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COMPORTEMENT VISCOELASTIQUE LONGITUDINAL DU BOIS VERT: DIVERSITE ET
PREDICTION A LONG TERME

Le but de I'étude consistait a prédire le comportement viscoélastique longitudinal du bois vert dans la
période correspondant a la vie d’'un arbre et d’explorer la diversité de ces propriétés. Le travail s’est
déroulé en deux temps. Une analyse exploratoire des propriétés vibratoires a été effectuée sur un
large échantillon incluant divers types de bois, y compris des bois de réaction, issus de dix especes
tropicales. Dans un deuxieme temps, une sélection restreinte des échantillons a été utilisée pour une
étude approfondie du comportement en fluage a long terme. Par ailleurs, la relation avec les
parameétres structuraux tels que densité, angle des microfibrilles et pourcentage des éléments
anatomiques a été étudiée.

Une procédure d’évaluation du fluage a long terme a été mise au point a partir d’essais a différentes
températures. L’'occurrence du vieillissement physique suite au refroidissement consécutif au
chauffage au dessus de la température de transition vitreuse du bois a été mise en évidence.
L'applicabilité du principe d’équivalence temps-température a été remise en question par I'analyse des
résultats dans le plan complexe approché (PCA). L’hypothése supplémentaire de la dépendance de la
complaisance initiale a la température, similaire a I'élasticité entropique des polymeéres amorphes, a
été proposée et appliquée, permettant de prédire avec succes le comportement a long terme a partir
d’'essais courts. Le fluage thermoactivé, ainsi que le phénomene de vieillissement physique, ont été
décrits par un modele de Maxwell parabolique identifié a partir de la représentation des résultats dans
le PCA. Le comportement en fluage est apparu non corrélé au coefficient d’'amortissement mesuré
lors des essais vibratoires, suggérant une dissociation entre les mécanismes rhéologiques qui
contrdlent le comportement viscoélastiques aux échelles de temps acoustiques (quelques centaines
de Hertz) et biologiques (plusieurs années). Enfin, I'hnypothése d'un effet prépondérant de la lamelle
mitoyenne sur le processus de fluage a été suggérée pour expliquer les faibles corrélations observées
entre le fluage relatif et la structure des parois cellulaires.

VISCOELASTIC BEHAVIOUR OF GREEN WOOD ALONG FIBRES: DIVERSITY AND LONG-TERM
PREDICTION

The aim of the study was to predict the long-term creep behaviour of green wood in the longitudinal
direction for a period corresponding to the life of a tree and to explore the variability of this behaviour.
The study took place in two steps commencing with a screening of vibration properties on a large
sample of ten tropical species including different wood types, the reaction wood included. Next, a
small subsample was used for an in depth analysis of the long-term creep properties. Further, the
relation of viscoelastic properties with structural parameters such as basic density, microfibril angle
and percentage of anatomical elements was investigated.

A testing procedure was developed to assess the long-term viscoelastic properties based on short-
term creep tests performed at different temperatures. Occurrence of physical aging subsequent to a
quench from a temperature above the glassy transition was evidenced. Direct applicability of the time-
temperature equivalency was questioned by discrepancies observed in the approximated complex
plane (ACP). Additional assumption of a temperature-dependent initial compliance, similar to the
entropic elasticity in amorphous polymers, was suggested and successfully applied to obtain reliable
long-term creep predictions. Thermo-activated creep behaviour along with physical aging was
described by a parabolic Maxwell model identified from the representation of experimental data in the
ACP. The creep behaviour was revealed not to be related to the damping coefficient measured by the
vibration method, indicating that different rheological mechanisms govern the viscoelastic behaviour at
acoustic time scales (hundreds of Hz) and biologic scales (several years). In conclusion, the
hypothesis of the middle lamella playing a key role in the long-term creep was proposed to explain the
weakness of the correlations observed between the amount of relative creep and the structure of the
cell wall.

DISCIPLINE : MECANIQUE ET GENIE CIVIL

MOTS-CLES : VISCOELASTICITE — MODELE PARABOLIQUE - BOIS VERT - BOIS TROPICAUX

LABORATOIRE DE MECANIQUE ET GENIE CIVIL - 860, Rout e de St Priest — 34090 - Montpellier
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GENERAL INTRODUCTION

This work is an integral part of an ANR researclojget called «Woodiversity»
(ANR-05-BDIV-012-04) which focused on the variatyilof structures and properties of trees
growing in the tropical rainforest. Tropical rainésts are highly competitive environments
characterised by high density of stems, closedsfocanopy and limited light availability.
Severe growing conditions are at the origin of dneersity of structures and properties of
tropical species. Numerous strategies have beerlamd by trees to optimise their
performance and survive in the forest until theproductive maturity. The aim of the ANR
project was to analyse the biological significarafethe diversity of wood structure and
mechanical properties. The role of theee and Wood Mechanics research teantMGC
was to advance methodologies for characterisatianechanical properties of green wood.
The present work focuses in particular on viscdiglagroperties of green wood in the
longitudinal direction.

The context of the ANR project is plant biomechanlt means that throughout all the
study, wood is not considered as a material to dm dor man-made structures, but as a
building material designed to ensure living funomf a tree. That's why it was essential to
study wood in a state that is as representatiy@oasible of its native state in the living tree.
For this purpose, wood samples had to be kept tarwsometimes for long durations, and the
effect of different storage conditions on mechalnicaperties of wood has been investigated.
The aim of the PhD project was to develop an expamnial device and appropriate procedure
to assess the viscoelastic behaviour of green vaoddexplore its variability along with their
structural determinants.

Data were collected in view of biomechanical amdlmns such as models dealing
with the tree reorientation process or bendingstasce. Thus, time scales in which we were
interested corresponded to decades of years. Tdicpigehaviour at these time scales, we
need to set up a precise experimental procedureauBe this procedure required a long
experimental time, it was hindering to the secobgedive: to investigate the diversity of
viscoelastic behaviour. Therefore, the first scnegof viscoelastic properties was performed
on a large sample of tropical species using a rejpichtion method. Afterwards, an in depth
study of viscoelastic behaviour was performed dmded selection of specimens exhibiting
contrasted properties. The aim was to assess déeatares of the viscoelastic behaviour. To
gain an insight into the origin of viscoelastic pecties, some structural parameters such as
basic density and microfibril angle were measuredtlte sample. These parameters are
known to be the determinants of elastic properfieghis study, the pertinence of the latter
parameters for viscoelastic considerations wassiyated.

The manuscript is organised in two parts accordingur objectives. The first part
deals with the diversity of viscoelastic responssasured at short observation times and the
relation between viscoelastic and structural patarae The second part focused in greater
detail on the validity of some assumptions gengrafied for predictions of the long-term
viscoelastic behaviour from short-term experimemtaia. Structural complexity of natural
materials such as wood makes it difficult for thect application of experimental procedures
and theoretical principles often borrowed from otfields, such as polymer science, and
many precautions have to be taken. We have trigthii;mwork to gain an insight into the
current understanding of the viscoelastic propert®¢ wood in the green condition, the
variability of the viscoelastic response and thie f the temperature in the acceleration of
viscoelastic processes.






LITERATURE OVERVIEW

The following chapter introduces wood structure gmdperties as well as general
concepts for investigating viscoelastic propertidhe specificity of wood behaviour
originating from its biological synthesis and prasstate of knowledge on the contribution of
wood components to the viscoelastic behaviour esgmted. Some specific points will be
however introduced in the introduction of corresgiag chapters.

1) Wood structure

Wood with its inherent strength is a product ofwgra trees. The primary function of
the woody trunk of the living tree is to providepport for the photosynthetic energy factory
I.e. leaves at the top and to provide transport oewand nutrients moving up to those leaves.
The photosynthetic sugars produced by the leaveslynmove down the stem via the bark
tissues. Woody tissues, interior to the bark, agamised in concentric anisotropic bands
made up of cells with specific functions.

1.1 Microstructure

Three main features characterize the microstructure

highly elongated cells called tracheids in softwoaad fibres in hardwoods
constituting the bulk of the wood;

parenchyma cells oriented in radial or in axiaédiion;
large diameter cells with large pore spaces amdadéii walls called vessels.

While vessels ensure the transport function in Wwaodl, mechanical function is
provided mainly by tracheids and fibres. Tracheidsrage about 3.5 mm in length and 0.035
mm in diameter while fibres are generally shorferl(5 mm) and smaller in diameter (0.015
mm). Parenchyma cells function as a means of eitbegitudinal or radial nutrient
transport/storage. However, Burget al. (1999) stated recently that in addition to their
storage and transport function ray cells have alstechanical function. Reiteret al. (2002)
have also reported the importance of the radiaffeezement of the wood structure by rays.
Excepting radial parenchyma, all cells are aligakuhg the longitudinal axis of the stem so
that wood can be represented as a cellular solidllestrated in FigureO-la. This is
particularly true in softwoods where tracheids esent up to ~95% of the bulk of the wood.
In hardwoods there is wide variation in the proportof cell types. We can encounter large
percentage of vessels ~ 21.4%Bietula luteaor of parenchyma totals ~ 28% @arya ovata
(Kollmann and Coété 1968). Accordingly to its miatopic structure, wood is highly
anisotropic. Its anisotropy can be reduced to dhotnopic behaviour with stem planes of
symmetry defining three directions — longitudinahdial and tangential (L — R — T).
Mechanical properties are mainly determined by fthee fraction and cell wall thickness.
Accordingly to fibre orientation, mechanical perfances of wood in L direction are higher
than in transverse directions.

1.2 Cell wall structure

Cell wall of wood fibres can be represented as Hitayer fibre-reinforced composite
(Figure 0-1b). Each cell wall layer is made up of ‘fibresf crystalline cellulose called
microfibrils embedded in a matrix of amorphous hegtiuloses and lignin.



cell wall tracheid microfibril
50pm ' \ reinforcement

tracheids

ray cells of rad. parenchyma

Figure 0-1: (a) Honeycomb-like structure of wood at microscogiale. (b) Multi-layered structure of the cell
wall. From (Norimoto and Gril 1989).

Between individual cells there is a thin layer edlimiddle lamella which glues the
cells together to form the tissue and is mainly posed by pectin and lignin. In the primary
wall the cellulose fibrils are arranged in thin damly oriented layers. As the primary wall is
the first layer deposited during the developmerd otll, this system allows for an expansion
of the young cell driven by the softening of theerfibril matrix. It is difficult to distinguish
the primary wall from the middle lamella using noiscopy so that the term compound middle
lamella is often applied to both regions. Contrerythe primary layer, the secondary layers
are characterised by a high degree of parallelismiorofibrils. Typical secondary cell wall
is divided into three different layers, S1, S2, &8l The S1 layer is about 0.1-Qu® thick
and exhibits gentle helical slope of the fibrilhel S2 layer, usually 1gBn in thickness,
accounts for 75% to 85% of the total thicknesshefcell wall. The S2 layer contains from 30
to 150 lamellae, all exhibiting microfibrils spilialg in a right-hand running a steep angle
(10° to 30°) to the fibre axis further denoted roftyril angle (MFA). Orientation of
microfibrils in S2 layer affects significantly mamproperties of wood material along with
their anisotropic character. The innermost layethef secondary cell wall, the S3 layer, is
again very thin (~0.1um) with MFA of 60° to 90° with regard to the celis (Fengel and
Wegener 1984).

1.3 Constitutive polymers

The main wood components are cellulose, hemical@daand lignin. Nearly 50% of
the wood material is made up of cellulose. Celleloscurs in wood in the form of slender
filaments or chains, these having been built upiwithe cell wall from the glucose monomer.
Whilst the degree of polymerisation can vary coasadlly from one species to another, it is
considered to range from 8000 to 10 000 units arame. Successive units in the chain are
rotated through 180° and covalent bonding(¥-4 linkage gives rise to a straight chains.
Supramolecular structure is cellulose is charaszdriby highly ordered arrangement with
densely packed molecules, building up a fibrous-li&d structure called a microfibril. This
structure is based on the alignment of the celauldsins parallel to each other and connected
between them by intra and intermolecular hydrogends. However, microfibrils are not
totally crystalline and regions with less orderecgiagement of the cellulose molecules occur.
In wood it is estimated that about 70% of the dedla is crystalline (Fengel and Wegener
1984).



Hemicelluloses are in close association with ceflalin the cell wall. The molecular
chains are much shorter than those of cellulossy Have side-groups and are branched in
some cases. The third macromolecular wood comppfignin, is present in roughly equal
proportions to the hemicelluloses. The moleculebgoin are built up differently from those
of the polysaccharides, consisting of an aromatstesn composed of phenylpropane units.
From a morphological point of view, lignin is an amphous substance located in the
compound middle lamella as well as in the secondals. During the development of the
cells lignin is incorporated as the last componet the cell walls, interpenetrating the
fibrils and so strengthening the cell walls (Fengedl WWegener 1984). Most cellulosic plants
do not contain lignin and it is the inclusion ofstttomponent which imparts much of the
stiffness to wood cell walls. Recent works haveorggd that lignin structure is not
completely amorphous. Akerholm and Salmeén (2003k hehown that there is a preferred
orientation of the phenyl-propane units of lignlarey the fibre axis in spruce tracheids. This
implies there is an ordered structure of lignirthe secondary wall of tracheids analogous to
that of the cell-wall polysaccharides. The dynarfespectra also indicated that lignin
exhibits a much more viscoelastic behaviour thathdacarbohydrates.

In addition to main constitutive polymers of woodellulose, hemicelluloses, lignin —
wood contains the so-called extractives. The ettreg cover a wide range of chemical
compounds though they generally represent onlyall grart of wood. They can be extracted
from wood by means of polar and non-polar solvefsssa rule, extractives represent a small
proportion of wood, fewer than 5%, but relativeighh amounts of extractives are found in
some tropical and subtropical woods (up to 30% ting to CIRAD database). Extractives
affect the wood density estimates (Singletinal. 2003) and some of them are known to
considerably affect the damping coefficient (fotaile see 8.3) and some other properties
such as shrinkage (Choong and Achmadi 1991) obditya

1.4 Distribution of the main polymers in the cell wall

Cell wall layers differ not only by structural angement but also by the chemical
composition as pictured in Figu@2. The middle lamella and primary wall are mostly
composed by lignin (8.4% of the total weight), jpectrotein and xyloglucane (1.4%)
included in the picture label hemicelluloses andyJdtle cellulose (0.7%). The S1 layer
consists of cellulose (6.1%), hemicelluloses (3.7&86d lignin (10.5%). The S2 layer is the
thickest layer and has the highest carbohydrateeabmvhich is the mostly cellulose (32.7%)
with lesser quantities of hemicelluloses (18.4%} dignin (9.1%). The S3 layer, the
innermost layer, consists of cellulose (0.8%), leaftuloses (5.2%), and very little lignin. It
is interesting to note that although the relatigaih ratio is low within the S2 layer, the same
amount of lignin as in the middle lamella existshwi this layer because of its large overall
mass (Winandy and Rowell 2005).

! Centre de coopération internationale en recheagfienomique pour le développement (French Agricaltu
Research Centre for International Development)
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Figure 0-2: Distribution of main wood components in differeayérs of the cell wall according to Panshin and
de Zeuw [cited by (Navi and Heger 2005)].

15 Properties of cell wall components and their interactions

An extensive overview of current knowledge aboet¢bkll wall component properties
was recently done by Salmén and Burgert (2009). fbHewing statements are extracted
from this paper. The crystalline stiffness of clelie is around 134 GPa, regardless of some
discussion about the absolute number. Howeverydhability of the crystalline regions and
the stiffness variations along the cellulose agategstill need an in-depth consideration. The
effective stiffness value of the cellulose in tledl gvall structure is still not clear. Mechanical
data for hemicelluloses and lignin are scarce; wiily the old data of Cousins (1978; 1976)
being available. Cousins estimated the Young's ruzdaf isolated Klason lignin to 2.3GPa
at 12% moisture content (Cousins 1978) and thdteofiicelluloses to 0.01GPa in saturated
state (Cousins 1976). However, these values may lomltaken as approximations and as
indirect evidence, as both the molecular structamel the spatial arrangement of these
polymers differ substantially in isolated form awdhin the in situ polymer matrix. At first
glance, it seems that the overall contributionhef $oft matrix polymers to the stiffness of the
cell wall is of less importance, in particular,time case of small cellulose MFAs. However,
the importance of the mechanical properties ofrttadrix polymers cannot be neglected in
particular for viscoelastic behaviour that is gaest mainly by amorphous constituents.
Further, sensitivity of wood to water is a good repée on the necessity to consider also the
hemicelluloses contribution to wood behaviour.

Besides the properties of individual polymers, thateractions greatly affect the
performance of the cell wall assembly. The spedibading pattern at their interfaces plays
an essential role in this regard. The bonding afibelluloses to the cellulose fibril surfaces
Is not based on covalent bonds but mainly on hyelrdgpnds. This results in a strong but also
flexible connection of both polymers, as hydrogemds can easily be opened and reformed
(Altaner and Jarvis 2008). Lignin is not bound dilgto cellulose, but it is covalently bound
to hemicelluloses. Hence, the amphiphilic hemideias play an essential role in the
maintenance of the cell wall assembly while ligmeacts as a bulking agent preventing
buckling of microfibrils. The interactions betwettie constituents of the cell wall occur on an
extremely intermixed level. This explains to somx¢eat the fact that properties of the cell
wall do not generally reveal strong dependenciesnef component to another. It is also still
not clear whether and how crosslinks exist withiellulose aggregates between
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hemicelluloses and cellulose microfibrils. In othgords, a network structure within the
secondary cell wall is not clarified and we do kimbw how strong such a network could be.

2) Mechanical consequences of the biological synthe sis of wood
2.1 Origin of pre-stresses

During its life, a tree experiences incrementalniter growth together with an
increase of external forces, mainly because ofd#ikeloading of the tree. In addition, newly
formed wood cells are pre-stressed during the raatur process. Immediately after cell birth,
the newly developed cells undergo a several dag hoaturation period, during which two
mechanisms take place in the cell wall; lignificatiand cellulose crystallization. As lignin is
deposited, the amorphous cellulose matrix swellsnsiversely and when cellulose
crystallization occurs, microfibrils shrink longdunally (Okuyamaet al. 1994). Under the
combined effect of these two mechanisms, singlé teelds to shrink longitudinally and
expand transversally as illustrated in FigW&. However, the maturing wood cells are
attached to older, already lignified and therebycimstiffer cells which prevent the tendency
of maturating cells to shrink. Hence, these matuiells are held in a state of longitudinal
tensile stress, and it is only on cutting the wottdit these “maturation stresses” can be
released in the form of residual strains alondahgitudinal axis (Archer 1986; Kubler 1987).
The wood cells at the surface of a tree are thexeftyetched longitudinally and compressed
tangentially and can be said to be held in tenditmwever, as more and more wood is added
to the tree surface, the wood cells inside thektrare slowly compressed, until they are
completely held in compression, toward the centrthe trunk. This gradient of mechanical
stress in a trunk, whereby the outside is heldemsibn, and the centre in compression, is
called growth stress, and can be highly detrimeiotatood quality, resulting in warping and
twisting of boards and planks.

) i)

Figure 0-3: Maturation process and origin of growth stressesietsired by (Plomioret al. 2001). As the newly
developed wood cell (i) begins to differentiatd, (the deposition of lignin and cellulose in thessdary cell
wall tends to stretch the cell laterally and caiis® shrink longitudinally (black arrows). Howeveas the
differentiating wood cell is attached to older wofii), it cannot deform completely, thereby segtinp a
mechanical stress in the cell wall (empty arrovis)normal wood (NW), this translates into a tensteess,
therefore, the wood in the outer surface of a (h@eis usually held in tension (+ and empty arrpwdowever,
accumulation of peripheral maturation tensile stegasmust be balanced by internal compression oftdra (-
and full arrows).
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2.2 Biological consequences of pre-stresses
2.2.a Increase of the stem bending resistance

One of important consequences of pre-stresses Herttee is to improve the
instantaneous bending resistance of stems. As Wattions of a tree such as cell
differentiation or sap conduction are concentrattthe periphery of the stem, it is essential
to prevent surface damage when a tree is subntitdsbnding loads. The impact of pre-
stresses on the radial distribution of internaésdes inside a tree under bending loads is
nicely explained by Gordon (1978) in Figweta. When submitted to axial stress wood is
more resistant in tension than in compression. iepin tension of a fibrous material, like
wood, requires a considerable energy because afdimplex organisation of the cell walls
that makes them resistant to delamination. In cesgon, due to the porous honeycomb-like
microstructure, the occurrence of localised bugkliesults in a lower resistance. The
opposite is observed across the fibre: fragile uxgptin tension and considerable plastic
deformation in compression. Wood layers locatedr déam periphery are pre-strained by
longitudinal tension and tangential compressionthat expense of less vital internal layers
subjected by compensation to longitudinal compeogsand transverse tension. This improves
stem strength and flexibility and tends to prevemaking or surface damage under bending
loads as pictured in Figue4 b.

pre-strained . € L

transverse
tensile
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Figure 0-4: Left figure: Pre-stress and bending strength oé tieinks. (a) Tree bent by the wind without
considering the filed of pre-stresses due to thturation process. Stress distribution across tihektis linear
and maximum tension and compression are equakié@ of internal stresses resulting from the mation
process. The outside is in tension all aroundjribiele is in compression. (c) Pre-stressed treestrong wind.
Compression stress is halved and this tree can twnd as far as the one is (a). From Gordon (19R&)ht
figure: The positive effect of growth stresses mmsflexibility.

2.2.b Interactive shape regulation

Tree stems are slender structures that are nexfecfg symmetric. Thus, the increase
in tree mass due to their growth induces inevitablgre or less important bending
movements. Given the mechanical design of treésgiation of these movements over time
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would ultimately lead to a weeping habit. Howeergravitropic correction is achieved by
asymmetric distribution of maturation stresses thalance the bending moment due to
asymmetric increase of weight (Alméras and FourB@09). Pre-stresses are used by a tree
also to control the shape of its branches or ptessibn-verticality of the stem due to some
external loading like wind. Actually, circumfereditidistribution of longitudinal growth
strains is very often asymmetric (Fourngtral. 1994). Resulting difference of tensile stresses
induced on the upper and lower side of a tree stein branch induces a bending moment.
Thus, growth stresses allow stem reorientationesthe most tensile side pulls the other one.
Although cell maturation is very short comparedh® subsequent duration of wood existence
as a supporting part of the stem, it is of the @winimportance both for the tree stem and for
the wood, because of its mechanically active nafWéson and Archer 1979). Peripheral
variations of initial growth stress provide therstewith the only mechanism of secondary
reorientation compatible with their thickness aigidity, because the amount of maturation
strain can be adjusted during the formation ofgbeondary wall under the action of growth
regulators.

2.3 Reaction wood

Investigating the maturation strains on the penplaf a leaning tree, it has been
found that maturation strains are systematicallyjeddnt from the usual ones within an
angular sector located in correspondence to th@ngadirection. This clearly relates to the
existence of a specific type of material, callealcteon wood unlike normal wood producad
priori by straight growing trees. According to measureduration strains, reaction wood in
softwoods is named compression wood and in hardsvdedsion wood. Wood tissues
produced on the opposite side of the stem aredcalpposite wood. Occurrence of reaction
tissues increases considerably the intraspecifi@bitity of wood structures and properties.
Reaction tissues represent in fact a sort of atlaptdimit to the growth conditions.
Variations appear at three levels: variations df sleape and cell wall thickness, of cell wall
architecture and of chemical composition of polysmasnstituting the middle lamella.

Compression wood in conifers is more lignified witlgher MFA in the cell wall,
resulting in a specific longitudinal modulus ofslaity much lower than that of normal wood
(Timell 1986). On the contrary, the tension woodhafdwoods is less lignified with lower
MFA and has in consequence higher specific longimldmodulus of elasticity. Tension
wood is characterised in many species by the oecoer of fibres with a particular
morphology and chemical composition due to the lbgwveent of so-called G-layer (Scurfield
1973). G-layer was for a long time described asmssly cellulosic highly crystalline layer.
Recently, Bowling and Vaughn (2008) have reportked tccurrence of arabinogalactan
proteins and pectin molecules bound to the G-lajoreover, Clairet al. (2008) have
identified a gel structure in the cell wall of ttemsion wood explaining its large longitudinal
shrinkage. However, G-layer is not always presantension wood of hardwoods. Among
122 species of Dicotyledonous representing 45 famiior the most of tropical origin, only
56 species presented the G-layer in the tensiordWlBisher and Stevenson 1981). A similar
observation was also made by Clair al. (2006). The great diversity of reaction woods
observed among the different species proves thatanawns a large set of solutions to solve
its mechanical problems.
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Figure 0-5: Released longitudinal growth strain against mea\MFS2 layer from (Sassus 1998).

