of viscoelastic
behaviour of wood and some form of damage, such as micro-cracking or crack
propagation. Based on these measurements and observations from micrographs, it can be concluded that, in both air-dried spruce and air-dried birch,
micro-cracking begins, and the main crack propagates, before the maximum
load is reached. After the maximum load is attained, the occurrence of micro-
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cracking increases noticeably. In spruce, the micro-cracking zone is at times approximately 700 ǋm ahead of the main crack, whereas, in birch, the microcracking zone is much smaller ( 250 ǋm). The length of the micro-cracking
zone is not constant but varies during crack propagation. In both species, the
cracks grew in a highly localised fracture zone. These results agree rather well
with those of Vasic et al. (2002), who found that the fracture zone was approximately 1 to 2 mm long.

Figure 24. Load-CMOD curves together with the manually measured crack propagation (extension) and the distance of the tip of the furthest micro-crack from the original crack-tip. The length
of the micro-cracking zone is the difference between micro-crack propagation and crack propagation (a). (Paper IV).

It is supposed that the non-linear fracture behaviour of wood results from the
FPZ. Vasic et al. (2002) studied the fracture of almost completely dry Canadian
spruce in-situ in a scanning electron microscope (SEM) and concluded that fracture is confined to a small, localised, damage zone. The results presented here
suggest that the FPZ is even smaller and that both the cellular structure and the
MC affect its size. The difference in the size of FPZ between this study and that
of Vasic et al. (2002) might be due to differences in the MC and the different
fracture orientation. It seems that the micro-cracking zone becomes smaller as
the MC rises. This finding is in agreement with that of Vasic and Stanzl-Tschegg
(2007), who concluded that lower MC promotes micro-cracking. It must be
borne in mind that the green specimens studied in this case should not have
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contained any micro-cracks induced by drying stresses. In addition to microcracking, it has been suggested that fibre bridging forms another toughening
mechanism in wood (Stanzl-Tschegg et al. 1995), which has even been suggested
to be the main toughening mechanism (Vasic and Smith 2002). In this work, no
fibre bridging was observed and this finding is in agreement with observations
made on spruce in the RT (Keunecke et al. 2007) and TR (Frühmann et al. 2003)
systems.
To summarise, in unmodified birch and spruce elevated temperature and MC
did not affect the failure mode, except in the case of spruce in the RT orientation.
The failure mode in spruce changed due to TM in the TR orientation but in the
RT orientation the failure mode of unmodified and TM spruce differed only at
high moisture content and elevated temperature.
In the RT crack propagation system, the measured near crack-tip displacement fields in both green and air-dried unmodified spruce compare better with
LEFM predictions than with FCM predictions. In unmodified birch, the FCM
predicts the displacement fields better than LEFM. In both unmodified spruce
and birch, the FCM overestimates the displacements ahead of crack-tip,
whereas the LEFM model underestimates the displacements. In both species,
moisture content has a big effect on the softening behaviour.
In the RT system in the air-dried unmodified birch and spruce, only microcracking caused large displacements ahead of the crack-tip. In spruce, the micro-cracking zone was larger than in birch. In green birch and spruce, microcracking was less evident than in the air-dried specimens and, in some cases,
there were notable deformations in a few cells ahead of the crack-tip before
crack extension. Micro-cracking is considered to be the main toughening mechanism in spruce and birch in the RT crack propagation system.
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5.1

Overview of study

The main aim of this thesis was to investigate the effect of the cellular structure,
MC, temperature and the effect of altering the physiochemical structure of the
cell wall by means of thermal modification on the fracture behaviour of wood in
the RT and TR crack propagation orientations.
It was found that in birch and in spruce MC and elevated temperature significantly changes the fracture behaviour of both species in RT and TR systems. The
results were specific to the wood species but MC and temperature influenced
the fracture behaviour in a similar way. In both species all the fracture mechanics parameter values, except specific fracture energy, deceased as the temperature or MC, or both, were increased. The effects were more pronounced in birch
than in spruce. In both species and under all conditions, all the calculated fracture parameters were higher in the RT system than in the TR system. This is
probably due to the effect of the rays. Elevated temperature and MC did not affect the failure mode, except in the case of spruce in the RT system
Thermal modification altered the fracture behaviour of spruce: all the calculated fracture parameter values decreased as the severity of thermal modification increased. The parameters were altered more in the RT than in the TR system. In TM spruce and under all conditions, all the calculated fracture parameters were greater in the TR system than in the RT system; this is contrary to the
trend in unmodified spruce. In both TM materials all the fracture mechanics
parameter values, except specific fracture energy, deceased as the testing temperature or MC or both were increased. The effects were more pronounced in
material thermally modified at 210 °C than in material modified at 190 °C. The
failure mode changed due to thermal modification in the TR system but in the
RT system the failure mode of unmodified and TM material differed only at high
moisture content and elevated temperature.
When displacements near the crack-tip were analysed at the scale of the
growth ring, it was discovered that MC as well as the cell structure affected the
size of FPZ; however, the magnification of the micrographs analysed did not
permit a detailed investigation of the crack-tip FPZ. In the RT crack propagation
system, the measured near crack-tip displacement fields in both green and airdried spruce compare better with the LEFM predictions than with the FCM predictions. In birch, the FCM predicts the displacement fields better than LEFM.
In both spruce and birch, the FCM overestimates the displacements ahead of
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crack-tip, whereas the LEFM model underestimates displacements. In both species, moisture content has a big effect on the softening behaviour.
When the near crack-tip displacement fields were analysed in greater detail by
means of ESEM it was observed that only micro-cracking caused large displacements ahead of the crack-tip in the RT system in air-dried birch and spruce. In
spruce, the micro-cracking zone was larger than in birch. In green birch and
spruce, micro-cracking was less evident than in the air-dried specimens, and in
some cases, there were notable deformations in a few cells ahead of the cracktip before crack extension. Based on these observations, micro-cracking is considered to be the main toughening mechanism in spruce and birch in the RT
crack propagation system.
This dissertation provides new knowledge about the fracture behaviour of
birch, spruce and thermally modified spruce and how elevated temperature and
high MC affects the fracture behaviour.

5.2

Limitations and future work

The wood material in this study was limited to silver birch, Norway spruce and
thermally modified Norway spruce. The specimens studied contained only clear
wood. Thus the effect of defects such as knots, fibre inclination and reaction
wood were not included. Thermal modification was carried out using small
wood blocks and thus the potential defects that are introduced to thermally
modified timber did not affect the results.
Fracture behaviour was studied under mode I loading in the RT and TR crack
propagation systems. All the tests carried out were static tests, thus the time
dependent effects of creep and relaxation on fracture behaviour were ignored.
During the testing crack propagation was observed and images were taken on
the top surface on the specimen. This means that analyses were confined to the
top surface of the specimens and not the whole specimen’s volume. Furthermore displacement fields were analysed only prior to and at the maximum load.
There are still major gaps in our knowledge concerning the wood fracture. More
systematic studies where fracture mechanics testing, in-situ microscopy, deformation measurement by means of digital image correlation and modelling in
combination is needed. In addition, the material parameter values required for
modelling, like the elastic properties, should be measured from the same material that is used in the fracture mechanical tests. This could give new insights
into wood’s fracture behaviour. In particular, the fracture behaviour of modified
wood should be studied. By understanding even better how the microstructure
of wood affects its fracture behaviour and how modification affects the microstructure, it could be possible to modify wood so that fracture toughness is improved.
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