The amount of pre-stress was found to be corelédethe microfibril angle as
illustrated in FigureO-5 where values of released longitudinal growttaist are plotted
against the mean MFA (Sassus 1998). The classivaiah between normal wood and
reaction wood is given here a mechanical interpoetaNormal wood produces maturation
strains ranging from -0.1% to 0%, and corresponda MFA of 7 to about 25°. Tension
wood produces highly negative strains, down to 5&3with a MFA approaching zero.
Compression wood produces positive strains, up.38pwith a MFA exceeding 20-30°.
Taking into account cell wall architecture and pbgamechanical properties of individual
wood constituents, numerical models allow to eskmenportant properties as elastic
compliance, maturation strains, hygrothermal exigangGril et al. 1999; Yamamotcet al.
2002). Both, variations of MFA and of chemical carspion have to be taken into account to
fit with experimental observations.

Due to differences in wood structure and chemicahmgosition, reaction tissues
exhibit different physical and mechanical propesti/hile similar characteristics (wider ring
width, higher specific gravity, lower specific mdds) have been reported for different
compression woods (Timell 1986; Gindl 2002), medaterproperties of tension wood seem
to be variable. Some studies reported consideraiglyer elastic modulus in tension wood
compared to opposite wood (Coutagtdal. 2004) or a significant tendency between released
growth strains and elastic modulus (Clairal. 2003; Fanget al. 2008) while others have not
detected any tendency between released growtinsteaid elastic modulus (Sassus 1998).
Opposite trendi,.e. higher specific modulus in opposite wood compdceténsion wood, was
observed in two tropical species (Ruedteal. 2007).

2.4 Consequences on the measurement of viscoelastic properties

Growth stress can be understood as the loadingriiapplied to the material before
tree felling. Locked-in strains are partially reded by cutting specimens from the tree.
However, some residual strains are still lockethm wood material and can be released by
heating the piece of wood in a green state beybadaftening point of lignin (see88&.b for
details). This phenomenon is known as hygrothemaebvery of locked-in strains (Yokota
and Tarkow 1962). Heating of green wood therefamdlves a complex set of deformation
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processes. In addition to the reversible thermairstcharacterised by negative expansion
coefficient below the softening temperature of iingrthe material recovers locked-in strains
resulting from the maturation process. The releafséocked-in strains was observed by
Yokota and Tarkow (1962) beyond ~ 35°C. Gatlal(1993) reported that release of strains
becomes visible when the temperature of water elscet)-50°C. Such a deformation
complicates the measurement of thermally activatedoelastic properties because released
strains overlap with the creep strain due to tlaelilog.

3) Linear viscoelasticity

Viscoelastic response is often used as a probelymer science, since it is sensitive
to the material’s chemistry and microstructure. M/Imiot all polymers are purely viscoelastic
to any important practical extent, and even fewerliaearly viscoelastic, the theory of linear
viscoelasticity provides a usable approximation foeny applications. Even in cases
requiring more elaborate treatments, the lineacoakastic theory is a useful starting point.
Following outline of some important aspects ofllihear viscoelasticity is widely inspired by
some of basic works in this field (McCrum 1967;wck and Berry 1972; Ferry 1980; Bodig
and Jayne 1982).

3.1 Physical sources of viscoelastic behaviour
3.1.a Energetic and entropic elasticity

When subjected to an applied stress, polymers reéyrm by either one or both of
two fundamentally different atomistic mechanismmed respectively energetic and entropic
or rubber elasticity. At first, the lengths and kmsgof the chemical bonds connecting the
atoms may distort, moving the atoms to new posstiohgreater internal energy. This small
motion occurs very quickly, requiring only ~ 10-4@€conds and is called energetic elasticity.
Moreover, if the polymer has sufficient moleculasblity, larger-scale rearrangements of the
atoms may also be possible. For instance, theivelateasy rotation around backbone
carbon-carbon single bonds can produce large clangde conformation of the molecule.
Depending on the mobility, a polymer molecule caterd itself in the direction of the
applied stress, which decreases its conformatemabpy. In the absence of deforming forces,
a polymer will take on a shape that maximizesatsdomness and minimizes its free energy.
With the application of the load the molecule vpifirtially straighten to a new lengtht uge,
as shown in Figur@-6. The change of the molecular shape is accoragdn a modification
of molecular forces throughout the network, reggltin delayed elastic behaviour. If the load
is removed the polymer will return to a random, demergy state. However, the return is
delayed by newly formed secondary bonds and ergaemegit with other molecules. The
longer the involved segments the slower these tdependent phenomena. Elastomers —
rubber — respond almost wholly by this so-callett@ric mechanism, with little distortion
of their covalent bonds or change in their inteevargy.
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Figure 0-6: Schematic representation of delayed elastic defiomaf a polymer chain: (a) original shape, (b)
early stage of deformation, (c) final stages ofnghtion, (d) early stages of recovery, (e) recavesieape.
(Bodig and Jayne 1982)

3.1.b Glass-rubber transition

In contrast to the instantaneous nature of thegetieally controlled elasticity, the
conformational or entropic changes are processessaviiates are sensitive to the local
molecular mobility. This mobility is influenced layvariety of physical and chemical factors,
such as molecular architecture, temperature omptheence of absorbed fluids which may
swell and/or plasticize the polymer.

Often, a simple mental picture of the free volumayghly defined as the space
available for molecular segments to act cooperigtise as to carry out the motion or reaction
in question, is useful in intuiting these mobiliigtes. These rates of conformational change
can often be described with reasonable accuraéyihenius-type expressions of the form:

W/RT

rate ~e~ Eq. 0-1

where W is an apparent activation energy of the processRams the (ideal) gas
constant. At temperatures much above the glassiti@n temperatureTg), the rates are so
fast that they are essentially instantaneous, lmag@olymer acts in a rubbery manner in which
it exhibits large, instantaneous, and fully revaesstrains in response to an applied stress.

Conversely, at temperatures much less fhathe rates are so slow as to be negligible.
Here the molecules chain uncoiling process is ésdigrfrozen out, so the polymer is able to
respond only by bond stretching. It now respondsainglassy manner, responding
instantaneously and reversibly but being unableetstrained beyond a few percent before a
brittle fracture occurs.

In the range neary, the material is midway between the glassy anthenpregimes.
Its response is a combination of viscous fluidity @&lastic solidity, and this region is termed
leathery, or, more technically, viscoelastic. Thdue of Ty is an important parameter of
polymer thermomechanical response, and is a fund@neneasure of the ability of the
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material’s molecules for mobility. Factors that anbe mobility, such as absorbed diluents,
expansive stress states, and lack of bulky molegustaups, all tend to produce lower values

of Tg.
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Figure 0-7: Plot of Young's modulus against temperattfgstands for the temperature of glassy transitiah an
T, for the melting pot.

3.2 Transition regions in wood

Most polymers exhibit more than one relaxation,transition region. In order to
identify and compare these regions for differentypers, they are often labelled with the
letters a, S, y; etc. @ corresponds to the relaxation observed at theekigtemperature (at a
given frequency) or the lowest frequency (at a gitemperature). Thg andy symbols then
apply to the other relaxation regions in order @crgasing temperature or increasing
frequency. Each transition is associated with gmoading activation energy. and change in
the storage modulus and mainly in the loss angkesifthtion) as observed in spruce and
maple at 10% moisture content in Fig@&8 borrowed from (Kelleyet al. 1987). Analysis

was performed on the water swollen wood by DMTA sugaments. A peak in the loss angle
spectrum is observed at each transition.
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Figure 0-8: Storage modulus E’ and loss angle &afdamping or dissipation) as a function of the teragure
measured in spruce (—) and maple (---) at 10% m@stontent by(Kelley et al. 1987).

No substantial loss in storage modulus was evideat the temperature range of jfie
dispersion. However, a dramatic decrease in storageulus is associated with the high
temperatureq; transition. The behaviour of th8 transition is characteristic of secondary
dispersion involving only small-scale molecular raotwhile the storage modulus decrease at
the a transitions implies large-scale segmental motidnctv is characteristic of a glassy
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transition. Transitiona; was ascribed to lignin glassy transition whosevation energy is
around 350kJ/mdl Transition > was associated with hemicelluloses but insufficien
resolution in the measurement prevented the caioolaof the corresponding activation
energy. Thes dispersion has an activation energy of 102 kJ/mal relaxation peak with
similarly low activation energy has been noted #orvariety of hydrophilic polymers,
including carbohydrates, under high humidity coiodis.

3.3 Experimental observations

In the case of viscoelastic materials, mechanitaracterization often consists of
performing tests similar to those used for elastiids, but modified to enable observation of
the time dependency of the material response. Tds¢ commonly used tests encounter creep,
stress relaxation and dynamic loading. In the fwilhg, investigation of thermally activated
creep properties and underlying principles willdaglined. Vibration measurements used to
determine the damping coefficient will be introdd e the chapter A-3.2.

3.3.a Creep tests
Theoretical creep curve

The creep test consists in measuring the time dipenstrain resulting from the
application of a steady uniaxial stress. In pritgigreep curves can be determined over the
whole period of prediction. In fact, measuremerda only be made between say 1ls and
approximately 1% (.e.~1 day; 16s ~ 12 days: 18 ~ 4 months). The shorter time is limited
by the inertia of the creep apparatus and the lotige by the patience of the observer and
the ability of doing such a test in good and camstandition during a long time. The creep
curve is often represented against the logarithima#. Note that the logarithmic form of the
plot changes the shape of the curve drasticallgti®tching out the short-time portion of the
response and compressing the long-time region.

A theoretical creep curve based on the idea of lsinmpbber-glass transition is
represented in Figui@9. Material is supposed to exhibit two limitingnepliances. It strains
initially to the glassy compliance, which represeit$ energetic elastic deformation. In time,
the compliance rises to an equilibrium or rubbemynpliance, corresponding to the entropic
elasticity. The value along the abscissa labeltsglzl marks the inflection from rising to
falling slope, and is called the characteristic time of the creexpss.
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Figure 0-9: Theoretical creep curve representing two limitingmpliances:C, standing for the glassy
compliance ane, standing for the rubbery one.

Short-term and long-term creep curves in wood
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A typical curve obtained during short-term creegtdeperformed on wood specimens
is presented in Figur@-10. Van der Put [cited by (Hunt 2004)] proposedlivide the creep
into two processes based on the deformation kmelibe primary part is completed within
one or two days, while the secondary part follovgsraight line on a plot of creep against the
logarithm of time. A similar observation was dong Bunt (2004) as illustrated in Figure
0-10. Hunt has also examined in his paper expet@hessults obtained by Gressel originally
published in 1984. Gressel has performed eight-gesap tests on beech, pine and spruce in a
constant environment of 65% and 20°C. As we caemvesfrom Figuré-11, the creep curve
plotted against the log of time follows essentiadlystraight line. No inflexion point or
progressive slowdown of the creep process can Iserebd. Thus, it is not possible to
confirm whether the secondary creep is likely ttofe a straight line indefinitely, or whether
the rate decreases eventually towards a viscoelastep limit. It is tempting to predict the
long-term behaviour by extrapolating such creewesir An example of a result obtained by
Hunt based on one or two weeks tests into the grgats period is given in Figufell. Hunt
also found the estimated relative creep after 5@y¢a be dependant on wood quality,
quantified by specific modulus, and relative huryidi
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Figure 0-10: Creep data plotted as relative creep against Idignef. From (Hunt 2004)
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Figure 0-11: Gressel’s eight-year creep data for beech, compaithdvarious method of prediction from short-
term data: continuation of slope between 1-2 wégkepresented by the solid line and predictioretlasn the
normalised logarithmic creep rate of the creeprdftweek by the dashed line. From (Hunt 2004).
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Domain of linearity in wood

Linearity in this context means that doubling theess will result in doubling the
strain of studied material at any point in its argt In linear elastic material, it is the strain
immediately after loading that is proportional fophed stress. In viscoelastic material, the
linearity of the behaviour means that the straiart given time after loading is proportional
to the applied stress. Linearity is a condition uiegd for the use of Boltzmann’s
superposition principle (see3&.a) so that it is essential to know the extdntlamain of
linearity in wood.

If the strain-stress relation is linear, the strairesulting from a stressg, wheren is
a constant, is just times the strain resulting from singte Mathematically, it means that:

&no) =ng o). Eq. 0-2

For linear materials, the family of strain histarigt) obtained at various constant
stresses may be superimposed by normalizing thenthéyapplied stress. The linearity
property is illustrated in Figur@-12.
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Figure 0-12: Representation of linear viscoelastic behaviouft:lapplied stress, right: resulting strain. From
(Le Govic 1988).

A number of studies were interested in the domdidinearity in wood, mostly
focused on the limit of linearity in bending andaression. The onset of non-linearity in
bending was associated with the behaviour of thapression face of the test piece. The
estimated value of the limit of linearity, in geakexpressed as percentage of ultimate stress,
varies considerably from one author to another (H®88; Le Govic 1988; Navi and Heger
2005). It appears to depend on the type of loadtegyperature and moisture content.
However it is difficult to compare estimates betwdbhem because the ultimate stress can
vary by a factor up to three according to the nwestcontent and type of loading. For this
reason, strain might be a more suitable paramsteraposed by Hunt (1989). Hunt has also
analysed the onset of non-linearity during mechsomptive creep of Baltic redwoodifius
Sylvestri$ specimens. His experiments showed that compressst pieces departed from
linearity at a total strain around 1400 to 1A00m and bending test pieces at 1600m
while the tensile pieces were linear up to 1800m.

Effect of loading mode

Vittecoq [cited by Genevaux (1989)] has evidencefle@nt behaviour of the
stretched and compressed side of a synthetic catap@s16—914) submitted to bending
stress. Difference between Young's modulus measoredoth sides was significant as
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shown in Figured-13. Decrease in the compression modulus witheas® of stress can be
explained by microscopic buckling of fibres. Eladbending strain is a superposition of the
behaviour in compression and tension and so igherdelayed strain. This can result in
repeated apparition of the same relaxation mechadigring the measurement of creep in
bending if the latter one is dependent on the stezel. Interpretation of such a signal is not
straightforward.
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Figure 0-13: Compression and tension modulus of IM6-914 accaortbrVittecoq [cited in (Genevaux 1989)].

Considering the creep behaviour under differentiloga mode in wood, Hoffmeyer
(1990) investigated the creep under compressiarside and bending for specimens with
different moisture content. He reported highertreéacreep under tensile and compression
loading compared to bending one. According to Newd Heger (2005), this may be due to
the measurement of the strain. While bending cre¢ypically measured for the entire length
(beam deflection), compressive and tensile creepsreasured more locally and are more
sensitive to possible defect. At low moisture catgethe relative creep strain in compression
and tension are of the same order of magnitude.vé&saly, a large difference can be
observed at higher moisture content as shown iar€i@g-14b where creep in compression is
nearly two times higher than in tension. Howevbese conclusions have to be taken with
precautions because the proportional limit mightehbeen exceeded during these tests as
high loads (70% of the instantaneous strength) wppdied.
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Figure 0-14: Relative creep strains in compression, tensiontemliing. Moisture content of specimens was of
~11% for the figure (a) and 20% for the figure @prrowed from (Hoffmeyer 1990).

Permanent deformation

Very few references were found about the reversgitof strains developed during the
creep tests under constant conditions. Hayashi. (1993) reported that the time-dependent
strain induced by load level up to 58% of the udtienstrength, and applied during 4 to 10
days, is largely recoverable. On the other handnesdrrecoverable components of
deformation appear to exist in compression woodltieg in earlier departure from linearity.
The level of non-recovered strain seems to be Ihigfter creep tests comparing to relaxation
tests (Grossman and Kingston 1954).

34 Phenomenological framework
3.4.a Statement of the Boltzmann superposition principle

According to this principle,if a series of stresses are applied to a material a
different times, each contributes to the defornrmatias if it alone were actifig
Mathematically, if the stress due to a straift) is o(&) and that due to a different stragt)
is 0(&), then the stress due to both straing(is+&) = o(&)+0(&). Combining this with the
condition for multiplicative scaling used earli€tq. 0-2), we have as a general statement of
linear viscoelasticity:

o(né& + &) =Ny o(&) + Nz 0(&). Eg. 0-3

Validity of this hypothesis is required for the uskt mechanical models described in the
section3.5.

3.4.b Effect of temperature

Under water saturated conditions, hemicelluloses already softened at room
temperature (Cousins 1978). Consequently, the piepeof lignin exert a particularly great
influence upon wood properties. Furetaal. (1997) showed that the relaxation around -40 °C
was associated with the micro-Brownian motion ahleelluloses and that around 80 °C with
that of lignin. This softening of lignin results amajor reduction in the elastic modulus of
the wood, particularly in the direction across filwes. Salmén (1984) has investigated the
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glass transition of wet wood in both, the longinaliand transverse directions on spruce. He
reported a glass transition temperature of 72 °@vatfrequencies. The softening along and
across the fibre direction were of different amyai but have shown to be due to the same
phenomenon. Directional difference illustrated igufe 0-15 is merely a reflection of the
high degree of anisotropy of the microfibrils withthe wood fibres. Similar results are
reported also in his following paper (Salmén 1988).
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Figure 0-15: (a) Damping coefficient as function of temperature feater saturated wood samples at 10 Hz.
(b) Relative damping coefficient. From (Salmén 1984

Temperature of glassy transition is known to diffetween softwoods and hardwoods
as well as between species. Hamdaal. (2000) have investigated the effect of temperature
on wood constituents of several Japanese softwaodshardwoods subjected to heat or
steam treatment during large radial compressiowdst 0 °C and 200 °C. Two well-defined
softening regions were observed. Both groups shawedlass transitiofig of lignin at ~
90 °C and ~ 60 °C for softwood and hardwood re$pelgtand a second transition region at
~ 160 °C. The softening behaviour between the fmsti second transition in softwood
contrasted with the softening behaviour of hardwobkis difference was ascribed to the
difference in chemical structure of lignin betweswsftwood and hardwood. The effect of
lignin composition on thély of several temperate hardwood and softwood spec&e
investigated in greater detail by Olsson and Sal{i®97). Increased content of methoxyl
groups in the lignin was found to correlate witltrdased softening temperature of wet wood.
This indicates that methoxyl groups in lignin, aside group occupying a bonding site and
hindering the creation of covalent bonds, redubesctosslink density in the lignin structure

thus increasing its mobility.
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Figure 0-16: Softening temperature of wet wood at a stress &aqgy of 0.1 Hz against the methoxyl group
content of the lignin. From (Olsson and Salmén 1997

Bardetet al. (2003) studied the influence of temperature onsvarse mechanical
properties of 10 tropical species in the green ttmmg two of them being also used in the
present studyl}. guaianensi@ndV. surinamensithat is of same genus ¥s micheli). They
reported a transition temperature attributed tostbiéening of lignin between 51 and 69 °C,
depending on the species. Detailed analysis ofagparent modulus in radial compression
suggested that complex relaxation phenomena ocound 10 °C.

Time-temperature equivalency

Leaderman 1943 [cited by (McCrum 1967)] was thestfito recognize the
consequences of the similarity between creep cumwesmsured at closely separated
temperatures. It was found that this striking samiy between viscoelastic parameters when
measured at closely spaced temperatures is a corooearrence and is not confined to a few
relaxations. The procedure of superposing curvedifigrent times and temperatures has
come to be known as time-temperature superposéimh the obtained curve as a master
curve. The principle of the superposition is ilhastd in Figuré-17. Colder temperatures are
expected to correspond to shorter times and watengperatures to longer times.
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Figure 0-17: Principle of the time-temperature equivalency astuped by Tschoegl (1997) stands for
temperature, logy for shifts along the log time axisfor the characteristic time.

The time-temperature equivalency assumption is vesgeful to extend the
experimental window and predict long-term behavidiased on short-term tests. The
assumption required for the validity of this priplel is that all retardation times in the
distribution are displaced along therkaxis by Inar when the temperature is changed frgn
to T as shown in Figur@-18. This can be mathematically expressed as:

@'(InD) = @ (ntA), Eq. 0-4

where@'(In7) is the distribution of retardation times.

IO

¢Jr0(|nf) é;(lnﬂ

InT (InT+Inar) InT

Figure 0-18: Graphical representation of the hypothesis thataterdation spectra at T and TO are displaced by
In a7 but are identical in shape (Alfrey 1948).

Polymers obeying to this law are considered asmbeaheologically simple materials.
It is found that for the great majority of relaxats Inar is a simple function of temperature
being given by the Arrhenius equation:

Wil 1
Ina, =—| =—— Eq. 0-5
R\T T,

or the equation of Williams, Landel and Ferry cdN&LF (Ferry 1980):
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C,(T-T
Ina; = -G 7T Eqg. 0-6
Cz +(T _To)
whereW is the activation energyR the gas constant ari@} andC, constants. WLF is
nearly always applicable to the glass-rubber reiaRa The Arrhenius law is usually
applicable to secondary relaxation in amorphouscaystalline polymers.

WLF and Arrhenius equations account for the efeddemperature on the kinetics of
the relaxation. It is sometimes necessary to adcfuurthe temperature induced changes in
limiting moduli as stated by McCrum and Morris (#96The implications of this correction
are described graphically in Figudel.
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Figure 0-19: Idealized diagram showing effect of the temperatigeendencies of limiting compliances denoted
here as), andJg on the creep compliance. (a) PlotJgfandJg against temperature. (b) Dependencd'aind

J™ on log time. AB and CD represent the measurabhtigns of the curve (i.e. for times between ca.ntl a
10° s). A'B’ represents AB after reduction.

The curves)™andJ’ for temperatured, andT are plotted by full lines)™ can not be
superposed by a horizontal shift &1 if the limiting compliances, labelled in the Fig@-19
asJy andJg, are affected by temperature. To enable the sopgign, a multiplicative factor
has to account for this temperature effect on ithéihg compliance. In particular in regions
where the viscoelastic function is flat, the nedédhis factor is more important to obtain
satisfactory matching of creep curves (Ferry 1980}he case of wood, the applicability of
such a correction is not straightforward becausesafomplex structure (Salmén 1984).

Validity of the time-temperature equivalency in @oo

Salmén (1984) reported the applicability of thedgitamperature equivalency in wood
for temperatures above the glass transition ofidigithis author has also confirmed the
validity of the Arrhenius law. Many other authoregicted the long-term behaviour of wood
in the hygroscopic region based on this concept Glowic et al. 1987; Genevaux 1989).
However, these considerations relied mostly onalissssessment of the smoothness of the
master curve. While investigating the experimedth in the complex plane, Bardet (2001)
reported on some discrepancy of the time-temperaaquivalency as described by the
Arrhenius law. On the other hand, the time-tempeeatquivalency assumption held the
examination in the complex plane in the case th&dn behaviour of green poplar (Vincent
2006). Finally, Placeet al. (2007) found that time-temperature equivalencyldmot be
applied to the whole viscoelastic range but seentetvalid within each transition state.
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Physical aging

The phenomenon of physical aging is very common &ndencountered in
thermoplastic mouldings that have been cooled hapidm an elevated temperature during
the shaping operation. In the case of amorphougnmk, the material is still cooling rapidly
when the temperature drops below the glass transié#imperatur&,. Once belowly the rate
of molecular relaxation is too slow to keep pacthwhe changes required if the material is to
remain at thermodynamic equilibrium. As a resulhew the material reaches the thermal
equilibrium with the surroundings it is not at thredynamic equilibrium. Consequently, it
will undergo volumetric relaxation, gradually inageng density during an extended aging
period. The rate of densification will depend oe #ying temperatur€, and the difference
betweenT, and Ty. Aging may be quite rapid at first i, is not too far belowly but the
approach to equilibrium will slow down and agindeefs may sometimes still be apparent
after many years. [fyis far belowTy the thermodynamic driving force will be large basa
the property (e.g. density) will be far from thestimodynamic equilibrium value and will
favour change but kinetics are determined by tffferénce betweeit, andTg, and this will
limit the rate of change (White 2006).

Aging of amorphous material was studied extensiwglyStruik and his book (Struik
1978), published more than a quarter of century eegpains the principle reference on
physical aging of polymers. He proposed en experiaig@rotocol to investigate the effect of
aging time on small-strain creep properties by grering a set of short time creep tests at
different aging times. Short time test means thattesting time must be much shorter than
the age of the specimen at the onset of the tb&.i3 called the snapshot assumption because
a test performed during such a short time=(t,/3 or even bettet. = t,/10) will exhibit
negligible effects of aging. He presumes that\ittlial creep curves can be horizontally
shifted to form a master curve and the superimpbigabf the curves proves that aging does
not influence the shape of the creep curve. Seydained this by the fact that an increase in
aging time changes all relaxation times by exatttyy same factor and suggests the use of
time-aging time superposition principle. Similarty the time-temperature equivalency
principle, this one can be written as follows:

H=-d (log7)/d (logta) = - d (loga.)/d (logta), (Eq. 0-7)

wherey is the aging shift rate where parametgmrepresents the horizontal shift used
in Struik’s procedure to form a master curve froreep curves measured at different aging
times.

McCrum (1992) claims that there is a paradox betvibes interpretation and received
knowledge in the fields on DMTA (dynamic mechani¢hbrmal analysis) and DETA
(dielectric thermal analysis). According to McCrtime existence of large shifts of retardation
time (several decades) produced isothermally bygagi not in accord with DMTA or DETA
spectroscopy measurements. Thus, he suggeststénpratation of physical aging in creep
from sequential aging theory. In a sequential agimechanism, only viscoelastic elements
with retardation times of the order of the aginmdi are transforming. Elements with
retardation time shorter thanare already at their equilibrium positions andgloatardation
time have not yet begun their move to equilibriifimat is to say, the elements age in
sequence and the shift factors dependts and also on the retardation time.

Physical aging has been already observed in wooduber of arguments for its
occurrence were given for wood in the hygroscopimge (Hunt and Gril 1996). The effects
of a quench (rapid cooling) on wet wood propertiess studied by Nakano (2005) who
reported a temporary change in viscoelastic prasewith a new equilibrium state definitely
reached at the end of 10 hours. Free volume credi&s been ascribed to the freezing of
molecular chains of wood components, most likedyil, during the quench. On the other
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hand, Ishimaru (2003) has investigated the effequenching rate on wood creep properties
and observed that the effect of cooling had not gletely disappeared after 40 days.
However, Ishimaru did not examine the aging phemmmen more detalil.

3.5 Mechanical models
3.5.a Spring-dashpot models with single relaxation time

The time dependence of viscoelastic response iegmss to the time dependence of
reactive electrical circuits, and both can be dbedrby mechanical models using springs and
dashpots. Such models are able to reproduce skenbaneous and delayed strain or stress as
well as time-temperature equivalency. These mecharanalogies use Hookean springs,
depicted in Figur®-20 and described by:

p=ke=Ee Eq. 0-8

where pand ¢ are analogous to the spring force and displacenstd the spring
constank is analogous to the Young’s modulEsThe spring models the instantaneous bond
deformation of the material, and its magnitude Wwal related to the fraction of mechanical
energy stored reversibly as strain energy.

E n

AN ——

Figure 0-20: Hookean spring (left) and Newtonian dashpot (right)

The entropic uncoiling process is fluid like in ma, and can be modelled by a
Newtonian dashpot also shown in Fig®0, in which the stress is proportional to aistra
rate:

P =né, Eqg. 0-9

where the over dot denotes time differentiation and a viscosity. In many of the
relations to follow, it will be convenient to emplthe ratio of viscosity to stiffness:
r="1
E

The unit of 7 is time, and it will be seen that this ratio isiseful measure of the
response time of the material's viscoelastic respon

Eg. 0-10

A —

Figure 0-21: The Maxwell model.

The viscoelastic behaviour of polymers can be oftescribed by a combination of
springs and a dashpot such as the Maxwell or Zeroetel. The Maxwell solid, shown in
Figure0-21, is a mechanical model in which a Hookeanngpand a Newtonian dashpot are
connected in series. The spring should be visudlaerepresenting the elastic or energetic
component of the response, while the dashpot repteshe conformational or entropic
component. In a series connection such as the Mbarvaglel, the stress on each element is
the same and equal to the imposed stress, whil®talestrain is the sum of the strain in each
element. The delayed compliance of such a modiggsribed by:
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J(t) = J0(1+£j, Eq. 0-11
r

whereJ is the instantaneous compliance anthe doubling time.

The Maxwell model is valid for a very limited set materials. For more typical
polymers whose conformational change is eventliatiged by the network of entanglements
or other types of junction points, more elaboragging-dashpot models can be used
effectively. Placing a spring in parallel with tHashpot gives a very useful model known as
the Zener model or standard anelastic solid showRigure0-22. The body formed by a
spring and dashpot in parallel is called Kelvinyod

) E; A NN ,

Ep

A

Figure 0-22: The Zener model.

The spring place in parallel to the dashpot leads limited creep. Constitutive law of
such a model yields:

t

Jt)y=J,+J,(1-e "), Eq. 0-12
whereris the characteristic time.

3.5.b Models with distribution of retardation times

Generalised Kelvin model

A real polymer does not relax with a single releattime as predicted by the
previous models. Molecular segments of varioustlenhgontribute to the relaxation, with the
simpler and shorter segments relaxing much morektyuthan the long ones. This leads to a
distribution of relaxation times, which in turn pleces a relaxation spread over a much
longer time than can be modelled accurately wigingle relaxation time. To introduce the
notion of the distribution of relaxation respechjveetardation times, generalised models are
used, having as many elementary models in seriparatlel as are needed to approximate the
distribution satisfactorily.
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Figure 0-23: Generalised Kelvin model.
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The constitutive law of generalised Kelvin modeah tee written as follows:
-t

N —t
Jt)=J,+> J;@-e"). Eq. 0-13
-N

This type of model consisting of four Kelvin elent®im series was used by Genevaux
and Guitard (1988) to describe the creep behawbair dry poplar inL, T andR directions
observed during creep tests at continuously inargaemperature. Later, it was applied on
the green wood behaviour of oak and spruckdirection (Perré and Aguiar 1999).

Parabolic models

In parabolic models, Newtonian dashpot is repldned parabolic one and the kernel
t/T becomest(z)*. Constitutive law of a Maxwell model containingarabolic dashpot yields
therefore a power law:

J() = J0[1+Gj J ; Eq. 0-14

wherek is the power parameter or also the kinetic params&hose value can range
from 0 to 1. Fok = 1, we obtain a simple Maxwell model. Small valwék correspond to a
broad viscoelastic spectrum. In polymers, valuek afound 0.3 are commonly encountered
(Tomlins 1996). The applicability of parabolic mésleo wood was suggested by Huet (1988)
and used by his co-workers in CTBf.e Govicet al. 1988). Its validity was also verified for
air-dry wood creep in longitudinal direction (Gt al. 2004). Further, the parabolic model
was applied to the green wood relaxation transitgrea the fibres (Bardet and Gril 2002)
and torsion behaviour of green poplar specimensd@fitet al. 2006). The value df was in
the range 0.1 ~ 0.5 in these cases.

Equivalent creep spectrum

However, parabolic models are more difficult to thanthan conventional rheological
models. It has been shown (Bardet and Gril 2002t &rd Hunt 2002) that viscoelastic
spectrum corresponding to a parabolic model caappeoximated by a generalised Gaussian
law. Actually, it is practically equivalent to hang a series of Kelvin elements (1....N) with
characteristic timesr; uniformly distributed in a logarithmic scale, amarresponding
complianceli following:

1 9

2

Inr, —-Inz,
d

e

= Eqg. 0-15
Jk Jl Inr-ng|® a

d

k=+N _
> 2

k=-N

where J; stands for the sum @k, d is the spectrum width relative to the In(@).a
parameter that allows us to adjust the spectrumpskas and; is the central value. Values of
d andg can be calculated for any values of the kinetiapeeterk of the parabolic model. The
correspondence between generalised Kelvin model anghrabolic Zener model when
represented in the complex plane is illustrateBigure0-25. Details about the representation
of viscoelastic results in the complex plane awegiin the3.5.d.

2 Centre Technique du Bois et de '’Ameublement (Ehnefiechnical Centre for Wood and Furniture)
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3.5.c  Multi-transition models

Due to its complex polymeric structure, wood does exhibit thermo-rheologically
simple behaviour. Different experimental resultsligzko 1984; Salmén 1984; Genevaux and
Guitard 1988) demonstrated that thermo-viscoel#gtof wood may involve several second
order transitions.
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Figure 0-24: Graphical adjustment of the numerical results efithulti-parabolic multi-transition model on the
experimental creep results obtained in CTBA andlteof dynamic tests at low temperature (Poliszik84)
and high temperature (Salmén 1983 stands for the compliancy for the activation energy ang for the
kinetic parameter. From (Huet and Navi 1990).

The existence of more than one relaxation procagsines the use of a multi-parabolic
model made of several of the generalised Kelvin eloth series. Navi and Huet (1990) have
shown that a series of four links consisting ofapatic Kelvin elements, one of them being
reduced to a spring, represent correctly the achetlaviour of wood over a large
experimental window. Their multi-parabolic multatrsition model accounted for
experimental results apparently in contradictioreé@h others. The method proposed relies
on the use of complex plots representing the compisnof complex modulus or, in the case
of creep data, an approximation of the complex madderived from phase diagrams.

3.5.d Representation in complex plane

Information about the compliance or modulus funwi@f viscoelastic materials are
often obtained through dynamic measurements insthasoidal regime. These are most
conveniently expressed by the complex compliarice

J*(a,T)=3"(a,T)+1J"(ia,T),

where the reall’ and imaginaryJ” parts are positive functions of the circular
frequency w and of the temperaturd. When the frequency-temperature equivalency
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(analogous to the time-temperature equivalencyddidhe set of two variables)(T) reduces
to one variablewr where 7(T) is the only parameter affected by temperaturehd case, the
complex compliance of the mono-transition power,laarresponding to a parabolic Maxwell
model, reads:

I* ()= Jofi+(jar)™|,

whereJy is the initial compliance. When the imaginary parplotted against the real
part in the so called complex plane, the complexp@nce is represented by a straight line
making an angl&s72 with the real axis, which is intersectedJinComplex compliance of the
parabolic Kelvin model appears in form of an arccio€le. Thus, for the purpose of model
identification, the representation of experimentata in a complex plane is very useful.

For representing results of static tests in thememplane, an approximation of the
storagel’ and loss compliancel has to be used. Accordingly to Alfrey (1948) we eaite:

J'=J(logt) ; (Eq. 0-16)

=g 1 dJ(logt) .
2 In(10) dlogt
wheret is the creep time. Alfrey’s approximation is vafwl smallJ’/J’ ratios and

broad viscoelastic spectra, which is usually theeda wood and can be verifiedposteriori
in the complex plots.

(Eq. 0-17)

If the time-temperature equivalency holds, indiatareep curves are superposed into
one continuous curve in the ACP, as this would enthat not only the values of tld@og t)
functions match, but also the slope. If other paatams than the characteristic or doubling
time are affected by the temperature, we can obs#iscontinuities between individual creep
curves. Thus, ACP does not allow only identificatiof the mathematical form of the
constitutive law without any preconceived idea dlbtve underlying physical phenomenon
but it also allows verification of the validity tifme-temperature equivalency assumption.
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Figure 0-25: Representation of the Zener models containing Neiato(half circle) or parabolic (arc of circle)
dashpot in the complex plane. Approximation of gegabolic model by a series of Kelvin models isals
displayed. Axes account for both, representatiothypfmic and static data.
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4) Structure/property relations
4.1 Density and MFA

MFA shows variable relationship with wood density.some cases MFA and wood
density are correlated, while in other cases theynat as we can observe in FigOr26 from
(Yang and Evans 2003). Some studies compared MHRA edll wall thickness that is the
main determinant of density. Observed relationshisgnificant, were attributed to decrease
of S2 layer and so larger effect of other layersttosn mean MFA or were correlated to the
amount of latewood in the ring decreasing the MHPAwus, it seems likely that any
relationship between these properties is entireigaidental (Donaldson 2008).
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Figure 0-26: Relation between MFA and density for plantationvgncE. globulus E nitnensandE. regnans
between 15 and 33years of age. From (Yang and EG0R).

4.2 Density and MFA as a predictor of longitudinal wood stiffness

Longitudinal stiffness of the cell wall is known toe strongly related to MFA.
Numerous models predicting the cell wall stiffnesem the properties of cell wall
constituents and MFA were proposed and successfisiéd to describe experimental data
(Persson 2000; Salmén 2004). An example of theigired obtained by Salmén is shown in
Figure0-27. Different physical assumptions used for mintplthe cell wall properties based
on MFA were reviewed by Xu and Liu (2004).
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Figure 0-27: The elastic modulus of the fibre wall of wood iretlongitudinal direction as a function of fibril
angle in the S2-wall as affecte by different fastarellulose content in the S2-wall and proportdr52-wall
compared to measurements by Cave (1969). Referaboes: cellulose content in S2-wall 50%, proportaf
S2-wall 79%. From (Salmén 2004).

The longitudinal stiffness of the cell wall detenmad by MFA is in turn related to the
longitudinal Young’s modulus of a piece of woodthg amount of cell wall per unit volume,
usually measured as basic density. This is a doeassequence of the arrangement of wood
elements exhibiting honeycomb structure. Considewnod as a cellular solid, we can write
according to Gibson and Ashby (1997):

E_Eu..
O Pou

wherep is the density an& the Young’s modulus of wood and indew denotes the
cell wall properties. The density of the cell wigllvery similar for all species, varying from
1.497 to 1.517 for hardwoods (Kellogg and Wangd#®9). Based on this relation, we can
easily predict the Young’s modulus of wood from ttedl wall modulus and density. This
approach is justified for the longitudinal directioln transverse directions, it is not
straightforward to apply because if a piece of wedubmitted to transverse tensile stress,
locally the cell walls are submitted to bending amdddition to tensile stress.

(Eq. 0-18)

Many monospecific studies investigating the relati@tween MFA, basic density and
longitudinal Young’s modulus were carried out ommeoercial species such &snus or
Eucalyptus(Butterfield 1998; Yang and Evans 2003).While theung’'s modulus-density
relationship can be easily verified on a large dangpntaining different species as shown in
Figure0-28 no verification was found in the literature for thearspecific validity of MFA —
specific modulus relationship.
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Figure 0-28: Relation between density and elastic modulus oa gaued from CIRAD database. Each point
represents a mean value by species; altogethel0-skf¥ries are represented.

4.3 Determinants of vibration properties

In the previous section we have seen that the pecodulus was strongly related to
MFA. Damping coefficient is known to be well coma#d to specific modulus. This relation
was established empirically by Ono and Norimotd8@)%n a large sample of hardwoods and
softwoods. Regression between both parameters essided by a power law and often
presented in double logarithmic scale as showngnrE0-29 a. Very strong correlation was
also observed between damping coefficient and MBRAhmoki wood by Norimotcet al.
(1986). They have also proposed a cell wall moklail showed a very good agreement with
experimental data as shown in Fig0r29 b.

However, non standard behaviour was observed foesspecies commonly used for
manufacture of musical instruments and was ascribethe extractive content. Effect of
extractives was studied by many authors (Yano 1¥&f0 et al. 1995; Matsunaga&t al.
1999; Brémaudet al. 2004; Brémaudet al. 2004) that have reported considerably lower
damping compared to the model established by OdoNsrimoto. The opposite effect, i.e.
increase of damping along with increase of speaiforiulus due to extractives was reported
in sugar cane (Obatayd al. 1999).
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Figure 0-29: (a) Relation between damping coefficient and specifadaoius in double logarithmic scale. (b)
Relation between damping coefficient and MFA.

Brémaud (2006) has also studied the vibration ptmse of several softwoods
including their compression wood. The relationsbgiween specific modulus, damping and
MFA of opposite, intermediate and compression w@dhown in Figuréd-30. The term
intermediate was used for denote the wood comiog fangular position shifted by 90°
relative to compression wood side. We can obserseamg correlation of both mechanical
parameters on MFA.
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Figure 0-30: Relation between specific modulus, damping coeffitiand microfibril angle on a selection of
three softwoods including compression wood. FroméfiBaud 2006).

A deeper analysis has shown that compression wasd hower specific modulus and
a higher damping coefficient than correspondingmadrwood. However, compression wood
exhibited a lower damping coefficient than predictey the Ono and Norimoto model.
Compression wood is known for its high lignin caritand low cellulose content, so that one
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may expect rather high damping coefficient. Retatietween damping and specific modulus
for each wood type along with the empiric regres$iyg Ono and Norimoto is represented in
Figure 0-30. It was suggested that specific modulus mayuibgerestimated because of
different percentage of main wood components (nfigren which is lighter than cellulose).
But this effect is not sufficient to explain theseloved differences.
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Figure 0-31: Relation between damping coefficient and specifiodoius for compression wood (BC),
intermediate wood (between BC and BN) and normaldv@N); E:Picea abiesPM: Pinus pinasterPS:Pinus
sylvestris From (Brémaud 2006)

4.4 Determinants of creep properties
4.4.a MFA

Several authors reported the dependency of cregmmee on MFA. El-Osta and
Wellwood (1972) investigated the relationship betwehort-term creep response and MFA
of three softwoods. They found a positive linedatrenship between MFA and total creep as
displayed in Figur®-32. We can however notice that douglas fir corsgimm wood exhibits
considerably higher creep than normal wood. Sigaift differences were also observed
between species. Interpretation of these resuliditie bit misled by the use of mean values
of MFA for several specimens. However even if omigan valued of total creep are
considered, both parameters are still significarglgted (Figur®-32b). On the same sample,
El-Osta and Wellwood have also reported a sigmficaegative correlation between the
relative cell-wall crystallinity and the amount short-term creep (El-Osta and Wellwood
1972).
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Figure 0-32: (a) Relationship between total creep and micrdfdmgle as measured by (El-Osta and Wellwood
1972) at 0.03% strain level. (b) Same data when m@an values of total creep by species are comrside

Kojima and Yamamoto (2004) have carried out tensigep tests on sugi specimens
in the green state. Further, observed behaviour dessribed by a Zener model whose
parameters were found to be related to the MFA. ¢él@r, we consider these results difficult
to interpret. To begin, the same load correspontbrifpe proportional limit of normal wood
was applied for all specimens; however, sample aoeatl juvenile wood and these were
therefore probably tested beyond their proportidimait. Further, the obtained relationships
are not so straightforward to interpret becauseurdéven repartition of specimens with
different MFA. An example of the viscosity parameté the dashpot plotted against MFA is
given in Figured-33.
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Figure 0-33: Dependency between the adjusted viscosity pararétéener model and MFA. From (Kojima
and Yamamoto 2004)

Results to the contrary were reported by @tihl. (2004). In this paper, longitudinal
creep tests were performed on spruce specimen®igxgyivarious MFA. When complex
rigidities are computed and represented in the ASDRjes exhibited a similar shape but they
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are shifted along the coordinate axis representiegreal part of Young’'s modulus. If a
reference curve is chosen and other curves shaftath the coordinate axis, all curves form
one single curve as we can see in Fidi®1. The amount of the shift factor was correlated
with MFA. This suggests that in a relaxation testly the elastic response would be affected
by MFA but not the relaxation part.
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Figure 0-34: PCA plot after horizontal shift along E’ axis. Spreen 34 was taken as a reference. From (&ril
al. 2004).

4.4.b Effect of constitutive polymers

Salménet al. (2006) investigated the creep of mechanically s#pd single wood and
pulp fibres. During delignification of pulp fibredso 45% of hemicelluloses were removed.
Final composition of pulp fibres yielded 80% oflase and 20% of hemicelluloses. Pulp
fibres exhibited nearly two times lower creep tiarod fibres.
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Figure 0-35: Creep of a single wood fibre and of a single pillpef, holocellulose. Fibres were tested at 30°C
(strain adjusted at zero at one minute after Iggdimhe first creep from 0 to 120 minutes occurat@onstant
humidity of 80%RH. The second phase from120 to irtutes involved periods at 30 and 80%RH.

Fioravantiet al. (2006) investigated the effect of hemicellulosegte time-dependent
behaviour. Tensile creep tests were performed ontreated spruce and spruce samples after
hemicellulose removal. Wood specimens without hethitbses exhibited two times less
creep compared to equivalent untreated wood. Thaws that both components of the
amorphous matrix, lignin and the hemicelluloses, iavolved in the creep process at room
temperature. However, these observations are #stted by the lower moisture equilibrium
content of wood with completely or partially removeemicelluloses.
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5) Role of the viscoelasticity in the living tree

Viscoelastic properties of wood as reported ab@xelbeen mainly studied in view of
the use of wood as a building material in man-mattactures or to assess the wood
behaviour during the transformation processes. Basies are not relevant when searching for
viscoelastic data for biomechanical uses. In thst fiase, wood behaviour in the hygroscopic
region is investigated while in a living tree, celblls are fully saturated. Transformation
processes such as veneer cutting or some of wagunghare performed in the green state,
but rheological properties transversally to therdildirection are mainly involved. For
biomechanical uses only the viscoelastic propegleag fibres measured in the green state
are relevant.

During the tree growth, large stresses appearensabd, due to the increasing load of
the crown and the process of wood maturation asave seen in 82. It is well known that the
distribution and magnitude of these growth streslg®ends on the relative speed of loading
and of secondary wood formation. However, the \@txstic nature of wood introduces an
additional time-dependence through the differentiglaxation of various tissues. Some
previous works focused on modelling of a growingiciure submitted to external loads and
maturation stresses (Fournigral. 1991; 1991). However, only few works accountedtfa
viscoelastic nature of wood tissues (Gril and Feurnl993), probably introducing a
considerable bias in the biomechanical models tmetiee assessment or growth description.

The viscoelastic behaviour of wood may have a barasical impact at various time
scales. The dynamic response of a branching systegmort-term loads such as wind is
modified through the damping coefficient. Streskxation in wood tissues affects the
effective Young’s modulus against permanent loadstaus influences the tree stability and
the efficiency of its reorientation process. Fipadit a long time scale, the distribution of
growth stress is modified due to the partial refiexaof residual stresses during the ageing of
the tree, reducing the risk of internal wood falur

During a preliminary study, the effect of viscodleisy on biomechanical
performances of a tree in reorientation process imasstigated numerically by calculating
the up-righting efficiency and residual deformakiliflexibility) of a titled stem (Dlouhét al.
2008). Due to high levels of pre-stresses accuredlduring the reorientation process in the
central part of a tree stem its flexibility dropsuhatically. In addition to the distribution and
magnitude of maturation strains, two factors aff@icimechanical performances of a tree in
reorientation process: the production of juvenileod in earlier stages of its life and the
viscoelastic properties of wood tissues. Juvendedvincreases the flexibility of the stem for
both softwoods and hardwoods. In the case of sofiwpviscoelasticity was shown to have
only a minor influence on the stem flexibility. Bgntrast, it had an important positive impact
on the flexibility of hardwoods and thus allowedvimg an efficient reorientation process
while keeping safe against instantaneous bendirgling. The trade-off between stem
flexibility and the efficiency of its reorientatiomay imply a biological limit on the
magnitude of maturation strains. However, theselosions have to be taken with precaution
because simulations are based on estimated data.

The objective of the present work was to charamtethe viscoelastic behaviour of
different types of wood having a variety of mictoustural, anatomical and functional
features (normal wood, reaction wood and opposiedy and try to predict the long-term
behaviour from short-term tests in order to bettederstand the impact of viscoelasticity on
the biomechanical performance of trees.

40



A) EXPLORING THE DIVERSITY OF VIBRATION PROPERTIES OF TROPICAL
WOODS

1) Introduction

Tropical rainforests represent highly competitiveieonments characterised by a high
density of stems, closed forest canopy and limitederstorey light availability. Numerous
strategies have been developed by trees to suimiibe forest until their reproductive
maturity. We can distinguish different growth dynesnfrom the opportunist pioneer species
to the patient shade tolerant species waiting &ary in the under storey for the occasion to
reach the light. Different growth dynamics resaltdifferent mechanical requirements during
each stage of the tree life. Consequently, woddopical species represents a great variety of
structural features and mechanical properties coedpdo temperate species. Studying
tropical diversity is a good opportunity to bringnse new highlights on the relation between
wood properties and structures and investigate saipitity of trade-offs between different
functions to be performed during a tree life aslasglthe relation to ecological strategies.

In this study, we focused on the diversity andafaility of structures and properties of
wood from trees in juvenile stage (saplings) wharepetition for height growth is a critical
constraint. Diversity is present at several levelgrspecific diversity comes from the choice
of representative examples of different growthtetyges while intraspecific diversity from
differences in site conditions and growth histd®adial variability of wood properties inside
a single tree results from likely juvenile transiti(it is difficult to know the age of trees in a
tropical canopy and decide about the juvenilityso€h trees) and circumferential variability
from occurrence of reaction tissues. Leaning tréeduded in the study, represent very
interesting material to investigate the limits téet performances as well as limits of wood
acclimation. To describe the variability of woodoperties and structures and search for a
connection with the growth strategy or site comdis is the first step of the study.

While collecting data for biomechanical models, oney wonder if wood
characteristics measured on a piece of wood afs&hming and storage is still representative
of properties of native wood tissues inside a tviree. We know that wood tissues inside a
living tree are pre-stressed. To estimate the mmachlstate of wood in native conditions,
longitudinal growth strains were measured at theppery of each tree. Second potential
problem is the degradation or change of wood pt@sedue to attack of biological agents or
washing of extractives during the storage. The Estpvay to prevent wood from biological
degradation is drying; however, we know that dryinguces some irreversible changes
(Kifetew et al. 1998; Thuvandeet al. 2002). Thus, the use of drying in the biomechdnica
context is questionable. Storage in water saturededition with moisture content above the
fibre saturation point (FSP) is therefore prefezalhh the “green” or never-dried state, cell
walls are completely saturated, so mechanical ptiggeare not expected to differ between
the native state and green state because watell ioawities is generally considered without
effect on mechanical properties. In the presardystimpact of different storage procedures
on vibration properties of wood was investigatetfe& of some other treatments such as
hygrothermal recovery or oven drying was also &€ddn order to make a relation with
rheological models presented in the following cleapt

In the second part of the chapter, we have invasdythe validity of some structure —
properties relations commonly used to model woamperties. Usually, structure-properties
relations are applied either to large sample otigsewith reduced intraspecific variability or
to investigate intraspecific variability of somelveed number of commercial species. Studies
including both types of variability, interspecifas well as intraspecific are scarce. Therefore,
it can be interesting to investigate the generdiditg of these relations. Further, a simple
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model has been developed to predict mechanicakptiep of the cell wall material based on
wood properties and microfibril angle. Microfibeahgle is expected to control the variability
of the properties at cell wall level. The goal wasissess its capacity to explain the variability
of the cell wall properties of our sample exhilgtihigh diversity of properties. Finally,
percentage of different wood elements was meadoreal reduced selection of specimens in
order to see how the anatomical structure afféesiscoelastic properties.

2) Studied wood material/Sampling
2.1 Sample selection

Wood material was collected in Paracou ExperimeR®@$éearch Station (5°18,
52°58 W) in French Guyana in September 2006 and Septe2®@/ during the training
period of ENGREEstudents. Ten tropical species were selected amomgnon species of
the tropical rainforest in French Guyana. Exceptoguyanensisthey are not of important
commercial use. Species were chosen in functioth&f growth strategy according to the
Favrichon’s ranking based on the species shadeatme (Favrichon 1994). To maximise
interspecific variability, selection covered a widange of basic densities inside each growth
strategy group as illustrated in Figukel. We can however notice that heliophilic and krem
tolerant species are in average less dense thae sbi@rant and understorey species as it is
reported in another study (Alvarez-Clare and Kitgi2007).
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Figure A-1: Distribution and variability of specific gravitidsetween species and growth strategy groups. For
key see Tablé&-1.

Concerning intraspecific variability, the aim wiascover all types of wood tissues;
normal wood as well as reaction and opposite wbaaineter of saplings at the breast height
ranged between 4 and 7 cm so that we are likellgarjuvenile transition zone. Further, some
tilted trees with expected occurrence of reactioooav were collected for each species.
Checking for occurrence of tension wood by anatamicbservation was impossible
considering the number of specimens (550) and thsofact that in some species as for
example V. michelii anatomical features of tension wood do not exhdmy apparent
difference relative to the normal wood (Chaegal. 2009). Therefore, we have used the
biomechanical definition considering tension woadtiasues characterised by high level of
stress induced during maturation process.

Released longitudinal growth strains were measoredgtanding trees to assess the
mechanical state of wood at the periphery of essh (for details refer t8.1). Distribution of

% Ecole nationale du génie rural, des eaux et déssfo
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average values and gradient of growth strains aéstignated axis of tension-opposite wood
were investigated. Figur®-2 shows distribution of these parameters foediland straight
growing trees. Average values were similar but tradient of growth strains was
significantly higher in tilted trees compared toagiht growing trees, indicating active up-
righting reaction of a tree. Gradient of growthasis, expected to be related to the
circumferential variability of wood properties, ispresented for each species in Fig¥8.
We can observe that the level of reactivity diffeetween species. The most reactivelare
persistensandE. grandiflorawhose congeneric speciés,falcatg is known for generation of
high levels of growth stresses (Chardin and Sa&3)L
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Figure A-2: (a) Average value of released longitudinal growth strair tilted and straight growing trees. (b)
Gradient of growth strains for tilted and straighbwing trees.
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Figure A-3: Interspecific variability of gradients of growttrains. For the species names see Table

2.2 Repartition of specimens for different studies

In September 2006 more than a hundred trees ofrtgmcal species were felled.
However, wood of only six species could be finalged due to poor quality of green wood
sample preparation. Taking advantage of a simggodunity in September 2007, four more
species were added to the selection. Basic infoomatbout the species are summarised in
Table A-1. Examples of anatomical sections performed by mastetents from the Wood
Science department at MZLU in Brno (Czech Repulaie)represented in Figute4.

The sample material was used for three studiesenrarg of mechanical properties by
the vibration method, investigation of the storageting/drying effect on vibration
properties, and creep tests across a range of tatopes. The screening of properties was
performed on the whole sample. This material costai
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- Sample 1: 2 heights / 4 trees by species for tleetsen of six species made in
September 2006 (300 specimens);

- Sample 2: 4 complementary species presented itower part of TableA-1
used only for the study of interspecific diversdly mechanical properties in
green state (250 specimens).

Sample 1 was then broken down into two groups —fitesewas used for the creep
study (G1) and the second one for the storage gtB@ysee Figuré-5). Selection for creep
tests represented initially one half of Sample dtaming one tilted and one straight growing
tree per species. However as the set up of the aeeice and testing procedure was very
time consuming, only one part of the G1 could Istei@ and the remaining part was used to
test the effect of air drying (G2-b).
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Table A-1: Summary table of some basic infor mation about studied species

Scientific name Common name Abr. Growth strategy Abr.  Specific Elastic  Lignin Cell. Hemic. AB E

gravity modulus % % % % %
(Pa)

Virola michelii Heckel Yayamadou montagne Vm Heliophilic HP 0.57 10 072 253 46.2 226 1.6 2.6

Dicorynia guyanensis Amsh. Angélique Dg Hemi tolerant HT 0.79 14 799 355 429 161 2.3 24

Eperua grandiflora (Aubl.) Benth. W apa-courbaril Eg Hemi tolerant HT 0.92 16 824 311 36.7 144 128 45

Lecythis persistens Sagot Maho rouge Lp Tolerant Tol 0.72 12 361 382 406 155 20 3.1

Licania alba (Bernoulli) Cuatrec. Gaulette blanche La Tolerant Tol 1.06 323 46.1 173 1.0 1.3

Oxandra asbeckii (Pulle) R.E. Fries Mouamba Oa Understorey U 0.9

Goupia glabra Aubl. Goupi Gg Heliophilic HP 0.84 14 670 31.0 414 173 6.7 31

Tachigali melinonii (Harms) Barneby Diagidia Tm Heliophilic HP 278 47.3 16.8 5.8 1.9

Gustavia hexapetala (Aubl.) J.E. Smith Mantapouhoupa Gh Understorey U 0.78

Pogonophora schomburgkiana Miers ex Benth.  Guelli koko Ps Understorey U 1.05

Common name is the most commonly used name in Rr&uyana; Abr.: abbreviation used in all figure®:Hheliophilic; HT: hemi tolerant; Tol: tolerant; Wderstorey;
Elastic modulus is measured at 12% of moistureesdnAB: Alcool-benzen extract. E: Water extracat®are issued from the CIRAD data base.

Figure A-4: Anatomical structure of studied species

. , , 5 b i@ Abien
Virola michelii Heckel Dicrynia guyanenss Eperua gandiflora(AubI.) Lecythis persistenSagot  Licania alba(Bernoulli)  Oxandra asbeckiiPulle)
Amsh. Benth. Cuatrec R.E. Fries
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Entire sample

Structure — green properties study
10 species/580 specimens

Sample 1 Sample 2
6species/4trees/2 heights 4species/several trees/1heigh
[
v N
e _ ' ™
G1: Creep tests G2: Storage/heating/drying effect study
6 species/2trees/1height 6 species/(2trees/1lheight + 2trees/2heights)
N: 84 but finally measured 26 specimens N: 216
N J
v
- .. ( . . \
G2-a: Storage in saturated conditions G2-b: Air drying
Storage in water at 4°C during 1-3-8-12monthy D: 14days at20°C; 65%RH
N: 144 (6 species/2trees/2heights) N: 72 (6 species/2trees/1height)
. Y
[ \—\L
v \
4 N N\
G2-al: Soaking in 40% ethangl| G2-a2: Heating in water at 80°(] Rewetted state
D: 40 days; N: 72 (1height) D: 30min; N: 72 (1height) D: 14days at20°C in water
A \L AN J/ J
( N\ [ )
Washing in water Air drying
D: 80days D: 14days at20°C; 65%RH
- \l/ /L \L J
(" N\
Air drying Oven dry
D: 14days at20°C; 65%RH D: 48h in the oven at 60°C
A J
(" \l/ N\
Rewetted state
D: 14days at20°C in water

. J

Figure A-5: Repartition of the sample for different tests amtments. G1 and G2: subsets of sample 1; G2-R
and G2-S: subsets of sample G2; N: number of sgmwsnD: duration of the treatment.
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2.3 Specimens preparation

Specimens for vibration measurements were cut aleadibre direction (150 x 12 x
2mm, L x R x T) at three heights following the pedare outlined irfFigure A-6. Specimens
were prepared along the estimated opposite-tensamd axis. Unfortunately, an important
part of marking made in the forest (s€&1§ was partly erased during the transport of wet
logs and the estimated direction of tension wood wféen lost. Consequently, it was often
impossible to link the growth strain measuremewtsmechanical properties and clearly
separate TW from NW. However, we have informatitwowd the average level of growth
strains inside a tree as well as their gradientirigumachining and storage, specimens were
kept in the water saturated condition.

?\ Pith

—>

Side a Side b
Height 3

Height 2

N
N
N
N
N
N
N
N
N
N
N
N

Height 1

Figure A-6: Preparation of damping specimens from the log ctdkkin the forest.
3) Methodology
3.1 Growth stress measurements

Before felling the tree, we measured its geomeadignieter, stem inclination and tree
height). Direction of the largest local inclinatidietween 0.25 m and 0.75 m height was
marked on the stem, indicating presumed circumfeetocation of the tension wood.
Afterwards, four strain gages were placed at thgpery of the stem in order to measure the
growth strains. Radial position 1 corresponded ppaosite wood and radial position 3 to
supposed tension wood (Figuke7). Growth strain measurement was performed m $teps.
First the upper part of the stem including the aramas cut at approximately 1.75m height to
estimate the support strains. Afterwards, resigaal of maturation strains was measured by
two grooves method (Yoshida and Okuyama 2002):gmoves were made horizontally at 5
mm above and below each gage (Kyowa KFG-5-120-Q1H#PR), the depth of the groove
were about 5 mm. Longitudinal strain released Wjiray during each phase was recorded on
a Wheatstone bridge (Kyowa PCD-300). The part efitly near the strain gage measurement
was used for sample preparation.
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Figure A-7: In-situ growth str

L ]

ain measeet. (a) Instruméoniaby strain gages and recording of the strain
signal by Wheatstone bridge. (b): Two grooves me#nad radial position marking.

Magnetic 4= '

threads

" Laser transducer
Damping specimen

Figure A-8: -xperim‘ental device for vibration tests.
3.2 Vibration measurements

Dynamic Young's modulus and damping coefficienthia longitudinal direction were
determined by the free-free flexural vibration nwethat the resonance frequency
corresponding to the first vibration mode. Resopainequency ranged from 200 to 650Hz.
During the measurement, the specimen was hunglibyhseads and driven by a magnetic
driver (a thin iron foil was glued on one end of gpecimen). Displacement was recorded by
a laser transducer focused on the midpoint of thecimen. A frequency sweep was
performed to determine the resonance frequencyedBas the resonance frequency and
geometry of the specimen, the specific Young’'s nagl(E/0) was determined as follows:

48



a3 1482 . 94641°f2
4h2 xlo = h2
m
wherel is the length of the specimdnthe resonance frequendythe thickness of the

specimen anan a constant depending on the vibration made=(4.73 for the first mode).
The damping coefficient was determined by two mesho

E
—= Eq. A-1
0

- half bandwidth method of the resonance frequenek f@amping 1);
- logarithmic decrement of the signal after stoppmrgitation (damping 2).

The experimental device used is shown in Fight& and extensively described in
(Brémaud 2006). In this work, some details will ¢gigen regarding the correspondence of
damping estimates obtained by both methods, theatapility of the measurements and
limits of accuracy.

3.2.a Comparison of damping measurement methods

Comparing both methods, we can note that therevésyagood agreement between the
damping estimates (Figue-9). However, we can observe a systematic underason of
the damping 2 estimates of approximately 3.8%. myuthe measurements it was also noted
that method using the logarithmic decrement (Dag@®h was more sensitive to accurate
positioning of the specimen and other parametesis as the occurrence of cross-grain.

0.02 +
(o]
o (o]
g >
% y=0.97x
< R?=0.96
a)
0.00 ; ‘ | |
0.00 DAMPING 1 0.02

Figure A-9: Comparison of damping results obtained by two diffé methods: Damping 1: half-band method;
Damping 2: logarithmic decrement. Red line represtre relation y = x.

This is partially due to the signal treatment as itlone in the current version of the
acquisition software. Actually, only a one-sideddi the logarithmic curve on the acquired
waveform is used as shown in Figukel0. Thus, any minor asymmetry of the output signa
considerably affects the obtained result. It isgasged to also use the opposite peaks for the
logarithmic fit was made to improve the accuracytlé measurement by logarithmic
decrement but was not applied for the presentedunements.
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Figure A-10: Measurement of the damping coefficient by loganithdecrement.
3.2.b Repeatability of the vibration measurement

Three species covering a wide range of elastic ticthd damping coefficients were
used for the repetition measurements as shownblePa2. Ten repetitions were performed
on each specimen. Tests were conducted in airairgtitons to avoid any variation in weight.
Results are summarised in TaBle€. Experimental standard deviation (SD) of theoreance
frequency estimate was very low, yielding a maxim&D of 0.66 % for the Young's
modulus estimate. The repeatability of dampingtimede was considerably higher than the
repeatability of the damping 2 measurement. Theeefin the following analysis only
damping 1 will be considered and denoted furthetaasping.

Table A-2: Experimental standard deviations of vibration measurementsin air dry conditions.

Species SD of f E Induced SD Damping 1 SD of SD of
estimation (GPa) of E estimate Damping 1 Damping 2
D. guyanensis  0.06% 8.33 0.12% 8.31E-03 2.95% 12.48%
V. michelii 0.33% 10.68 0.66% 7.74E-03 1.33% 10.25%
O. asbeckii 0.02% 25.63 0.04% 5.48E-03 2.96% 10.76%

Legend: SD: experimental standard deviation; f: resonafrequency; E: Young's modulus; Damping 1:
damping coefficient by half bandwidth method; DangpR: damping coefficient by logarithmic decrement.

The estimation of Young's modulus is actually maféected by the uncertainty of
dimension estimates, and in particular thicknedse Thickness of our specimens is of
approximately 2 mm. It is not easy to obtain a spen with consistent thickness of 2 mm all
along the length [(= 150 mm), particularly when machining is done green state.
Occurrence of tension wood makes finishing the am@fof the sample by sanding, for
example, impossible. The imperfection of the olgdisurface may induce some error of the
thickness measurements. An error of 2.5% for thektiess measurement yields SD of the
modulus estimate equal to 4.82%.

When investigating the Figur&-9, or better FigureA-39, we can observe high
concentration of low damping values close to 0.00%s possible that this was due to the
accuracy limit of the experimental device. Therefafibration measurements were performed
on an aluminium specimen exhibiting a low dampiogfticient. Estimated Young’s modulus
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(71.73 GPa) as well as the damping coefficient3#-83) were close to the data from the
CES Selector material database (75GPa; 1.05E-03).

3.3 Investigation of the effect of storage conditions

The aim of the study on storage conditions wasssess the change in properties due
to sample storage relative to the green state.eftve, mechanical properties of specimens in
the green condition and in rehydrated state afteage in different conditions were compared.
Measurements were performed on the group of spesidenoted G2 which was further
divided in two subgroups: G2-a and G2-b (for detade 8.2).

Specimens of group G2-a were used to assess #wt efflong-term storage in water
at low temperatures (T =0.1°C). Young’s modulus and damping coefficientevereasured
after 1, 3, 8 and 12 months of storage on the s&#lé specimens (6 species / 2 trees / 2
heights). Then, the G2-al subgroup (1 height) veasl o investigate the effect of soaking in
ethanol. Specimens were measured after 40-day repaki 40% ethanol solution; after
washing in water; in air dry state and in re-sdadastate. In parallel, the matched group G2-
a2 (second height) was heated in the water at 86fG0 minutes. The effect of heating
above the temperature of glassy transition wasedufdr its relation with the second part of
the present work dealing with thermally activatesiceelastic properties. G2-a2 specimens
were also measured in air dry and oven dry st&ebgroup G2-b was tested in the air dry
condition and after resaturation. This enabledausete if the effect of ethanol and heating
above the temperature of glassy transition in giate affects vibration properties in the
long-term. Details about the procedure are shaowfigureA-5.

Variations in measured properties were assessedighrtwo parameters: bias and
error. Bias is the mean relative change in propgrtalculated as follows:

Z Xy = X,
£ = Xio Eq. A-2
" n-1 ' '
where &, represents the bia¥j, the property measured in the initial staxg, the
property measured after a given storage periodnatid number of tested specimens. Error
describes the relative dispersion of values (megdi@tic error) and is given by:

)

£ = , Eq. A-3
' n-1

whereg is the mean quadratic error.
3.4 MFA measurements

Microfibril angle has been measured by X-Ray ddfiran (XRD) on all of the
samples. As the specimens are not thick, we co@dsaore directly the damping specimens
and the middle part of the bone-shaped creep spesi@fter removing the heads as shown in
Figure A-11. A 4-circle diffractometer (Oxford DiffractiorGemini S) equipped with a
1024x1024 CCD camera was used for the measurentauks.a radiation was generated by
an X-ray generator operating at 50kV, 25mA. Imagese integrated betweer® 2 21.5 and
23.5 along the whole 360° azimutal interval to phat intensity diagram of the (200) plane.
An automatic procedure allowed the detection of (2@0) peaks and their inflexion points.
The T parameter as used by Cave (1966), was measiwethe half distance between
intersections of tangents at inflexion points witie baseline. The average MFA of each
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specimen was estimated by the “improved Cave’s oaktlfyamamotoet al. 1993). The
results are given as the mean of values obtairretthéotwo (200) peaks.

Figure A-11: Measuring the MFA on (a): damping specimen. (bjitraé part of the creep specimen.
3.5  Anatomical structure

Percentage of different wood elements (vesselsgdjbaxial and radial parenchyma)
was measured for some specimens from the G1 greegbfor creep tests. The aim was to see
if a creep properties are affected by some padrcahatomical structures such as for example
high percentage of axial parenchymaDnguyanensigor example Analysis of anatomical
structure was performed on 64 specimens.

During the preparation of the creep specimen, gteemity of the damping specimen
was removed (see Figure B22.b). This part was used for anatomical analyliansverse
sections were prepared from each end of the rdgidwiaof the specimen. The sectioning was
difficult for some species because of their hardreesd occurrence of silica crystals. Hence,
prior to cutting the specimens were kept in a sifig solution (glycerol: ethanol: water;
1:1:2) and, if necessary, boiled during 4-7daya solution of glycerol and water (2:1) using
the Soxhlet apparatus (Va&ik and Gryc 2004). After softening, transverse isast (25pm
thick) were prepared on a Leica SM2000R microtome stained by safranin. Five pictures
were captured from each section. A Leica DM LS agdtimicroscope equipped by a Leica
DFC270 camera directly connected to the computer wsad for observations and capturing
of pictures. Percentage of wood tissues was medasurea picture using ImageJ software.
Anatomical measurements were performed by masteests (Markéta Rikova, Jan Baar
and Martin Gresko) from MZLU in Brno (Czech Repuabli
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3.6 Simple model predicting specific modulus and damping coefficient of the cell wall
material

Since wood is a cellular material made of cellsxgaied along the grain direction, we
can easily deduce the elastic properties of thedwasll wall from the properties of solid
wood in the longitudinal direction as follows:

E/po = Ecw/ Pew, Eq.A-4

whereE is the Young's modulus of solid woog, is the basic densityg., is the
Young's modulus of the cell wall and.,, is the density of the cell wall substance. This
approach, however, does not account for the intemganisation of the cell wall. At the cell
wall level, wood substance can be represented &sogphase composite made up of
crystalline microfibrils embedded in an amorphouatnR. Crystalline microfibrils are
disposed in parallel and inclined at andleto the grain direction of the wood called
microfibril angle (MFA). Simplified representatiar the cell wall is pictured in Figur&-12.

3.6.a Simplified model based on Hooke’s law of angle lamina

To apply Hooke’s law of angle lamina (Jones 19@5)lobal coordinate system (L, T)
is used for the cell wall and a local coordinatstesn (1, 2) for the microfibril as represented
in FigureA-12. (L, T) and (1, 2) stand for longitudinal atahgential direction in the cell and
the microfibril coordinate system, respectively.

s,

Figure A-12: Simplified representation of a cell wall. LT stafud axes of global coordinate system and 12 for
axes of a local coordinate system of the micrdfilstdenotes the microfibril angle.

AssumingE, = Cy, the elastic modulus parallel to the cell axis t@nwritten in
function of the microfibril angle using the standldormulae of tensor rotation as follows:

E, =C,, [€os' 8+ 2[{2[C,, +C,,)3in* cos §+C,,sin* 6, Eq.A-5

whereCy1, Ci2, CooandCgg are the elements of the stiffness matrix. Thectiva denoted as 6
corresponds to the 12 plane.

The relative importance of individual terms on at¢a prediction of the Young's
modulus was investigated for the range of MFA uB53. Values of the elements of the
stiffness matrix used for this investigation arewh in TableA-3. The values were outputs
from a model simulating the cell wall propertiesséa on the properties of cell wall
constituents developed in LMGC (Almeraisal. 2005). Simplified predictions of the Young's
modulus along fibres neglecting progressively #rens starting from the right side of Eq. A-
5 are shown in the Figu#-13. Neglecting of terms containirgy, andC,,elements does not
markedly affect resulting predictions. On the otland, neglecting the term with shear
modulus Ces) has a stronger effect, although the approximai®nstill good for the
investigated range of MFA. Thus, formulation contag two first terms of Eq. A-5 will be
used in further development:
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E, =C,, [tos' 8+ 4[CT,, [3in° dcos’ 6 Eq. A-6

Table A-3: Elements of the stiffness matrix used for testing of the simplified calculus of the elastic
modulus along fibres

—e— Complete —— C22- C12- C66-
50 4
>
.\
) Elements of the stiffness matrix
S(.D_-/ 4 C12 1.8 GPa
Llj CZZ 7.1 GPa
Css 1.9 GPa
10 ; ; ‘ |
0 MFA (9 40

Figure A-13: Prediction of the Young’s modulus of the cell wadised on Eq. A-5.
3.6.b Complex formulation

Let us now write the rotation formula in a parancetvay:

E:aﬁtos“6?+bE<Isin26?cos2 6, Eq. A-7
0

wherea stand forCii/p, b for 4Cg¢/pandE,/p is the specific modulus is thedirection. For
investigation of viscoelastic properties, it is fuseto replace elastic formulation by the

complex one:

% =a [tos' @+b Bin*Hcos’ . Eq. A-8
Thus, we can easily obtain the storage and lossifspenodulus by separating the real and
imaginary parts as follows:

% = aléos' +b 3in° Hcos 4, Eq. A-9
E a [tos' 8+Db [3in” Hcos 4, Eq. A-10

whereE’|/p is the storage specific modulus d&i/o the loss specific modulus. The
next step consists in introducing in the currenmiglation parameters having a physical

meaning. Thus, we will not€;1/p and tal, the properties of the cell wall substance along
the microfibrils. Assuming’ = Cyi/p, a"la’ = tard,, b'/a’ = £ andb”/a” = £, we finally
obtain:

% =Cugog s E(‘[L+ B dar? 6?), Eq. A-11
0
E a [tos' 9[{L+ B dan’d), Eq. A-12
0
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E(1+ [ Gan® 8)
1+ [ Oan’6)’

tand = tang, Eqg. A-13
where Cy11/p and tawy, represent the properties of the cell wall substasong the

microfibrils. Assuming that terms with Poisson’s@aare negligible in the calculation 6%,

we can directly writea = E;/p andb = 4G;J/p. Ejlp stands for the specific modulus of the

cell wall along the microfibrils. Parametgr represents the ratio of the real parts of shear

modulus and storage modulus whitestands for the ratio of its imaginary parts.

3.6.c Expression of the specific modulus and damping coefficient in the local coordinate
system

Based on Eqg. A-11 and A-13 and assumptions mertiabeve, we can easily obtain
the expression of the properties in the local coerte system:

B E,

- 4 ' > oy Eg. A-14
L cos @(l+ [ [dan” 6)
tand, =tand 3—(1+ﬂ Tan” 6) . Eqg. A-15
1+ p'dan’ 6)

Thus, using the mean values of paramefgrand /" an estimation of the specific
Young's modulus and damping coefficient of the wanibstance can be obtained for each
specimen.
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4) Effect of storage procedure
4.1 Long-term storage in water at low temperature

Young's modulus and damping coefficient were meadun the G2-a sample subset
after 1, 3, 8 and 12 months of storage in watelowat temperatures. For computation of
Young's modulus from vibration data, dimensions everonsidered to be stable while
variations of the weight were taken into accoune W¥served a slight increase of the weight
(2.19+ 2.80%) after three months of storage but duringpWeng measurements, variations
of the weight were negligible. We considered if therease in weight could be attributed to
the increase of saturation level. For this purpabe, theoretical saturation level was
computed based on following relations.

The basic density and saturated density as a tumcfi the porosity can be written as
follows:

o= (1P) - pew, Eq. A-16

Psat100%=P - O + b Eq.
A-17

where g, is the basic densityaatioonthe totally saturated densitly, the porosity,a,
the density of water and.,, the density of the cell wall material. Basic dénss the ratio of
dried cell wall mass to saturated volume often usedivestigate properties of the cell wall.
The density of the cell wall material is very siamilbetween species and will be further
considered equal to 1.5g/2nSince water has a density of 1 glcrthe density at a given
saturation level is given by:

Psaxn=P - S + o, Eq. A-18

where § represents the relative saturation level. Relagaturation level of the
specimens in initial state and after a given peabdtorage is shown in Figufe14. We can
note the initial saturation were very low for sosyecies. This is probably due to partial
water evaporation during the machining of specim&aduration level after three months of
storage and more is very similar between speciesséme specimens, we can observe that
the estimation of relative saturation is higherntila However, the calculation, explained
above, gives only a rough estimation of the poyoghnother effect that is not considered
here is the occurrence of extractives. Extractivay induce an increase of the density that
results in a lower estimated porosity. However,sth@xtractives located in the cell wall
would not affect the porosity.
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Figure A-14: Saturation level of specimens in initial state aftér different storage durations.

Change in Young’s modulus after given storage peisaepresented in Figure15.
We can observe slight decrease of the modulus &ang good agreement between both
measurements. Long-term storage in water at lowpéeatures does not affect significantly
Young’s modulus.

x 3 months x8 months  x 12 months

35

| y=0.98x y=0.96x y=0.97x

R?=0.99 R°=0.99 R*=0.99
= E change (storage in water)
& error bias
o 3 months| 3.4% -2.1%
g 8 months| 4.9% -4.2%
w 12 months| 4.2% -3.4%
0
0 E, (GPa) 35

Figure A-15: Variations of Young modulus measured by vibraticgthod in initial state (§ and after 3, 8 and
12 months of storage in water at low temperatu#®(4°C). The red line represents the relation y = x

Variations of damping coefficient are shown in Fg&-16. We can observe slight
variations of damping coefficient, in particulateaf8 months storage period. Higher damping
measured after 8 months storage may be only afaecirtef experimental conditions because
it was done during the summer period. Higher antkiemperature could be responsible for
the observed increase of the damping coefficieesuRs obtained after 3 and 12 months
show that storage in water induces slight varigiohdamping, but with very low systematic
error.
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Figure A-16: Variations of damping coefficient measured by Jilora method after 3, 8 and 12 months of
storage in water at low temperature@41°C). The red line represents the relation y = x

4.2 Effect of soaking in 40% ethanol

Storage in ethanol is proposed as a way to prewait wood from biological
degradation in particular during field experimemtgh no possibility of storage at low
temperatures. The effect of soaking in ethanol ibnation properties is shown in following
figures. While Young’s modulus was only slightlyfeadted by soaking in ethanol (Figure
A-17), the damping coefficient has significantlycieased (Figuré-18). After washing in
water, Young’'s modulus was slightly decreased wdeeamping coefficient estimates were
higher than initial values (6.22.24%).

EtOH Backinwater ovm ¢Dg AEg XLp +LlLa o0t

35
<
o o
Y) E change (soaking in EtOH)
a | error bias
o EtOH| 4.0% 1.8%
T Water back| 3.5% -0.9%
o)
w
hE
0 :
0 Eo (GPa) 35

Figure A-17: Effects of soaking in 40% ethanol and its residadtisr washing in water on Young modulus. The
red line represents the relation y = x.
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Figure A-18: Effects of soaking in 40% ethanol and its residadlsr washing in water on damping coefficient.
The red line represents the relation y = x.

Soaking in ethanol was accompanied by variationgh| weight of specimens
(accounted for irE calculations). Slight weight decrease (-x@%1%) was attributed to
lower density of ethanol (0.78 g.cihcompared to water. Residual weight decrease after
washing in water (-0.240.33%) may indicate only partial removal of ethaaotl/or removal
of some extractives. No correlation between weigdriations and changes in mechanical
properties has been observed. That supports thethggis about the residual ethanol content.
It is also interesting to note that the exchangevéen water and ethanol-water solution is not
complete — in fact only 25% of the water was reptaby the ethanol-water solution (from the
calculations of the theoretical weight loss).

4.3 Effect of air drying

In the following section, properties of green wawrd compared with the properties of
air dried wood and properties of rehydrated specsnafter their storage in the air dry
condition. Drying of green specimens at room tempge has significantly increased the
Young's modulus as shown in Figu#-19. Observed change (+11.6%) is lower than
previously reported by Kollmann and C6té (196829% increase of Young modulus,
measured by vibration method on oak or by Obattyal. (1998) on spruce: 21.5% and
25.5% respectively for the increase of Young’s mosland decrease of damping coefficient
measured by vibration method. However, these studienpared the air dry state with the
rehydrated, saturated state and therefore the aisopas not the same as in the current study.
After the resaturation Young’'s modulus is lowerrthia green state. Thus, the relative
difference with air dry state is higher.
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Figure A-19: Effect of air drying and resaturation on Young modu E is the never-dry value. The red line
represents the relation y = x.
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Figure A-20: Effect of air drying and resaturation on dampingftioient. The red line represents the relation
y=X.

Air drying has induced significant decrease of tlaenping coefficient as shown in
(Figure A-20). We can note that this change is not lindarrehydrated state, specimens
exhibit significantly higher damping coefficientatt in green state. This indicates that the
effect of air drying affects permanently the dangpomoperties. A likely hypothesis to explain
the observed phenomenon is the formation of micagks during the drying process which
might be a source of increase of internal frictéomd the more dissipative behaviour of wood.
Moreover, high dispersion of damping estimatesehydrated state compared to previous
treatments in ethanol or water shows that effecirgihng was variable between specimens. In
conclusion, we cannot recommend preventing of biockl degradation of green specimens
through the drying process for vibration measurégmefhdamping characteristics.

4.4 Conclusion about storage

Storage in water at low temperatures can be adhdasethe most appropriate way to
preserve vibration properties of wood specimenthéngreen state. The effect of ethanol on
viscoelastic properties seems to be only trandiahits use is questionable as some doubtful
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and undesirable processes may be involved in thesignt state (Changt al. 2008). Air
drying can be used to preserve specimens agaioktgial attack while elastic properties
only are required but is not appropriate for vidastc studies.

5) Other investigated effects
5.1 Effect of hygrothermal recovery

Heating above the temperature of glassy transiwas investigated for its possible
link with part B of the manuscript which focuses timermally activated viscoelastic
properties. To study the effect of hygrothermaloxesy, specimens were heated in water at
80°C during 30 minutes and measured after coolingnibient temperature on the vibration
device few hours later. Relative changes of Yourmdmus and damping coefficient are
displayed in FigureA-21. Heating slightly decreased Young modulus %2.8%) and
markedly increased damping coefficient (282%).

HTR ovm o¢Dg AEg xLp +La o0Oa HTR ovm oDg AEg XLp +La oOa
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Figure A-21: Effect of heating on Young modulus and damping ficieft.

The simultaneous effect on Young modulus and daghppefficient may be
interpreted as a “rejuvenation” effect. When a pady is heated abovg,, it is in a state of
thermodynamic equilibrium. During the cooling totemperature belowly, the rate of
molecular relaxation is too slow to keep pace \lith changes required if the material is to
remain at thermodynamic equilibrium. As a resulhew the material reaches the thermal
equilibrium with the surroundings it is still faroim its thermodynamic equilibrium resulting
in increased fluidity of the material (see B-2).

5.2 Difference between air dried and oven dried state

Specimens of the sample G2-a2 were further testedntair dry and oven dry state.
The aim was to assess the effect of oven dryingulReare represented in Figuke22. In
comparison with air dry state, oven drying has alightly increased the Young’'s modulus.
On the other hand, a more significant increaseaaifing coefficient has been observed upon
oven drying.
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Figure A-22: Effect of oven drying on Young's modulus and dangpawoefficient. The red line represents the
relation y = x.
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Figure A-23: Effect of moisture content on vibration properti€he lines represent experimental data reported
by (Obatayaet al. 1998) and the squares measurements from the tusitaty.

Similar observations have been previously repone®batayeet al. (1998). Obataya
et al. studied the influence of absorbed water on vibrafiroperties. We have reproduced
their results in Figuré\-23 plotting our measurements in the same grapl.cah see that
measured effect of the moisture content on thdielasdulus is in agreement with Obataya
et al’s observations while the effect on damping coeffiti@as considerably higher in our
case. Obatayet al have observed a loss peak around 1% of moisamet. This effect was
ascribed to the relaxation related to the motioralsdorbed water. Due to the testing time
necessary for vibration measurements, it is pasghmt our specimens have absorbed some
humidity during the measurement and so the moistorgent could arise to 1%. A slight
horizontal shift of damping values could therefpagtly explain the observed difference. It
was also hypothesised that oven drying could indamo-cracks in the cell wall layers as
suggested by Kifetewt al. (1998) based on observations of fracture surfategeen wood
and wood in swollen state after drying. Such mioracks would dissipate more energy
during the excitation of the specimen thus leadinigigher damping coefficient.
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5.3 Comparison of empirical relations between damping and specific modulus in air dry
and green state

Double logarithmic plots are often used to represiemrelation between damping and
specific modulus (Ono and Norimoto 1984). Figée4 represents the comparison of the
empirical regression from the literature with owperimental data. We can see that the
relationship between both parameters in air dry anen dry states is very close to the
empirical equation represented by the red linedewtribed by the equation in the box. Green
wood properties exhibit completely different belwanwi Equation for the regression between
both parameters in green condition is also disglayée can also note a significant difference
between the regression for green specimens andnaky specimens. Specific variability of
the relation between both parameters will be disedsn $.5
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Figure A-24: Double logarithmic relation between damping coéffit and specific modulus in green,
rehydrated and air dry state. The red line andetheation in the box represent empirical equatia@ppsed by
Ono and Norimoto (1984).

54 Conclusion

This section contains some complementary resudtsatre useful for researchers that
will work on similar topic. We have quantified theffect of hygrothermal recovery on
vibration properties. Significant increase of dangpicoefficient together with a slight
decrease of Young’s modulus was attributed to avegjation effect of heating above the
temperature of glassy transition. This means timatleg effect might be observed on the
viscoelastic properties at different time scales,example creep properties. The topic will be
investigated in greater detail in chapte2B-Next, vibration properties in oven dry stateave
compared with the properties in air dry state. Asiderable increase of damping coefficient
in oven dry state compared to air dry state wasmiesl while only slight increase was
observed for Young's modulus. We hypothesisedithaiuld be a result of micro cracks due
to the oven drying that is more destructive tham dfr drying. Finally, empirical regression
between damping and specific modulus in green stede proposed similarly to the
regression previously established for air dry wodtie relation between damping and
specific modulus will be investigated in the folliony chapter.
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6) Basic structure — property relations

In this section, diversity of vibration properti@seasured on ten tropical species
including reaction tissues is presented. Basic itlerdd MFA are often considered as
structural parameters explaining the diversity ajoa vibration properties. However, the
effect of MFA was determined mainly based on mopeetfic studies. Moreover, reaction
wood was not often considered. In the following teec we will investigate if these
relationships hold when applied on the highly dsfeed sample. Commonly measured
structural parameters are green density, basicitgeand MFA. We will first analyse
relations between these parameters before examitheg relations with mechanical
properties. Mean specific values and variabilitynotdasured parameters are summarised in
the Appendix 1.

6.1 Green density — Basic density

In the context of tree mechanics, first measureapgny is in general green or
saturated density. First question was thereforgrélen density can be used as a reliable
predictor of basic density and so mechanical ptoggerBased on Eq. A-16 and A-17 given in
84.1, we can obtain a theoretical relation betwéerstaiturated density and basic density:

Osat100%= 1 +00/3, Eq. A-19

wherepsaiioonstands for the completely saturated density anfbr the basic density.
Relation between the green and basic density iesepted in Figuré-25. The red line
represents a theoretical dependency (Eq. A-19)st Fabservation is that experimental
regression line is vertically shifted down indicgtincomplete saturation of green specimens.
This problem was already mentioned in thé. We have seen that the saturation level was
different between species. In particular melinoniispecimens exhibit low saturation level
(~78%, not shown). Thus, it seems difficult to tise green density as a reliable predictor of
basic density and mechanical properties. It mayobly used as a rough estimator of
interspecific variability of the basic density d®w/n in FigureA-26.
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Figure A-25: Relation between green and basic density. Redrépessents the regression line on the entire
sample and dashed line the theoretical relationsbipreen both parameters. The gradient of colmpeesents
the growth strategy going from the yellow helioghtb the brown understorey species. The samesaged for

all figures of chapter 6.
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Figure A-26: Relationship between green density and basic deonitspecific mean values. See Figh@5
for the caption.

6.2 MFA — Basic density

As we have seen in the 4%, both structural parameters are considered to be
independent. Figurd-27 shows that both parameters are indeed notecklaithin species.
However, when individual measurements for all speare considered, a slight negative
correlation can be detected.
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Figure A-27: Correlation between MFA estimates accounting fom#eoto correction for density and basic
density. Red line represents the regression linghemntire sample.
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Figure A-28: Correlation between MFA-Yam and basic density ograge specific values.

The analysis of the mean value of each speciedagliexth in FigureA-28 shows that
specific MFA and basic density are negatively datesl. However, results of Boiffin (2008)
support the hypothesis of coincidental nature efdhserved relationship. Boiffin (2008) has
studied a larger sample of tropical species indgdieven of ten species used in the present
study. Relationship between MFA and basic denditgioed on this sample is represented in
FigureA-29 and confirms that both parameters are notadla
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Figure A-29: Correlation between MFA estimates and density aelaction of 22 tropical species (Boiffin
2008).

The relation observed on our sample may be dubdddct that both selected high
density species have also low MFA and the lighsgsicies considerably higher MFA than
others. Another parameter explaining this resulla¢de the accuracy of MFA estimates. The
use of X-ray method tends indeed to underestimdt@ Bf denser wood (Ruellet al.2007).
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6.3 Structural determinants of elastic modulus

Young’'s modulus of a cellular solid is expectedb® strongly related to its density.
We have tried to verify this assumption on our si@mnpirst, the green density was used to
predict the Young’s modulus. Obtained correlat®nat very high as we can see from Figure
A-30. This can be ascribed to different levels atfusation between species as explained in
86.1. Removingl. melinoniispecimens, exhibiting particularly low saturatiewnel, improves
the correlation coefficient &= 0.54) however the use of green density to ptedechanical
properties remains questionable. Conversely, bdsitsity can be used as more reliable
predictor of the Young’s modulus despite the higliability of our sample (Figuré&-31).
We can also notice that the intercept of the resypesline is close to zero as it should be the
case for a cellular solid.
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Figure A-30: Relationship between elastic modulus and greenitgeRed line represents the regression line on
the entire sample. Red line represents the regretiae on the entire sample.
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Figure A-31: Basic density as a predictor of the green Youngislufus.

We have shown that basic density can explain 68%h@fvariation of the stiffness
over a wide range of inter and intraspecific diitgrsn wood quality. However, an important
part of the elastic modulus variability remains xjlained.

6.4 Structural determinants of specific modulus

Whereas Young modulus of the wood is proportioodhe density, the stiffness of the
cell wall itself is independent of the amount o€ tbell wall. Specific modulus is mainly
governed by microfibrils orientation as these repre the stiffest component of the cell wall
material. These two assumptions can be verifietblbowing figures (FigureA-32 and Figure
A-33). No dependency can be detected between thefispmodulus and density. On the
other hand, the specific modulus is related toNt&A but the correlation coefficient is not
very high. Large scatter of the specific modulukigs is observed in particular for low MFAs.
The observed scatter is probably related to theiroesce of tension wood specimens that
could exhibit, apart of lower MFA, also differenth@mical composition. However, no case
with high MFA and high specific modulus was obseniadicating the validity of a
relationship between the specific modulus and MFAnean specific values are considered,
correlation coefficient is higher as we can seenfieigureA-34. We can also notice different
level of intraspecific variability between specessnparing the error bars on the Figi34.
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FigureA-34: Relationship between specific modulus andrafibril angle on mean specific values.

Based on assumptions detailed B1&a, specific Young’s modulus is expected to be
related to the cosine of MFA raised to the powerrf@hus, we can obtain a rough estimation
of the specific cell wall modulus along microfilsricomputingE/o/(cosd)* denoted further
E/dl. Relationship between the specific modulus alamgrofibrils and MFA is shown in
Figure A-35. No residual dependency of the specific calllwnodulus along microfibrils on
the MFA can be observed supporting the validityhef simplification of the rotation formulae
as tested in $6.a. The mean value of the specific cell wall mod along microfibrils is
about 29 GPa. However, there is a large scatterdast theE/ o/ values indicating that MFA
is not the only parameter affecting the stiffnekthe cell wall. The relationship between the
cell wall specific modulus, its dependency on MFAdavariability will be investigated in
greater detail in 3.
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Figure A-35: Relation between the approximation of the speciit wall modulus along microfibrils and MFA.
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6.5 Structural determinants of damping coefficient

From its definition (damping €"/E’), damping coefficient is independent of density.
Conversely, a strong relation with MFA is expectedfollows from the formulation of the
mechanical model described i13.8.b. FigureA-36 shows that damping coefficient is not
related to basic density. However, no relationshgs been detected between damping
coefficient and MFA (Figuré-37) which was unexpected. This is mainly duelte large
scatter of damping values. This can be affectedalesady mentioned above, by the
occurrence of tension wood specimens. Effect ofrttraspecific diversity on the relationship
between damping coefficient and MFA will be furtliscussed i7.2.
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Figure A-36: Relationship between damping coefficient and bdsitsity.
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In the previous paragraph, we have observed lagidual variability of the specific
cell wall modulus along microfibrils unexplained the MFA effect. In order to investigate if
this variability is related to the variability ofi¢ damping coefficient, we have plotted both
parameters one against another (Fight®8). No improvement of the correlation or deceeas
of the scatter was observed compared to the ralagbveen damping coefficient and specific
modulus along the fibre direction (Figuke39). This supports the assumption that parameters
affecting the second order variability of the sfieanodulus (once the MFA effect removed)
and the variability of damping coefficient are rtbe same. The possible sources of the
variability of damping coefficient will be analys@&dthe following chapter.
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Figure A-38: Damping coefficient versus approximation of speaifll wall modulus along microfibrils.

Some previous works reported significant empiricatrelation between damping
coefficient and specific modulus (Ono and Norim&@84). This empirical relation was not
linear but in the form of power law. Relation betmeboth parameters along with the power
law regression is represented in Figwe39. We can observe a significant correlation
between both parameters on the entire sample. Ergep. persistensspecimens, all
intraspecific correlations are significant. Thisadly indicates that there is a relation between
the stiffness of the cell wall and damping coeéfiti Thus, we face a paradox: specific
modulus and damping coefficient are strongly related at the same time the variability of
the specific modulus is only partially explained BYFA and the variability of damping
coefficient is totally independent of MFA. This udisclearly indicates that other parameters
than MFA exist and that affect at the same timesghecific modulus and damping coefficient.
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Figure A-39: Relationship between damping coefficient and speribdulus.
6.6 Conclusion

In this chapter, we have assessed the validityoafes structure/property relations
commonly used to predict the wood behaviour. Theeafsgreen density to predict the wood
stiffness was rejected because of variable saturédivel exhibited by specimens in the green
state. On the other hand, basic density was weleladed with the Young’'s modulus despite
the high variability of our sample. The specific sotus proved to be related to the MFA but
for the specimens with low MFAs, a large scattesjpécific modulus values was observed.
This was ascribed to the occurrence of tension vapatimens exhibiting different structural
features compared to normal wood. Once the effédVIFA was accounted based on a
theoretical relation, the specific modulus along thicrofibril was no more related to the
MFA. Damping coefficient was independent of density expected but proved also to be
independent of the microfibril angle contradictisgme previous reports (Norimott al.
1986; Brémaud 2006). This may indicate that the glag coefficient is affected by many
other parameters such as chemical compositionaatt.the MFA effect is of second order.
Comparison of the residual variability of the sfieatell wall modulus along microfibrils and
the variability of the damping coefficient let tkithat the determinants of this variability are
not the same in both cases.
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7) Predicting cell wall properties from the wood pr operties and microfibril
angle

After having studied statistical relationships be#w structural and mechanical
properties and compared them to bibliographic daeawill now investigate the applicability
of a mechanical model presented B\& The main difference between these two seci®ns
that adjusted model parameters have a physicalingean

7.1 Capacity of the model to describe observed behaviour

Simple model developed to predict the propertiethefcell wall from the properties
of solid wood and microfibril angle was presentadg3.6. In the following, the capacity of
the model to describe observed relationships isgmted. Based on Eq. A-11, parametérs
and £ are adjusted by the least-square method to olha&irbest fit with the experimental
relationship observed between specific modulus lifd. Obtained results together with
adjusted parameters are shown in Fight#0. We recall that parametat represents the real
part of the Young’s modulug? and 3’ the ratios between the real and imaginary parts of
shear and Young’s moduli respectively afith’ stands for the damping coefficient of the cell
wall material. Fitting of the parametea'sand has given the paramet@requal to zero. This
was attributed to the small effect of cell wall evé&l shear modulus on the estimation of the
wood Young’'s modulus as numerically tested 368a. In the next step, parametat&’ and
L' were adjusted to fit the relationship between dam@and MFA. Obtained estimation of
the damping coefficient of the cell wall materiglreasonable however modelled relationship
does not fit well with experimental data. This isedo the large scatter of damping values in
particular for low MFA values. In the following, weill try to search for the sources of this
variability.
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Figure A-40: Correspondence between experimental and modellkes/af specific modulus and damping
coefficient.

7.2 Variability of the properties between wood specimens from straight growing trees and
wood specimens from tilted trees

As already mentioned, the occurrence of reactiondvmay be responsible for the
high variability of damping values. Therefore, wavl split the sample in two groups
separating specimens coming from straight growimgl specimens from tilted trees.
Specimens from tilted trees are supposed to be weniable because of the occurrence of
tension wood. The results of the specific moduittng for both groups are displayed in

75



FigureA-41. We can note that dispersion of the specifadoius values is slightly higher for
the specimens coming from tilted trees but adjustedel parameters are very close.

The situation is different for the damping — MFAatenship. First, we can note large
scatter of damping values of the specimens fraiedtitrees compared to the specimens from
straight growing trees. For specimens from straighes, there is a significant relation
between the damping coefficient and MFA which @sanably well described by the model.
For specimens from tilted trees, there is no retetnip between the damping coefficient and
MFA. Consequently, optimisation of model parameteetds a straight line. If the parameter
£’ is not constrained to be positive, a negative e@lis obtained by fitting. This has no
physical meaning and proves that experimental dataot obey to the proposed mechanical
model. It is interesting to note that the valuaghef parametef’ obtained for normal wood is
high showing a significant effect of the shear madwn the damping coefficient conversely
to its poor contribution to the Young’s modulusirasition.
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Figure A-41: Prediction of the specific modulus for wood comfrgm (a) straight growing and (b) tilted trees.

Experimental data —e— Model Experimental data —e— Model
0.04 - 0.04 -
a"/a' = 0.009 a"'/a'=0.014
p'=1.69 p'=0
V) )
Z Z
o Q|
= =
< < O—0—0—0—0—0—0—0—0—0-0-0-0-0
0.00 ‘ ‘ ‘ 0.00 ‘ ‘ ‘
0 MFA (9 30 0 MFA (9 30

Figure A-42: Prediction of the damping coefficient for wood comifrom (a) straight growing and (b) tilted
trees.

Separate analysis of wood specimens coming froeigstr growing and tilted trees
has evidenced that the intraspecific variability d&mping coefficient is higher than the
interspecific one. Proposed model was able to desaorrectly the properties of normal
wood of all ten species while the occurrence o$itamand opposite wood, responsible for the
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high variability of studied parameters makes ifidifit for the prediction based on the MFA.
This clearly shows that besides the variation ofAyVither parameters change significantly in
tension and also in opposite wood and that affeetviscoelastic response, at least at short
observation times.

7.3 Cell wall properties along microfibrils

Based on Eq. A-14 and A-15, we have predicted #iewall properties of each
specimen using mean values of paramegasd 8" for each group (straight and tilted trees).
The aim was to see if there is a significant ddfere in the cell wall properties along
microfibrils in function of wood types. Specific malus and damping coefficient of the cell
wall along microfibrils for both groups are showm Figure A-43. It confirms that the
variability of specimens with occurrence of tenswwood is significantly higher but also the
mean values seem to be different. Surprisinglynihreof opposite and tension wood exhibits
in average lower specific modulus and higher dagpefficient.
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Figure A-43: Specific cell wall modulus and damping coefficiefitthe cell wall along microfibrils for wood
coming from straight growing and tilted trees. Ertmars represent the confidence interval for theamme
estimation with 95% probability level.

8) Interspecific and intraspecific variability of v ibration properties

In the previous chapter, we have seen that woodngpinom tilted trees exhibited
markedly higher variability that wood coming frortrasght growing trees. In the following
section, we will investigate the differences betwestudied parameters in function of the
wood typei.e. normal wood, tension wood and opposite wood. jdagned in 8.3, for some
species we are not sure about the designationnsfaie and opposite wood. The following
species are concernefg, La, Oa, Vm For this reason, raised conclusions have to kenta
with precautions.

8.1 Screening of intraspecific variability by species

Wood types differ essentially by the level of gteesses resulting from different
growth conditions of a tree. Pre-stresses in norwadd help a straight growing tree to
support the weight of its crown and increase thedbyg resistance of the stem. Opposite and
tension wood tissues are usually produced by titteds. Thus, they represent a sort of
reaction or traumatic tissues. Tension wood is &mron the upper side of leaning trees or
branches. High tensile stresses induced duringrtaturation process tend to up-right the
stem to the vertical position. On the opposite ,stte level of pre-stresses is very low, in
general slightly lower compared to normal wood. &hsn mechanical definition using the
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level of pre-stresses to differentiate the woodesypve may expect a gradient of mechanical
properties and structural features going from tphposite through the normal to the tension
wood.

FigureA-44 shows the interspecific and intraspecific &hility of basic density. Error
bars in the following graphs correspond to the ictamfce interval (95% probability level).
We can note that intraspecific variability is ngdiie relative to the interspecific one.
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Figure A-44: Variability of basic density in function of speciasd wood type.

Second parameter investigated is the elastic mediasentially, we can make the
same observation as for the basic density: thesipéeific variability is predominant. Further,
no systematic effect of the wood type can be detkct
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Figure A-45: Variability of elastic modulus in function of spesiand wood type.

Removing the effect of density results in reducederspecific variability of
mechanical properties as shown in FigArd6. Conversely, the intraspecific variability has
not been affected.
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Figure A-46: Variability of specific modulus in function of sges and wood type.

Specific modulus represents the stiffness of the wall which is expected to be
strongly related to the microfibril angle. Thuse thariability of MFA should exhibit inverse
variations compared to the specific modulus. CompgaFigure A-46 and FigureA-47, we
can observe that such a correlation is verifiedHerinterspecific variations. This was already
shown in FigureA-33. Intraspecific variability of the specific moldis does not follow
systematically the MFA one. Moreover, tension waodhibits systematically lower MFA
than opposite wood however the relation with normabd specimens is not straightforward.
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Figure A-47: Variability of microfibril angle in function of spées and wood type.

Variability of the damping coefficient is shown kigure A-48. For the most, damping
coefficient of opposite and tension wood is higtiamn that of normal wood.
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Figure A-48: Variability of damping coefficient in function opecies and wood type.

From mechanical point of view, damping coefficiemtexpected to be related to the
microfibril angle. In the 8.2 we have seen that for wood specimens coming filted trees,
this relation was not verified. Thus, we have gdtthe mean damping coefficient against the
mean MFA in function of the wood type. As we cam $®m FigureA-49a, intraspecific
variability of the damping coefficient can not bekined by the microfibril angle variations
because tension and opposite wood clearly exhieitsame damping coefficient regardless
different MFA.
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Figure A-49: (a) Relationship between damping coefficient andAMiepending on the wood type. Error bars
represent the confidential interval for the proligbievel of 95%. (b) Relationship between dampaugfficient
and specific modulus in function of the wood type.

Figure A-49b shows the relation between damping coefficgrd specific modulus in
function of the wood type. First observation istttfze variability of both reaction tissues
(opposite and tension wood) is considerably higt@mpared to normal wood. Opposite
wood and tension wood exhibit the same dampingficteit despite different specific
modulus and which is higher than that of normal eiolthis may indicate a common origin of
this property that may be not linked to structdestures but to the loading history of these
tissues. Reaction tissues are submitted to largdibg moments because they are produced
by tilted stems that they try to pull up to thetiad position. Thus, they work more than
tissues of straight growing trees resisting matolyghe compression loads due to the weight
of a tree crown. Intensive and repetitive loadirigeaction wood tissues may lead to their
fatigue and damage of the microstructure resultmgnicro-cracks. Micro-cracks would
dissipate more energy thus leading to higher daghpefficient. This phenomenon was
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already suggested to explain higher damping of @ireed specimens relative to air-dried
ones. In this case, micro-cracks would not be @hlryeanisotropy of shrinkage of different
cell wall layers but by a sort of fatigue of woaskties due to the intensive loading history.

While the high damping coefficient of opposite waedinderstandable because of its
low specific modulus and the hypothesis of micrae&s resulting from the mechanical
fatigue, high damping coefficient of tension wogdniot fully explained by this assumption.
Higher specific modulus of tension wood should lesulower damping coefficient relative
to the opposite wood. Also information that we halout the structural arrangement of
wood fibres with G-layer (steep MFA angle) and ithemical composition (higher
crystallinity, higher cellulose content and lowggmnin and hemicelluloses content according
to (Sugiyamaet al. 1993; Fanget al. 2008)) let think that the damping coefficient aoich
tissues will be lower than that of normal wood. Thet that is does not correspond to our
observation could be explained by the fact thatethect of mechanical fatigue is prevailing
and dominates the difference that would issue fdiffierent specific modulus. Nevertheless,
we have also keep in mind the diversity of the tieacwood structures and properties
because the above mentioned arguments are valdfanthe tension wood exhibiting G-
fibres.
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Figure A-50: Relationship between specific modulus along mibrdé and MFA in function of the wood type.

It is also interesting to note that specific magubf the cell wall along microfibril is
markedly lower in opposite wood compared to otheoavtypes (Figuréd-50). This indicates
that some chemical changes or structural changes titan MFA have to occur in this tissue
which definitely differs from normal wood.

8.2  Anatomical structure as a possible determinant of vibration properties

Percentage of different wood elements — fibres,seles and radial and axial
parenchyma — were measured on a part of the saBiplsee 8.2 for details). The possible
link between anatomical structure and vibrationperties was investigated. Tabke4
summarises the correlation coefficients for relait®etween the percentage of wood tissues
and mechanical properties. Basically, we can ses there is no correlation between
mechanical properties and percentage of differeabdvtissues. Significant correlation
between elastic modulus and percentage of radrehphyma is likely due to the correlation
between MFA and radial parenchyma. Once the effédIFA accounted based on the
theoretical equation (specific modulus //), no etation can be observed with the percentage
of radial parenchyma. It is interesting to notewhwer, that there is a strong relation between
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the percentage of axial parenchyma and other amesabrelements (fibres and radial
parenchyma).

Table A-4: Matrix of correlation coefficient between vibration properties and anatomical parameters

Elastic  Specific Specific Damping Basic MFA Fibres Radial

modulus modulus modulus// density (%)  par. (%)
Elastic modulus 1
Specific modulus 0.45 1
Specific modulus// 0.30 0.95 1
Damping -0.37 -0.61 -0.55 1
Basic density 0.87 -0.02 -0.19 -0.08 1
MFA -0.66 -0.55 -0.28 0.42 -0.45 1
Fibres (%) 0.22 0.07 0.06 0.02 0.22 -0.04 1
Radial par. (%) -0.59 -0.32 -0.13 0.29 -0.56 0.66 -0.18 1
Axial par. (%) 0.23 0.16 0.03 -0.23 0.22 -0.45 -0.61 -0.66
Vessels (%) 0.15 0.09 0.10 0.01 0.08 -0.05 -0.21 0.35

Legend: Specific modulus //: specific modulus along michoifis; Radial par.: percentage of radial parenchyma
Axial par.: percentage of axial parenchyma.

8.3 Conclusion

Analysis of the variability of measured parameteas confirmed that basic density
explains the most of interspecific variability dktelastic modulus. Interspecific variability of
the specific modulus is related to the MFA varigpihowever this parameter is not always
relevant when the intraspecific variability of thgecific modulus is considered. Difference in
specific modulus of tension and normal wood carexgained through the MFA variations
while the specific modulus of the cell wall alongcrofibrils is significantly lower for
opposite wood. Considering the wood type dependemcFA, tension wood specimens
exhibited lower MFA compared to opposite wood. ¥hility of the damping coefficient is
only little explained by the variations in MFA. Weave shown that if wood types are
considered separately, tension wood and opposited vexhibit similar damping coefficient
regardless different MFA. Moreover, damping coeédint of both tissues reaction tissues is
similar despite different specific modulus and leiglthan damping coefficient of normal
wood. It was hypothesised that mechanical fatigueetd intensive loading of reaction tissues
could explain the observed phenomenon. Definitepposite wood should not be confused
with normal wood but considered as a sort of reactvood along with tension wood as
previously suggested by Clagt al. (2006). No significant relationship was found beéw
mechanical properties and percentage of differeuddatissues. This indicates that the origin
of the variability of viscoelastic properties istndetermined by anatomical structure.
Consequently, we should search the parameters ptaiexthe observed variability on
different probably chemical level. Gain an insigito the properties and structure of opposite
wood seems also essential to explain the obsentegspecific variability and understand its
origin. Analysis of the structure/property relasowill be continued in the part B of the
manuscript dealing with creep properties.
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B) L ONGITUDINAL CREEP OF GREEN WOOD
1) Development of the creep device and testing proc  edure

In creep studies, the test pieces are usually tbaddending because of the larger
displacement developed in bending compared toléensicompressive strains. Therefore, it
Is easier to obtain the required accuracy for itigasng the creep behaviour. However, the
interpretation of bending results is based on gsimption of identical behaviour of wood in
compression and tension. This assumption is nassecily satisfied in the case of specimens
with tension wood occurrence. Moreover, to our besiwledge, no evidence exists on the
fact that a loading (tensile) gradient has no ¢ftecthe creep response of polymers. That's
all the more true for creep of wood sample. Wedkstithen to perform tensile creep tests.

Conducting tensile creep tests on green wood imifodinal direction is rather
difficult because of the severe environment (hutyjdiemperature, test duration) and very
low level of creep strain developed during tenggigts along fibres: 15-p@/m during first
1000s and 10-20m/m during the following 7h of the test if the sdempemains in the linear
domain. Consequently, the time necessary to sdlvexaerimental problems such as an
accurate conditioning, choice of transducers, @oicspecimen’s geometry and fixation in
the creep device as well as development of theramrpatal procedure was quite long and
only a small selection of specimens could be finadbted.

1.1 Tensile creep device

Creep tests were performed on a tensile deviceguedi by Hunt (Hunt and
Darlington 1978). Hunt’'s device was developed fonducting creep tests in the hygroscopic
region so that many modifications had to be per&mo enable testing of green wood.

For creep tests in general, accurate control of tamditions (humidity and
temperature) is essential. Thus, the creep devaseeguipped with a water bath to enable the
tests on green wood specimens (Figswgc). The temperature of the bath was controligd b
thermo-regulator with an accuracy®0.1°C. Capacitive transducers previously used bytHu
for strain measurement could not work in water. hdge tried to design a lever-arm system
to ensure (and amplify) the strain signal transiorssut of the bath. This approach was not
successful because of unsatisfactory precisiohegystem. Finally, we decided to use a pair
of strain gages glued with cyanoacrylate on eagé sf the specimen. The accuracy of strain
gages is satisfying. 3-wires gages were used treecochanges in the lead wire electrical
resistance with fluctuations of the room and bathgeratures. The risk of gage detachment
was reduced by silicon coating which limited thstdilbances of the gage output due to water
currents. Nevertheless, detachment did occur dwsomge tests, decreasing the number of
valid creep tests.

Tensile loads were applied manually by means ofjlatsi coupled to the specimens
through a lever-arm system. The applied load spoeded to an instantaneous elastic axial
strain of about 50@m/m; far below the limit of linearity generally @sfited around 1500 -
180Qum/m for wood subjected to the tensile stress atbieggrain (Hunt 1988). Strain signal
of both gages was recorded by a Wheatstone bridugefrequency of data acquisition was of
10Hz during the first 1000s after the loading aeduced to 1Hz afterwards. Data obtained by
both gages were averaged and smoothed to reduceigeseffects on the measurements.
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Figure B-1: Creep testing device. (a): Whole experimental egeipt. (b): Recording of strain signals by
Wheatstone bridge and transmission to the compfaerDetail of specimens in the thermo-regulatathb

1.2 Creep specimens

Specimens previously measured by vibration metheckwsed for the preparation of
the creep specimens (100 x 6 x 2 fnlm R, T) so that both measurements are well neatch
Because of the small width of the damping specirntemas not possible to cut a whole creep
specimen in one piece of wood. Thus, the dampiegispen was shorten, bone-shaped (see
FigureB-2) and equipped by additional heads. The rem@atiwas used for the analysis of
anatomical structure. The reduced width of there¢piart allowed us to decrease the applied
load: because of the high rigidity of tropical spsc it was difficult to ensure efficient
transmission of axial loads without damaging thecgpen.

Both ends of the bone-shaped specimen were prowgérbads and fixed using MDI
(methylene-diphenyl-diisocyanate) glue for greerosvof the Japanese manufacture Daiichi
Deiyako. During the gluing, specimen was hold ie fixture represented in Figui®-3
ensuring accurate position of the specimen andhefhieads. The specimen was kept in the
fixture for one hour to allow the glue to polymerisefore moving to the drilling operation. It
has been shown that free rotation of specimen heaalsles the central part to distort and the
resulting strain field is not affected by bound#gd conditions. Hence, a 11mm hole was
machined through the heads and a sphere-grooveéolikemade of brass was fixed in each
hole. Further, additional clamps were used to im@ithe transmission of axial loads between
the heads and tested specimen as shown in Hgz@oe
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Figure B-2: Preparation and shape of the damping and tensi&papecimens. (a): Damping specimen used for
the preparation of the creep specimen. (b): Crgegzisien after machining. Remaining part was used fo
anatomical analysis. (c): Final instrumented cresgcimen.

Figure B-3: Fixture used for accurate positioning of the specirduring gluing and drilling operations.

Finally, strain gages were glued on the specimemgusyanoacrylate glue
(commercial name: Loctite) and covered by siliddaring the silicon hardening (at least 1-2
hours), the specimen was kept in a permanent bagped in a piece of wet tissue because
immediate immersion would increase the risk of gatgtachment. Some tests with
waterproof gages were also performed giving satgfyesults but we decided not to use
them because they are quite expensive. The crdegvioerr of the cyanoacrylate glue was
tested by Olssoet al. (2007). During creep tests on glass fibres, narstreas observed at
30°C and relative humidity varying from 30% to 80Furthermore, Hayaslet al. (1993)
have performed tests of several glues used foinsflages and has found that cyanoacrylate
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glue was stable at 20°C and 30% of RH but exhibgeohe variations at higher relative
humidity (85%) or during random humidity fluctuat& Hence, precautions will be taken to
account for the possible time-dependent drift efghges.

1.3 Development of the experimental procedure
1.3.a Instantaneous deformation

It is always tricky to decide which point is to bensidered as a starting point of the
loadingfor creep tests. In the present study, we haveidere as the onset of the testy 0)
the point corresponding to the half of the loadinge, i.e., approximately 1s after the start of
the loading (Figurd3-4a). Points corresponding te< 3s (for time-temperature equivalency
tests, we have taken 4s because the stabilisatibigtzer temperatures was longer) were not
included in the further analysis because of thdteygag in strain values due to oscillations
resulting from manual loading (FiguB4b). Thus, strain value &t= 3s, resp. 4s, was used
to determine the instantaneous compliarke The mean difference compared to the
extrapolation of strain curve to 1s, typically useg Hunt to estimate the instantaneous
compliance, is of 0.34+0.13%.
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Figure B-4: (a) Determination of the instantaneous compliamzk @ the onset of the creep test. (b): Zoom on
the very first seconds following the loading (unsitied data): example of the stabilisation of theeprsignal.
Ji: instantaneous compliandg;testing time.

1.3.b Particular case of curved specimens

Some specimens exhibited more or less slight Irctiavature before loading, which
could be attributed to gradients of growth streskease. Bending resulting from initial
straightening makes difficult the interpretation sfrain values measured at very first
moments after the loading: a relative differencaap0% has been observed between strains
measured on both sides of the specimen at 10sladiding. If attributed to the ‘straightening’
of the specimen, it represents an initial bowingha order of 1mm that is highly possible.
Similar problem was encountered also during the son@snents of the additional time-
dependent strain. In general, slight differencesevabserved between the values recorded by
both strain gages. These differences were asctibdide gradient of wood properties along
the specimen thickness but they could also ar@® fa misalignment of the specimen with
respect to the loading axis of the creep devicerit&rion used to asses the effect of these two
‘artefacts’ on creep tests was to compute the geexalue of the developed strain. If the
section was submitted on average to tensile saedsexhibited positive creep, the test was
taken into account. In some cases, a negative evasmpbserved on one side while amplified
positive creep was developed on the other sidd@fspecimen. In that case, gage slippage
was suspected. Except for one specimen used festigation of the validity of the time-
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temperature equivalency, where this effect appeduenhg the two last tests but the average
creep value was positive, such specimens wereamstiadered for further analysis.

1.3.c Duration of the procedure

Preliminary tests aiming to predict long-term cred&ghaviour consisted in
stabilisation-creep-recovery cycles performed aC3@5°C and 60°C. One cycle included a
short stabilisation period at a given temperatuie);(a creep test lasting 24h; a recovery
period at a given temperature (24h) followed byeowery period at room temperature for
following 48h. The whole test lasted 12 working slay

Two problems were encountered using this procedungufficient accuracy and
problems with gage detachment. During the recoveeyiod at room temperature the
specimen was in general put away from the tenslgce to enable another specimen to be
tested. In that time, we had only one thermo-ragulto our disposal so that keeping the
specimen in the testing device during the recoyenyod would yield the total duration of
one complete cycle equal to 3 weeks. However rengpueif the specimen from the tensile
device is arguable because the exact positioninghefspecimen in the device differed
between loadings thus increasing the experimentait éseel.4.a).

Long duration of the complete procedure increaseasiderably the risk of gage
detachment: it was unusual to keep the same paagés for all tests. Replacement of gages
had similar impacts as removing the specimen froen device because we could slightly
modify the position of gages.

Aiming to reduce the duration of the complete crperedure, we decided to shorten
the loading time. We have noticed that the shapmesp curve change arougd= 1000s (log
tc = 3) so it was essential to go further. On theepotiand, tests longer than 8h did not really
bring more information considering the fact that always represent creep results in respect
of the log of the creep time. To accelerate thevery, unloading of the specimen was
followed by a short recovery period at a given temafure and heating to another temperature
level. Details about the final procedure will beaj in the chapter 3.

1.3.d Stability of gage output

We could observe a slight time-dependent drifthef gage output, likely increased by
the use in non-standard condition®., glued on wet support. Actually, some gages are
waterproof but there is no gage designed to bedgturea wet surface. Such an application
reduces the time of gages efficiency by increasmsiderably the risk of gage detachment.
To correct the drift of the gage output, becomiagtipularly important at high temperatures,
we have used at first a reference gage (see FiButg This method revealed to be
inappropriate because the non-stressed specimea téifdrent drift compared to the loaded
one. However, even gages submitted to the saméntpadnditions did not exhibit identical
drift. This difference arose likely from the quglibf the contact with the specimen and
quality of the silicon protection. Finally, we ledecided to use a stabilisation period prior to
the loading and long enough to obtain a reliabkeagyolation of the stabilised signal into the
creep time period. Details about used ratio ofdtabilisation and loading periods for each
procedure are given in chapters 2 and 3.

Similar difficulties were encountered while testirthe possibility to perform
continuous creep tests at increasing temperatur@aasdone for example by (Genevaux
1989). Such testing procedure is interesting berawsll-designed to obtain a lot of
information. However, when we wanted to apply testihg procedure at continuously
increasing temperature, there was a problem wehnthl expansion of gages affecting their
output during such a test. Strain gages are toviothe temperature expansion of measured
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sample but this correction depends on the matexsaéd. There are gages accounting for the
thermal expansion of the wood but these are dedidoe dry wood in a given range of
positive coefficient of thermal expansion. Heataiggreen wood results in a shortening of the
specimen along longitudinal direction (Yokota aratkbw 1962). Inherent thermal correction
of gages is not appropriate to take this effeat sxdtcount. Similarly to time-dependent drift,
the temperature drift of gages was too variableveeh gages/specimens to allow reliable
correction of the output. Thus, a procedure comgjsif individual creep tests performed at a
given temperature, after the thermal stabilisabbithe gage, has been used. Moreover, the
gage factor is dependent on the temperature howmdrrced changes are negligible
(0.08%/10°C) and were not considered.

1.4 Some verifications
1.4.a Repeatability

Uncertainty in the Young’s modulus estimationtat 4s was of 0.76% if repeated
loading of the specimen are considered withoutretaoval of the test device (STD of 5
repetitions). When the specimen is put away oredraver, the incertitude increased up to
1.76% (STD of 16 repetitions). Repeatability o€ tbreep strain was also tested during
preliminary tests. Results are shown in Figldé. Between both tests, specimen was
removed from the tensile device. Hence, we cancedi slight difference in instantaneous
compliance (1.2%) however slope of both curves setente very close. This is evidenced in
the second figure where the relative compliancelresvn. At the end of 5h creep test,
difference between the amounts of relative creamedigible (3.5%). Furthermore, results of
linearity tests (8.4.b) along with preliminary test in the aging gedure without prior
application of heating treatmeri2.8.a confirm this result.
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Figure B-5: Tests of repeatability. (a) Creep curves corresipantb the first and second creep test. (b) The
same creep curves expressed in terms of relataapcr

1.4.b Tests of linearity and recovery

In this work, loading corresponding to the initstrain of 50um/m was applied.
Verification of linearity of the creep behaviour sveested up to 10@@n/m using successive
loadings with increasing strain as depicted in FegB-6a. Each strain step was equal to
250um/m approximately and one creep test lasted 45 tesnulhe same procedure was
applied for the recovery tests. Obtained resules @otted FigureB-6b, time scale for
recovery tests is reversed to enable easy compangh corresponding creep tests. We can
note that the recovery is complete; the same ohservwas done also during physical aging
measurements (not shown).
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Figure B-6: Tests of linearity. (a) Schedule used for the liigaests. (b) Obtained results from creep and
recovery tests.
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Figure B-7: Detail of creep tests performed at different stiessl. (a) Raw compliance values. (b) Smoothed,
interpolated and normalised compliance values.

Compliance curves obtained from successive loadargsdisplayed in Figur8-7.
Figure B-7a represents raw experimental values. Slighemihces observed between the
instantaneous compliances are mainly due to snifdirehces in the applied weights. In
FigureB-7b, the same values but smoothed, interpolatdchanmalised by the applied stress
are represented. All curves overlap in one singtgecindicating that the limit of linearity has
not been exceeded. Obtained results are in agreemiénliterature data stating the strain
limit for non-linear behaviour of a softwood in &8on around 180Qm/m (Hunt 1989).

1.4.c Correction of the creep signal

Increase of temperature above approximately 35°¢tnigger the release of residual
growth strains (Yokota and Tarkow 1962). Moreove® have noticed that gages, in
particular at increased temperature, exhibit ahsligme-dependent drift as explained in
§1.3.d. Both, the release of locked-in strains ality the gage time-dependent drift overlap
with the creep during the mechanical testing antemidifficult for the interpretation of the
signal. To obtain clean data, we have used thdlisttton period long enough to allow a
reliable extrapolation of the stabilisation sigtalthe following creep period as detailed in
83.2.b. An example of extrapolation is shown in FggB-8a. For the typical ratio between
the stabilisation and creep periods used durings tas different temperature levels, the
extrapolation from log = 4.73 to log = 4.93 was used. Extrapolated signal was then used
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correct the creep recorded during the creep teshasn in FiguréB-8b. Note the difference
between the two time scales: at the onset of thepctest, the recovery time is equal totleg
4.73. Thus, the correction is close to zero forfitst part of the test whereas it is quite huge
for the last part. Depicted case corresponds tosthbilisation period at 60°C where the
correction is the most important for a specimenlatdd large time-dependent drift. Note that
such a correction is possible only under the assompf viscoelastic linearity verified in the
previous paragraph.
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Figure B-8: Correction of the creep signal obtained duringsh & increased temperature. (a) Extrapolation of
the signal recorded during the stabilisation per{b)l Creep strain before and after the correction.

15 Data processing and analysis

For each tested specimen, following steps of arslysre performed:

1. First, strain values obtained by both gages wereramed and corrected by the
extrapolation of the signal from previous recovpgriod (aging tests) or stabilisation
period (time-temperature equivalency investigafioas explained in B4.c. Applied
ratios of creep/recovery period as well as detaiisthis procedure are given in the
chapters2)2 and 3 respectively. Compliance values wereiodtdafrom averaged and
corrected strain values, section geometry and eqgbbdiad.

2. Compliance values, further denoted lywere smoothed by searching for the best-
fitting second order local polynomial approximatidigyersus logt. At the same time,
values ofJ were interpolated to obtain a set of points equstlaced in a logarithmic
time-scale. The interval between interpolated valiogt = 0.1 was used. At the same
time, the slope corresponding to the derivalelldg t was computed. The principle of
interpolation is depicted in Figui-9a. Criteria used for smoothing was a minimum of
20 points and a rangalog t = +0.3. The test duration was approximately 8h
(logt =4.5). Very first values aof were also often disturbed by vibrations resulfiogn
the manual loading (see FiguBe9 and also Figur®&-4b). As the interpolation is not
very reliable when one-sided, only values fromtleg0.5 up to log = 4.3 was used for
further analysis. An example of interpolated valasl their correspondence with
original experimental data is shown in Figi-&®b.

3. The interpolated values have been used to evathateeal and imaginary part of the
complex compliancel* = J + iJ” using Alfrey’s approximation (Alfrey 1948) as
explained previously in 3-5.d:

J'=J(logt) : (Eq. B-1)

90



1 dJ(logt) .
n@0) dlogt

W Tl
J > DI (Eq. B-2)
whereJ’ represents the real part affithe imaginary part of the complex compliance.
Components of the complex compliance were furthletted in the approximated
complex plane (ACP). The ACP was used to checketprivalency principles: time-
aging time for the physical aging study and tinmefterature for the long-term
predictions. Further, rheological models applicablevood are represented in the ACP
by straight lines or circle portions so that thegircal representation of experimental
data allows easy identification of a correspongiagametric model (Huet 1988). Thus,
ACP is a very useful tool to decide about the nradiecal form of the constitutive law
without any preconceived idea about the physicthefstudied phenomenon and the
equations to use for the modelling.

Exp. data + Interpolated
0.066 -
Interpolated ao
Interpolated slope  __» 3 +
value { __--0 O y
___________ : o ++
_ - , ) +
« i BestHfitting polynomial =z +F
: inalocal log(t) < A
! interval o +++
X, | = ++++
o > O ++F
T > O
Y 0.058 ‘ ‘ ‘
x=log t 0 LOG TIME(s) 5

Figure B-9: (a) Principle of smoothing and interpolation by tefting local polynomial. (b) Examples of
smoothed and interpolated procedure applied toispada2

Further steps of data analysis will be detailed éaich study separately in the

following chapters.
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2) Evidence and modelling of physical aging

Following results were published (Dlouleé al. 2009) but slightly modified for their
smooth integration to this manuscript.

2.1 Introduction

To produce biomechanical models valid over the wehiifie, the time-dependent
behaviour of green wood needs to be predicted.uBleeof series of creep or relaxation tests
at increasing temperature levels is the obvious waidentify such long-term rheological
models, but several obstacles might produce diffesi First, the complex polymeric
composition produces overlapping of phenomena abthie observed mechanical response is
not described easily by simple equivalence betwaea and temperature (Bardet and Gril
2002). Second, the recovery of locked-in strain doethe pre-stressing during wood
formation at stem periphery is likely to occur dhgrithe tests at increasing temperature levels,
and produce non-negligible perturbation of the edastic data (Gril and Thibaut 1994).

Residual strains can be removed, or at least signily recovered by heating above
the glassy transitionTg), typically 65°C for thein-situ saturated lignins of a hardwood
(Kelley et al. 1987). However, when the wood is cooled belpafter the heating, physical
aging may occur: upon cooling beldly, due to the low chain mobility the polymer cannot
shrink fast enough to keep equilibrium volume, #mel material properties undergo slow and
gradual changes towards its new equilibrium st&uk 1978). Consequently, the tests
performed too shortly after the heating and subseeooling, may produce data poorly
connected with the real behaviour of a never-hegtedn wood.

Physical aging has been already observed in wooduber of arguments for its
occurrence were given for wood in the hygroscopimge (Hunt and Gril 1996). The effects
of a quench (rapid cooling) on wet wood propertiess studied by Nakano (2005) who
reported a temporary change in viscoelastic pragsevwith a new equilibrium state definitely
reached at the end of 10 hours. Free volume credi&s been ascribed to the freezing of
molecular chains of wood components, most likedyil, during the quench. On the other
hand, Ishimaru (2003) has investigated the effequenching rate on wood creep properties
and observed that the effect of cooling had notmetely disappeared after 40 days; but they
have not examined the aging phenomenon in morelgletia these studies, the wood was
usually tested transversally to the fibres, inrdheial (R) or tangential (T) direction, whereas
for biomechanical consideration the behaviour i@ bngitudinal direction (L) is the most
important.

The objective of this work is to verify the occuroe of physical aging in green wood,
and, if possible, quantify it, based on tensileepréests in L direction. In his pioneer study on
physical aging of polymers, Struik proposed an arpental protocol to investigate the effect
of aging time on small-strain creep properties raliequench, based on the “snapshot”
assumption - testing time is very short relativaging time. Assuming that aging changes by
a negligible amount during each creep test, thepcmesponse can be separated from the
aging effect. Struik has also shown that in thescak simple polymers, creep curves for
different aging times can be superimposed intonglsi master curve, and he proposed a
simple mathematical description of the log timdtshie adopted Struik procedure, intending
to verify the applicability of his descriptive mdde green wood.
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2.2 Material and methods

Wood samples of three tropical spedig@eandra asbecki{Pulle) R.E. FriesLicania
alba (Bernoulli) Cuatrec. and/irola michelii Heckel were used to investigate the aging
phenomenon in green wood. Properties known at th@ent of selection are summarised in
Table B-1. Some specimens of tension wood were includethé study as well. Sample
names are built as the initials of the species naittean index specifying the wood type (eg.
Oa\ and Oa for Oxandra asbeckinormal and tension wood respectively).

Table B-1: Summary table of the specimen properties usechéoaging study

Species Basic Elastic modulus Specific modulus Damping
density (GPa) (GPa)

Licania alba 0.506 21.17 17.31 5.76E-03

Licania alba 0.506 20.40 16.68 5.99E-03

Oxandra asbeckii  0.850 20.54 15.84 5.31E-03

Oxandra asbeckii  0.850 16.18 12.47 6.94E-03

Virola michelii 0.450 10.75 4.27 6.93E-03

Legend: Data for basic density comes from CIRAD databaksestie modulus and damping were measured in
green state, specific modulus stands for the odtedastic modulus and basic density.

After being heated at 80°C for 30 minutes to redealé macroscopic residual strains
and establish the thermodynamic equilibrium, thega was quenched to 30°C and kept at
30£0.1°C. The quench was done by replacing the afmpm the bath at 80°C to the water
chamber of the testing device regulated at 30°€ ogperation taking about 60 s. After that, a
set of short-term creep tests was performed orsdinge specimen at various aging times
elapsed after the quench as shown in Figa®. It is important to distinguish aging timg
counted from the moment when the specimen was miveedthe hot to the cold bath, atd
the creep time counted from the moment of eachihgad

Quench Loading
- Temperature
o _ —
22
=
a 8 3><tc tc 10><t0
8 o g
5
@)
=
e tw tes Aging time (s)

Figure B-10: Experimental procedure for investigating the adinge effect on small strain creep properties. a)
Dashed line: temperature; solid line: loag.aging time; & creep time.

To separate the creep response from the agingtefésting timet, has to remain
much shorter thaty at the onset of the test. This is called the dmatpassumption because a
test performed during such a short time<(0.3Xt,) will exhibit negligible effects of aging.
Strain was measured during both creep and recpssigds. By extrapolation of the recovery
curve in logarithmic time scale into the next crgegiod, the strain built up during each
individual creep test could be singled out. Thexgple of this extrapolation is explained in
83.2.c. To obtain a reliable extrapolation, testimge has to be short relative to the previous
(3%Xtc) recovery period. We also need to havehort relative to the following recovery period
(10Xt;). This condition takes into account the time neagg to complete the recovery of
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previous loading so that at the end strain sighglite stable and easy to extrapolate. In fact,
corrections due to the extrapolation of recovesisteevealed to be negligible (~0.002% for
the longest creep test) so that the correctionneasipplied systematically. The total duration
of the test procedure is 3.5 days.

2.3 Results and discussion
2.3.a Suitability of experimental procedure and evidence of aging phenomenon

The experimental procedure was first tested ongitthe step of preliminary heating
aboveT,. In this case, curves corresponding to creep fest®rmed at different elapsed
times after the onset of the test are superimpogedone single curve (Figuf®-11a). This
shows that the effect of loading history of the plaron a given creep test is negligible and
we can use the proposed procedure to investigateftact of aging time. Fig. 3b represents a
set of creep tests performed on the same speciftertlae quench. We can notice that higher
creep strains were developed during the testsviollp the quench. The relative creep for the
creep test performed & (FigureB-11a) amounted to ~ 7.5% against ~ 12.2% for teep
test €a5) in FigureB-11b. The shape of the creep curve correspondiribé first aging time
(ta) was quite different from others. This effect wascribed to the non achieved thermal
equilibration of the specimen with the surroundirigdater tests, we have always applied the
first loading at loga; > 2, or 100 s after the quench.
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Figure B-11: Evidence of physical ageing occurrence in greendvfsample Vry). (a) Set of creep tests
performed at different elapsed timiggs counting from the onset of the test without préhiany heating above
Ty (b) Set of creep tests performed on the same Isaamplifferent aging timetg; - t,g following the quench

The gradual decrease of instantaneous compliante imcreasing aging time as
visible in FigureB-11b clearly confirms the occurrence of physiaggihg in green wood. The
drop between successive creep curves does noteeditk increasing aging time. This
suggests that the logarithmic aging rate remaipscegimately constant during the test; even
at the end of the test perio8.3 days after the quench, the specimen is fan feonew
equilibrium state. It definitely shows that the ksligation period of our samples is much
longer that expected considering Nakano’s resudtssiversally to the fibres. Figui12a
shows a master curve obtained by shifting the cfwveeach aging time along the log time
axis toward a reference curve correspondingadoThe smoothness of the resulting master
curve suggests that aging dependence of the cesgomse is rather uniform and tested
material could be considered as rheologically seml commonly used method to describe
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the aging behaviour is to display the shift factgr versus the aging time& on double
logarithmic scale. The slope yields the aging pafEigureB-12b):

4= -d (logaw)/d (logty). (Eq. B-3)
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Figure B-12: Relationship between retardation and ageing tinsedan visual assessment (sampley)/ra)
Master curve obtained by visual shifting of indivéd creep curves from Figui-11b; (b) Double logarithmic
plot of shift factorsa, versus the aging tintg.

2.3.b Identification of a rheological model

To improve the reliability of ageing quantificatioa procedure based on rheological
modelling was tried.
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Figure B-13: Complex plot of a sequence of creep tests perforatadifferent aging times, after the quench
whereJ’ is storage compliance adtl loss compliance (sample @QaFor signification ofl; andk see in the text.

In complex plot, the creep curves measured at waraging times are superimposed
into one single straight line (Figu-13). This means that the aging phenomenon inngree
wood can be described by a “parabolic Maxwell” mdéiet 1967) with an aging-dependent
dashpot element. Creep behaviour of such a modgisaio the power law:

I(te) = Jo [1+(tc /D", (Eq. B-4)

where J(t) is the creep compliancé, the instantaneous compliancethe doubling
time of the creep response dnthe power parameter. The use of a power law has bien
proposed to describe the creep response of wooet(H888). This behaviour can be
considered as the beginning of a 3 elements pacabesponse as described above, for
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durations considerably smaller than the charat¢tetisme of the dashpot, so that the spring in
parallel to the dashpot is subject to a negligdbiess.

Estimates oflp andk can be obtained graphically as shown in Figg#&3 and have
the same value for all aging times. Onlglepends oty so that the creep compliance for any
aging time can be written as:

I(te; ta) = Jo [1+(t /7(ta))"- (Eq. B-5)

In this equation, the relatior{ty) is not imposed. Assuming, in addition, the validif aging
rate uniformity claimed by Struik (Eq. B-3), we alnt:

#=-d (log7)/d (logts) = - d (logaw)/d (logta), (Eq. B-6)
where u is the aging shift rate where paramedgrrepresents the horizontal shift used in

Struik’s procedure to form a master curve from preerves measured at different aging
times.

Eq. B-6 yields:

log 1(ta) = log[7o] - 1 [log(ta) — logtao)] (Eq. B-7)

wheret,o is the reference aging time apdhe doubling time ato. The combination of
equations B-5 and B-7 allows to predict a wholeadsst like that of Figur8-14b, using 4
parameters onlydy, k, 4, 7. As a reminder, Eq. B-5 is only valid ftyvalues verifying the
snapshot conditiornt&<t,), so that the age of the specimen did not chaiygefisantly since
it was loaded.

2.3.c Optimisation of model parameters

Model parameters were adjusted by least-squarenigatiion method using smoothed
experimental data with regular step in log timeles¢dog t. = 0.1). First, we have tested the
suitability of the proposed description of aginghé@our deduced from the complex plot
(Eq. B-5). Parameters,, k and 1 were adjustecomitting any presumption about the
dependency of; on aging times. This optimisation method will ladled “fitting 1”. Example
of a master curve and adequacy between experimemdainodelled creep curves is displayed
in Figure B-14. As output of fitting 1, we have obtained a & doubling timesr
corresponding to different aging timég at which were performed individual creep tests.
Plotting the change i versus aging timef; in double logarithmic scale (FiguB15.), we
can assess the validity of the presumed agingurafermity. Excepting the sample Qahe
assumption of linearity is well satisfied.
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Figure B-14: Example of model fitting based on eq. B-5 for slampa,: (a) Master curve produced by shifts
resulting from optimisation without any presumeg&edency between doubling and aging times. (b) plam
of agreement between experimental (dots) and nextieileep curves (lines). Creep curve corresportdirige
aging timet,g = 3.3 days was taken as a reference.

Next, we have proceeded to the optimisation of rhpdemeters,, k, o andp taking
into account both Egs. B-5 and B-7, referred tdfdsng 2”. An example of master curve
using shift factors obtained by fitting 2 is shown Figure B-16a. We can notice some
discrepancies compared to the smooth master casudting from fitting 1 represented in Fig.
FigureB-14a, however agreement between experimental atlhed creep curves based on
parameters issued from fitting 2 remains very &attery (FigureB-16b).
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Figure B-15: Model fitting based on eq. B-5. Relationship betwshift factorsa,, and aging timeg,in double
logarithmic scale for different samples.
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Figure B-16: Example of model fitting based on eq. B-5 and By7dample Oga) Master curve produced by
shifts resulting from optimisation accounting fandar logarithmic dependency between doubling tame
aging time. (b) Example of agreement between exmarial and modelled creep curves issued from ditéirt,:
aging time.

Table B-2 summarises parameters of the aging dependemtelnfor all tested
specimens adjusted by different methods and/oresponding to different hypothesis about
the doubling times dependency on aging times. Petemvalues resulting from fitting
methods 1 and 2 are very close. This indicatesthi@gaassumption of uniformity of aging rate
(Eq. B-3) is valid and so we can reduce the nunobenodel parameters without introducing
an important error to the prediction of aging bebax It is also interesting to notice that the
accuracy of visual fitting of the master curve istg good (see values @fby visual fitting
and fitting 1). This study proved that complex platre very useful to decide about the
mathematical form of the behaviour law; however #weuracy of value of parametkr
deduced from the graphical representation is nificsnt.

Table B-2: Adjusted parameters of aging time dependant madsdt line corresponds to results obtained for
Nakano’s data presented i2.8.d.k: power exponent)y: instantaneous compliance (G¥alog %: doubling
time of the reference element gathe aging rate.

Vis fitting Complex plot Fitting 1 Fitting 2

7, k Jo Ly k Jo logTty u k Jo logt,
Lay 0.70 0.21 0.035 | 0.71 0.17 0.041 117 0.72 0.18 0.041 114
Lat 0.79 0.12 0.027 | 0.79 0.14 0.033 124 0.80 0.14 0.033 124
Oay 0.77 0.21 0.042 | 0.73 0.19 0.048 10.8 0.75 0.19 0.048 10.7
Oar 0.98 0.14 0.037 | 0.97 0.13 0.033 142 0.97 0.13 0.033 138
Vmy 0.77 0.14 0.087 | 0.80 0.14 0.086 9.5 0.80 0.14 0.086 9.3
Nakano 0.73 0.27 5.2 0.61 0.27 5.2

*value of u for fitting 1 is deduced from the plot representeé&igureB-15.

Concerning the variability of instantaneous compies between samples, it can be
easily explained by the diversity of densities afmung’s moduli of our sampling. On the
other hand, parametetsk and rowere very similar for all samples (excluding agsigft rate
L measured fothe sample Og suggesting the common feature of aging phenomemon
green wood. Values of aging rate are consisterit hilbliographic data. Struik has observed
aging rateyclose to unity for amorphous polymers apd~ 0.75 for rigid chain CAB
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(cellulose acetate butyrate ester). Consideringérgally crystalline and partially amorphous
nature of wood, a lower aging rate can be explamethe slowing effect of rigid chains as
proposed by Levita and Struik (1983).

2.3.d Application to the analysis of Nakano’s data

Nakano studiedPicea jezoensifCarrhas), a Japanese softwood, loaded in bending i
the R direction; although the wood was studiedhe twater saturated state, it had been
previously kiln-dried so cannot be considered aegmwood. The experimental procedure has
been different from that suggested by Struik. Whileour case aging times at which
individual creep tests are performed are equidistaniogarithmic scale (step = 0.5), in
Nakano’s procedure the aging time step is not emstnd tends to decrease for longer aging
times (logta n+1— logtan 0.78 — 0.48 — 0.3 — 0.37 — 0.22 — 0.27 — 0.1@nd4, it is difficult
to deduce from the graphical representation ofpceeves with respect of testing time if the
material is close to its equilibrium state or not.
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Figure B-17: Model fitting based on Eq. B-5 applied on Nakandéda: (a) Agreement between experimental
and modelled creep curves for fitting 1. Solid $imepresent the prediction for valuestof t,/3; dashed lines
correspond to modelled values not satisfying thepshot conditiort, > t,/3. (b) Relationship between shift
factorsa, and aging timeg, in double logarithmic scale.

To examine in more details Nakano’s data, we haydied the optimisation method 1
— fitting without presumed linear logarithmic depgency of doubling times on aging times.
As creep tests were not performed on the same samplhave allowed, to vary accounting
for possible differences in instantaneous and @eldyehaviour between samples. Only data
fulfilling the snapshot conditiont{ > t/3) were used for the fitting. ACP of Nakano’s data
after the correction o, are shown in the Appendix. Agreement between exyatal and
modelled creep curves is shown in Figi€l7a. Relation between shift factors and aging
times is quite linear yielding aging rate equa0t@3 (FigureB-17b) that is very close to our
values for tropical hardwoods, loaded in longit@ditension. It suggests that the dynamics of
aging phenomenon is not dependant on the woodawyfiee loading direction.

2.3.e Discussion on the physical processes involved

According to Stamm and Loughborough (1935), theefisaturation point (FSP),
representing the maximum content of bound wateregases by 0.1% per 1°C decrease. This
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estimate, deduced from sorption isotherms, is sgmi@tive of phenomena occurring in the
hygroscopic domain. However even in wet conditiongh the cellular cavities (lumens)
filled with free water and the cell walls saturatedth bound water, small moisture
movements are likely to occur through the cell vaalla result of temperature changes.

The phenomenon stated by Stamm is qualitativelyficoad by the negative
reversible thermal expansion observed in green wawdl attributed to a moisture uptake
during cooling (Yokota and Tarkow 1962). But théemsity of the phenomenon seems to be
smaller. An expansion ratio of -7.40C in the tangential direction can be evaluatedyfeen
wood from a previous study (Gedt al. 1993). Taking +33.16°C as the expansion ratio for
dry wood (Kollmann and C6té 1968), the expansi@ultang from the moisture uptake can be
calculated as -40.19°C. Assuming a typical expansion ratio of 0.3% #emoisture content,
this would correspond to a moisture content inaed<.7% for a 50°C temperature decrease,
to be compared to the 5% predicted from FSP estgnat

Even by that small amount, the moisture uptakeltiagurom quenching is likely to
influence the mechanical response. In the hygrascagnge, humidity variations, both
adsorption and desorption, considerably acceléh&teviscoelastic response, an phenomenon
known as mechanosorptive effect (Grossman 1976)dasdribed as a transient increase of
molecular mobility (Backet al. 1983) of the hygroscopic matrix made of lignin,
hemicelluloses and non-crystalline cellulose. Hosvevat high humidity levels the
contributions of mechanosorptive and stable-stegeprare difficult to separate. Our data do
not allow to distinguish that “hygrothermomechatiigaocess from the progressive return to
equilibrium of temporary frozen molecular segmeiitse quenching provoked, for a number
of reasons, an unstable molecular configuratiothefmatrix that is progressively recovered
according to the identified kinetics.

The fact that Struik’s formalism seemed to be rahd\to describe the physical aging
of green wood, suggests that the pertinent levalesitription is that of a semi-crystalline
polymer, where the heating above lignin glassysditaon followed by a quench had induced a
delayed return to a stable molecular configuratibime transient instability induced by the
small moisture uptake does not necessarily comtratis interpretation as long as it only
adds a reason for higher molecular mobility. HoweWethe variation in moisture content
was the main cause for the change in behaviourtyithe remarkable superimposition of the
creep curves in FigurB-13, resulting in a model where ontwaries witht,, may not have
been observed.

Higher levels of structural organisation should ddeo evoked to complement this
molecular interpretation. In the longitudinal ditiea, because of the axial orientation and
tubular shape of most cells, the cell-wall leveln®st appropriate. When a green wood
specimen is isolated and heated, stress resultmm the cell growth process is easily
recovered as soon as the temperature exckgdghich was the case at 80°C. However, the
condition of structural integrity limits the exteat recovery; a part of the locked-in strains
and pre-stresses remain present locally, as trmimplete relaxation would require the
destruction of the cell-wall structure. The localedling anisotropy, and its incompatibility
between layers, might interact with this initiaggstressing resulting from cell-wall formation
and be only partially released by the heating.

2.4 Conclusion

The effect of quench on creep that persists favrg time in green wood could be
described as a physical aging process. The anallyaging behaviour was performed in three
steps. First, rough assessment of the validithefaging rate uniformity was made by visual
shifting of individual curves into a master cur&scond, complex plots were used to choose
a rheological model and identify its parameters &ach aging timet,, without any
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presumption about the influence pf The model used, a parabolic Maxwell, describes th
delayed compliance by a simple power law. Only“th@ubling time” theoretically required

to double the instantaneous response was affegteg (btting 1). Based on results of this
fitting, the validity of the assumption of the umif aging rate was verified and introduced in
the model in a third stage (fitting 2). The samerapch was successfully applied on
experimental data provided by Nakano. Model basedtha linear dependency between
doubling and aging times was considered satisfyimg all studied samples suggesting
common feature of the aging phenomena in wood. Trhesient adsorption process
consecutive to the quench was considered as onheofpossible causes of the higher

molecular mobility observed.
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3) Applicability of the time-temperature equivalenc y

Following results were published (Dlouleé al. 2009) but slightly modified for their
smooth integration to this manuscript.

3.1 Introduction

For long-term predictions of creep behaviour, aaeged experimental methods are in
general used. One of them, used for static testtngased on time-temperature equivalency
stating that increasing the temperature is equiNai@ stretching the real-time of the creep
response. Based on a sequence of short-term @stspperformed at increasing temperature
levels, the corresponding compliance curves aréeshalong the log time axis to generate a
creep master curve characteristic of the long-tbehaviour of a given material. Previous
works on the rheology of green wodc., that was never dried under the fibre saturation
point, focused on the behaviour of wood acrossgttaén (Bardet 2001; Placet al. 2007)
which is of a little relevance for tree mechanicsdelling where properties along the fibres
are predominant.

Viscous properties of wood are determined by tHeabeur of the amorphous matrix
made up of lignin and a variety of hemicellulosksthe water-saturated state, such as the
green condition, hemicelluloses are already softeateoom temperature. Thus, softening of
wood tissues, which occurs for quasi-static loadingt low frequencies in the vicinity of
70°C, was ascribed to the lignin glass transitikelley et al. 1987). Thermal activation of
secondary relaxations occurring below the glasssttian temperature is usually described by
the Arrhenius law, where the characteristic timaf the viscoelastic process is related to the
absolute temperatufiethrough an apparent activation enevy

Salmén (1984) reported the applicability of thegitemperature equivalency in wood
for temperatures above the lignin glass transitide. has also stated the validity of the
Arrhenius law. This concept was also used by mairlyaxs to predict long-term behaviour of
wood in the hygroscopic region (Le Gowt al. 1987; Genevaux 1989). However, these
considerations relied mostly on the visual assessiethe master curve smoothness. While
investigating the experimental data in the compbdat (McCrum 1967), Bardet (2001)
reported some discrepancy of the time-temperatgrevalency such as described by the
Arrhenius law. Based on the same representati@aceRtt al. (2007) has found that time-
temperature equivalency could not be applied toathele viscoelastic range but seems to be
valid within each transition state.

In amorphous polymers like rubber, an effect ofgerature on stress of pre-deformed
specimen, usually called entropic (or rubber) @dgt has been shown. This effect can be
accounted for by multiplying the compliance by arreotion factor dependent on the
temperature. In particular in regions where theagastic function is flat, the need of this
factor was more important to obtain satisfactoryaniag of creep curves (Ferry 1980). In the
case of wood, the applicability of such a corrattie not straightforward because of its
complex structure (Salmén 1984).

The aim of the present work was to check for thé&ditg of above mentioned
principles for wood and identify a generic rheotmdimodel applicable to wood specimens of
different species, densities, nature and anatoniézdlire. According to the considered tree
mechanics applications, we were interested in elssbic properties of green wood along the
fibres. In this view, tensile creep tests in loadihal direction in the temperature range 30-
70°C were performed and obtained data discussed.
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3.2 Material and methods
3.2.a Characteristics of selected specimens

Wood of four tropical species was selected forrthentrasted Young’s modulus and
damping coefficient. Positioning of the selecte@cimens within Sample*ls shown in
FigureB-18. The basic density was not available at thenemd of the selection as specimens
were green. Vibration properties measured in getate and structural parameters measured
a posterioriare summarised in TabB®-3. Following species were represent&dcorynia
guyanensis - Dd_ecythis persistens - |_picania alba - La Virola michelii - Vm Occurrence
of tension wood is expected for two specimddg &ndLa). Specimen names are built as the
initials of the species name followed by the spetinmumber. Altogether, ten specimens
were tested.

Table B-3: Summary table of structural parameters measarpdsterioriand mechanical properties measured
by vibration method in green state.

Specimen Basic MFA  Young's modulus Specific modulus  Damping

density ¢ (GPa) (GPa) coefficient
Dg 0.53 7.8 17.5 32.8 0.52%
La 0.74 10.3 24.0 32.4 0.73%
Lpl 0.68 20.0 15.7 23.0 0.77%
Lp2 0.68 11.3 15.8 23.3 0.76%
Lp3 0.68 9.7 13.8 20.3 1.00%
Lp4 0.75 13.2 17.4 23.2 0.90%
Oal 0.86 14.6 20.5 23.8 0.73%
Oa2 0.84 13.2 19.8 23.6 0.80%
vm1 0.43 20.8 8.6 20.0 1.18%
Vm?2 0.45 21.8 9.8 21.7 1.04%

Legend: MFA: microfibril angle; Young's modulus was meadiifey vibration method in green state; specific
modulus: ratio of Young’'s modulus and basic density
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Figure B-18: Positioning of a selection of wood specimens usedhfe tests of time-temperature equivalency.

“ See chapter A) 2.2 for details
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3.2.b Experimental procedure

Each specimen was submitted to stabilisation-creepvery cycles performed at
isotherms between 30°C and 60°C as shown in theré&®B-19. Prior to the loading, each
specimen was stabilised during 15h at a correspgntd@imperature. Afterwards, a constant
load was applied during 8h, followed by a shorokery period and heating to the following
temperature taking together approximately 1h. Towme isotherm took 24h and the whole
procedure holds in one week. Preliminary tests gbtliat a temperature step of 10°C gives
an optimal overlapping of creep curves in the AGR.p

——— Temperature — Loading
80 -
+24h +24h +24h +24h
60T
o 50C
c
S 40C
I
3
= | 30T
)
|:’ tstab tc
0 ‘
0 Time (hours) 100

Figure B-19: Applied cycling scheduleg, stabilisation time;:t creep time.

Considering thermal expansion coefficient of -7/2C in the tangential direction
evaluated for green wood from a previous studyl(&ral. 1993), the thermal dilation may
induce the underestimation of the compliance ofatteer 0.04% that is negligible comparing
with effects discussed later.

3.2.c Correction of strain data

During the stabilisation period prior to the loaglioycle at a given temperature, the
apparent strain is the result of different processecovery of preceding creep test, thermal
stabilisation of the specimen (and of the gagesn#edves) and hygrothermal recovery of
locked-in strains that can occur at elevated teatpegs (Gril et al. 1993). To measure the
creep strain developed during the following tebke stabilisation period has to be long
“enough” to neglect the strain due to other proegesAnother (faster) way is to correct strains
arising from these other mechanisms by extrapgatem, in log time scale, using the strain
measurements during the stabilisation period. Retabout the extrapolation method are
explained in 8.4.c. Note that the gages drift goes often indinection opposite to the creep
strain so that no correction would have resultednirapparent decrease of the creep rate and
thus misled the data interpretation.

3.3 Results and discussion
3.3.a Building of the master curve using log time shifts

Assuming the direct applicability of time-temperatequivalency, master curves were
tentatively built from experimental data using shelong the log time axis. Creep curves for
each specimen were plotted as compliance versug$dgime and shifted along the x-axis to
build a master curve. Creep test performedT@t 30°C was taken as a reference and
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dimensionless shift factorgy, were numerically adjusted. The assumption thaperature
affects only the kinetics of the creep responsaeireg that the resulting curve is smooth.
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Figure B-20: Master curve obtained by shifting individual cremapves for theDa2 specimen along log time
axis. Curve measured at 30°C is taken as a referenc

Figure B-20 shows a typical example of resulting masterveucorresponding to
experimental data obtained wibxandra asbeckispecimen Qa2 see below). Although the
first three creep curves (30°-50°C) are quite welhtched, overlapping of curves
corresponding to the tests performed at higher &atpres is not complete. Nevertheless, log
time shifts can be plotted against the reciprodalemperature (Figur®-21a). The linear
correlation between both parameters supports thplicapility of time-temperature
equivalency described by an Arrhenius law:

JET)=3(t(T)/ar;T,) (Eq. B-8)

W, 1 1
loga. =—— 9  [=—-—
9% In(10)ER[ET TOJ’ (Eq. B-9)

wherear is the shift factor corresponding to the stretghoh the real creep time with
increasing temperaturd), the activation energy (J-mdl R the universal gas constant
(8.31 J-mo1-K™), T the temperature (K) arifh the reference temperature (30°C = 303.15 K
in this case). Activation energies derived fromdishifts according to Eqg. B-9 are given in
TableB-4.

3.3.b Examination of experimental data in the complex plane

The representation in the ACP was then used fodapth analysis of the data.
Obtained results will be illustrated on tl@a2 specimen however ACP for each tested
specimen is in the Appendix. Time-temperature egjaiwcy requires that once plotted in the
ACP, creep curves will form one single curve. Hoerewhen experimental data are drawn in
the ACP, we can clearly observe discontinuitiesvben the individual curves (

Figure B-22) that reflect the slope differences betweewrlyooverlapping curve
portions in FigureB-20. Individual creep curves are made up of lilmegments with nearly
the same slope but differedtintercept for each of them so that final overlagpis poor.
This obviously questions the validity of the asstiowp that only characteristic times are
affected by temperature.
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Let us assume that, similarly to rubber, the amoughmatrix of wood cell walls
exhibits an entropic elasticity (Ferry 1980) whasfkect can empirically be seen as a slight
temperature dependency of the compliafcgenoted here akT effect. Suppose tha(T) is
a multiplicative factor accounting for this effect:

JGT) =AM LI(t/a;Ty). (Eq. B-10)

Such a temperature dependency @fill induce a homothetic transformation of creep
curves in the ACP that could explain observed disnaities between individual creep

curves.
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Figure B-21: (a) Temperature dependency of time shift factasedd from different optimisations and adequacy
of an Arrhenius law (regression ling).T effect: Experimental data corrected by the softgriactorA. Power
law: Adjusted values of time shifts and softeniagtér based on Eqgs. B-12-B-14. (b) Temperature riigrecy

of the softening factad(T) (Oa2 specimen). The legend is the same as for Figure
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Figure B-22: Smoothed experimental data for @2 specimen plotted in the approximated complex @I&RCP) for different creep temperaturdsand J”: Alfrey’s
approximations of storage and loss compliance rtisedy (Egs. 1 and 2).
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Figure B-23: ACP of

FigureB-22 corrected by the softening factérJ: initial compliancek: power exponentl’ and J”: Alfrey’s approximations of storage and loss cdiaupce respectively (Egs.
1 and 2).
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Based on the assumption of thd effect, a two-steps procedure was applied on the
experimental data. First, the temperature effect tb@ compliance was removed by
performing a homothetic transformation of creepvesrin the ACP. Multiplicative factors
(T)were adjusted in order to obtain a continuous ¢umakdng the test performed at 30°C as
a reference. The resulting curve in the transformdg@P (.e., J’/A versus J'/1) was
approximated by a polynomial of the second degeeallow for variations in the slope;
however, a linear approximation was sufficient (FeyB-23). A(T) factors used for the
correction were plotted with respect to temperatoceease (Figur®-21b). An increase of
temperature resulted in valuesigt) bigger than 1, meaning some kind of material sfig
The relationship between both parameters in Figg#lb was essentially linear, however
polynomial of second degree was necessary for spaeimens and finally used for all the
specimens.

Once the condition of continuity between curveghia ACP has been satisfied, we
apply the time-temperature equivalency. Data ctecbéor thel-T effect (/1) were used to
construct the master curve. Plot of log time-shiféssus IT has showed again agreement
with Arrhenius law to model thermal activation aegn wood after correction (FiguBe21a).
However, the slope of the regression line, propagl to the activation energy (denolr.
in Table B-4), was very different: omitting effect of themperature on the compliance
resulted in larger apparent time-temperature $hdftors giving different kinetics of the creep
response. Similar observation was made on polyrniragthacrylat (PMMA) by McCrum and
Morris (1964) who stated temperature dependendinofing modulus, analogous to oug
temperature dependency. Moreover, accounting ferJtfii effect yields perfectly smooth
master curve (FigurB-24). Thus, the assumption of temperature depdancanpliance has
been included in the rheological model.

3.3.c Identification of the rheological model

Based on the graphical representation of experiahelgta in the transformed ACP
close to a straight line, a “parabolic Maxwell” nedbdHuet 1988) was used to describe green
wood creep as it was the case for physical agirge behaviour of such an element is
governed by a power law that can be written as:

. —_— t k
J(t.T)—ﬂ(T)DJo[“(T—(T)j , (Eq. B-11)

wherelJ(t;T) is the creep compliancéthe multiplicative factor accounting for thermal
softening of the compliancdy the initial compliancer the doubling time and the kinetic
parameter (FigurB-23).

We used the saniefor all the creep tests of a given specimen. Tiniglies that the
straight lines corresponding to individual testshiea ACP have the same slope. It can be seen
from FigureB-23 that this assumption is rather well satisfi®d. the contrary, parametets
and r are dependent on the temperature. The softensigrfdependency on temperature is
empirically modelled by a polynomial of the secatedyree (Figur®-21b) and evolution of
is governed by the same Arrhenius law as Eq. B-9:

A(M) =1+ay, QT -Ty) +a,, {T -Ty)?, (Eq. B-12)
_ w1 1
nr(M)=into +o ?_ﬁ) (Eq. B-13)
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whereT is temperature], the reference temperature andthe doubling time afy
with ar= 7. The model parameters (Egs. B-11 - B-13) are tliredentified on raw creep
tests curves (

FigureB-22) and given in TablB-4.
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Figure B-24: (a) Master curves for th®a2 specimen corresponding to different assumptioresw Rlata:
experimental g, from FigureB-20 shifted along the log time axi3-T effect Experimental data corrected by
softening factorl. Power law: Modelled values based on Egs. B-1113Bccounting for the time-temperature
dependency and softening factar(b) Agreement between experimental data forQae specimen (markers)
and the power law model (lines): power 134 effect and Arrhenius law (Egs. B-11 - B-13).

3.3.d Variation of model parameters issued from different fitting methods

For some specimens the time-temperature shift fdotacreep test performed at 70°C
was not consistent with the Arrhenius law. This \aasribed to the vicinity of glass transition
temperature for lignin (Salmén 1984) and correspandreep curves were not used for
further analysis. Also for specimens used durirglipiinary tests at many temperatures (see
column “Extra T” in TableB-4 for details), only those done at “standard” pematures (30-
40-50-60°C) were used to enable comparison betwsmetimens. However, note that
including these data yields a negligible effect the tuned parameter values for the
rheological model. This confirmed the robustnesthefproposed model.

Table B-4: Summary table of rheological parameters assumiffigrdint hypothesis
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. Power law model parameters
Speci Wy Wity

men kJmol® kJ-mol™ ”

o (GPa Kk as; ay, Aeo logry W  mserror ExtraT
! (-10° (-10% ) kImol* (%)
La 480 311 0.044 0.12 494 -0.14 1.04 155 322 0.09 55-65-70
Oal 763 391 0.058 0.16 1.57 1.89 107 146 288 0.11 45
Oa2 487 237 0.055 0.18 5.15 1.05 1.08 121 228 0.07 70
Dg 628 355 0.053 0.07 0.48 0.97 1.03 23.0 367 0.07
Lpl 561 254 0.064 0.13 3.80 0.85 1.06 14.8 275 0.07 55-70
Lp2 623 419 0.062 0.13 697 -051 105 16.3 385 0.14 70
Lp3 501 315 0.065 0.15 7.08 -0.18 1.06 13.7 335 0.21
Lp4d 513 327 0051 011 732 -0.70 104 172 305 0.11
vml 558 265 0.113 0.05 2.92 065 1.05 252 315 0.05

Vm?2 486 69 0.099 0.07 4.66 1.79 110 17.6 62 0.06
ave 568 319 0.066 0.12 4.49 0.57 1.05 17.00 313
std 91 62 0.022 0.04 234 092 0.02 411 48

std% 16% 19% 33% 36% 52% 162% 2% 24% 15%

Legend: W;: activation energy deduced from horizontal shiftsaw experimental datdV,.1.: activation energy
deduced from horizontal shifts of experimental dataected by softening factdr Parameters of the power law
(Eg. B-11): Jo: initial compliance,k: power parameteray,. ay: parameters of the polynomial temperature
dependency of the softening factb(Eq. B-12),4¢0: Softening factor for 60°C expressing the amphtud the
temperature effect on the complian¢,activation energy, rms error: root mean squarer dretween modelled
and measured compliance valugstra T. temperatures tested above the standard tempesatur

Table B-4 summarises the rheological parameters obtaimedlifferent methods
developed beforeW, is the activation energy derived from time shdttbrs used for the
construction of the master curve from raw experitaledata (onlyt-T effect). The second
value of activation energWV,.r+, is obtained from the data corrected by the softgfactorA.
The third set of data represents parameters at@ogical model governed by a power law
with polynomial temperature dependency of the safig factor A and Arrhenius law
accounting for the time-temperature equivalencys(E8t11 - B-13). Softening factoAgo,
gives the magnitude of the temperature effect andbmpliance at 60°C for comparison.
Finally, the relevance of the model is assesseaaligjir the root mean square error (rms error)
between modelled and measured compliance values.

The activation energy describes the magnitude wfestretching effect of the
temperature; higher values correspond to strorgyapérature effect. From the comparison
betweenW, and W;_t. presented in Tabl&-4 we can see that including tleT effect has
reduced the apparent time-temperature effect. Quesely, corresponding master curves
have different kinetics as illustrated in Figlde€4. Except for one specimevirG?, values of
activation energy are similar for all the specimehs average being of 545kJ/mol g and
319kJ/mol forW. Comparing with bibliographic data deduced from taro peak dependency
on frequency, not affected by the presumed temperatffect on the compliance (t@n
J'1Y), the assumption of thermal softening seems tee gnore consistent values of the
activation energy (395kJ/mol for Salmén; 339kJ/foKelley).

For theVm2specimen, the raw value of the activation enesgyonsistent with others
(Wpo = 486kJ/mol)if we do not take into consideration the transgoessof the time-
temperature equivalency,e., discontinuity between creep curves observed in AGP.
However, once thel-T effect is considered to allow us to use of theett@mperature
equivalency, very poor thermal activation is obsdrviV;.r. = 66kJ/mol). Conversely,
temperature effect on the compliance is larger ihasther specimensig = 1.1 against the
average of 1.05).
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The rheological model showed a very good agreemihtexperimental values for all
specimens as illustrated in FiguBe24b (see rms in TablB-4) in spite of contrasted values
of Jo resulting from the structural diversity of studisdmple. Activation energy values are
very close toN;.1. and rather consistent between specimeas gtandard deviation as low as
15%). This is quite interesting as it gives someaidn the physical meaning of this factor: it
should not be much affected by structural pararediaet rather by the chemistry. On the other
hand, the variability of the kinetic parameteand doubling timesy, likely related to the
structural diversity, was significant between speans (around 30%).

Investigating the relationships between model patars and structural properties, we
can notice strong dependency of the power coeffidieand doubling timery on the wood
basic density (Figur8-25). This correlation is positive in the casetlod power coefficient
and negative for the doubling time. At the sameetirhoth parameters are significantly
correlated one to another (FiguBe26a). This means that probably only one of memb
correlations on basic density has some physicanmgaWhile a slight dependency of the
softening coefficient at 60°C on the microfibril g@ was observed (FigurB-26b), no
significant dependency of kinetic parameters onrafiicril angle has been noted. This opens
perspectives on future work relying on the undeditag of the physical meaning of the
model parameters. Relation between the creep anckwial parameters will be investigated
further in &.3.
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Figure B-25: (a) Relationship between the power coefficient basic density. (b) Relationship between the log
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Figure B-26: (a) Relationship between the power coefficient #rellog of doubling timer,. (b) Relationship
between the softening paramekgg and microfibril angle.

3.3.e Simplified predictions of the long-term creep based on reduced number of creep
tests

As the characterisation of long-term creep behaviswa time-consuming procedure,
we wanted to see if some simplification of the expental schedule was possible. The
master curve obtained by horizontal shifting of ex@erimental data previously corrected by
the softening factorJ(T effect, denoted further only master curve) wadus® a reference.
First tested hypothesis was to use only the cresipperformed at 30°C. FiguB227a shows
the relationship between the creep observed aftem@ that predicted by the master curve at
the end of 30 years. Excepting micheliispecimens, there is a good relationship between
both parameters. However\t micheliispecimens are considered, the correlation coeffici
is markedly decreased {R 0.32).

Hence, we have tried to fit the parameters of tbevgy law on the creep curve
measured at 30°C and extrapolate the obtained doteethe desired period of preditction
fixed to 30years. FigurB-27b shows an example of such an extrapolatioaioéd forOa2
specimen and compared to the master curve. For aasop, curve corresponding to the
power law whose parameters were fitted on creepesurmeasured at four different
temperatures (denoted as Power law) was also esgess Extrapolation of the creep curve
measured at 30°C derives rapidly from the mastervecyielding an average error of about
5.6 % (STD 29.3%) at the end of 30 years. Corredponce between this simplified prediction
of the relative creep compliance and the mastesecigrnot so bad (Figuig-28a).
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Figure B-27: (a) Relationship between the creep measured a&nth@f 8h and its prediction at the end of 30yrs.
(b) Extrapolation of the creep curve measured 4€C3®nd compared to the master curve (MC) genetayed
horizontal shifting in the compliance — log timetsl of the data previously corrected by softenexgdrA and
power law fitted on four temperature steps (poveav)l Dashed line represents the end of the teSDHE.
SpecimenOa2

A second approach was to take the creep curve meghst 50°C, using the mean
values of activation energy and softening paramgteat 50°C. The creep kinetics was
expected to be better represented by the testiased temperature. The obtained prediction
is displayed in Figur®-28b. No significant improvement can be noticddhé creep kinetic
is slightly closer to that predicted by the comglpobwer law, we add incertitude about the
initial compliance because of the average valuextivation energy and softening parameter.
This method is even less suitable that simple pgtegion of the creep test performed at 30°C.
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Figure B-28: (a) Correspondence between the creep predictiotheatend of 30yrs period obtained by
extrapolation of the power law fitted on creep dat@asured at 30°C and creep predicted by non p#&iame
master curve. (b) Prediction of a long-term creagell on the creep test performed at 50°C. Specibw:

Finally, we decided to base our prediction on tweep tests: one performed at 30°C
and a second one at 50°C. In this way, values famn energy and softening parameter
can be obtained for each specimen. In the firsukition, only the activation energy was
fitted and the mean value @ky was used. This result did not bring much improveime
comparing to the prediction based only on the cepe measured at 30°C (FiguBe29a).
However, once the value af, was adjusted, the simplified prediction becamey \abose to
the power law fitted on four temperature stepsFfedg-29b).

Correspondence between values of the relative danga obtained from the master
curve and that on predicted from two creep testsrdwa 30 years period is shown in Figure
B-30b. Definitely we can say that under assumptlaat the proposed rheological model is
valid, two creep tests performed at 30° and 50%Csaifficient to correctly predict the creep
behaviour in the experimental window of 30 yearsnkthe practical point of view, it allows
to divide the needed experimental time by two. Ager error of this simplified prediction
relative to the power law is of 10.3% (STD = 8.6. @pmparing to the master curve, the error
of the prediction at the end of thirty years is1#.3% (STD = 12.9%). BotN. michelii
specimens are included in these considerations.
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Figure B-29: Prediction of long-term creep based on creep festlrmed at 30°C and 50°C. (a) Softening
parameted is not considered. (b) Softening parameter issidfion experimental data. Specim@a2 Legend
of series symbols is common for both figures.
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Figure B-30: Correspondence between the relative complianckeaemnd of 30 yrs given by the master curve
and predicted using two creep tests performed 4 3dd 50°C.

3.4 Conclusion

Our work shows that time-temperature equivaleneylmapplied on green wood only
if an additional temperature effect on the commersimilar to entropic elasticity in rubber,
is considered. It could be seen as some kind otmahtsoftening when the temperature
increases. This means that temperature affect®mgtthe kinetics but also the intensity of
viscoelastic processes. Moreover, a rheologicalehgdverned by a power law accounting
for this effect has shown its relevance to descthee delayed behaviour of a contrasted
selection of tropical species. However, the meawinthis entropic elasticity and the way to
model it in wood must be investigated deeper argbtions have to be solved about the link
between the model parameters and the structurairésaof wood material. First observations
have outlined a poor relationship between the softecoefficient and microfibril angle. On
the other hand, both kinetic parametdesaifd 7o) were strongly related to basic density and
also correlated between them. Aiming to simplifg #xperimental procedure, predictions of
the creep behaviour in the experimental window @fyB8ars based on one or two creep tests
were assessed. If one creep test performed at 808D°C has not given satisfying results,
two creep tests (30° + 50°C) were sufficient todmeaccurately the creep behaviour in a
given experimental window.
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4) Relationship between structural parameters, vibr  ation properties and
creep properties

In this section, relations between creep data,atifan properties and structural
parameters are investigated. Creep data of allirmees tested at 30°C are used. It includes
specimens used for preliminary tests and specinf@m#hich some measurement problem
appeared during creep tests at higher temperatMeassured parameters are summarised in
Table B-5. There are mechanical properties from creep \@bchtion measurements along
with basic density, microfibril angle and percemtayf anatomical elements when these are
available.

Specimen names are built as the initial of specigsne followed by a letter
specifying the growing situation of a tree (S ftraght growing tree, T for tilted tree), the
tree number, a letter specifying the tree side tiiednumber of the specimen. The tree side
may indicate a possible difference between tensioth opposite wood. However, as the
occurrence of different wood tissues has been ghgrtiost during the transport of logs
(details in A2.3), we did not want to denote specimens as tensmod as this one is not
certain. Minimal and maximal values are also regmésd to illustrate the range of variability
of the studied parameters. Altogether, 24 specirfrens six different species were tested.

Table B-5: Summary table of mechanical properties and stratharameters of all specimens tested in creep at
30°C

Specimen  Static Rel. Dynamic Basic  Specific Damping MFA Fibres Rad. par. Ax. par.

modulus creep  modulus density modulus coefficient (%) (%) (%)
(GPa) (8h) (GPa)

Dg_S1_al 18.7 5.2 18.7 0.51 36.5 5.85E-03 7.9 59.6 11.6 26.5

Dg_S1_a2 17.7 2.0 18.7 0.53 35.1 5.24E-03 7.4
Eg_S1 al 23.6 8.5 22.6 0.72 31.6 6.18E-03 8.2 66.7 21.9 7.5
Eg_S1 bl 14.1 115 13.6 0.52 26.1 8.95E-03 63.1 21.5 11.0
La_T1 al 28.4 1.9 27.6 0.82 33.8 8.40E-03 9.1 74.4 16.4 2.5
La T1 a2 27.2 2.1 27.3 0.78 34.8 5.76E-03 10.2 72.7 14.9 8.0
La T1 a3 25.7 4.3 26.2 0.77 34.1 6.46E-03 9.4 50.2 23.0 18.2
La_T1 bl 26.4 3.9 25.2 0.82 30.9 5.99E-03 8.7 75.0 19.0 0.0
La_T1_ b2 23.8 3.1 23.5 0.74 31.7 7.28E-03 10.2 72.4 17.3 4.7
La_T1 b3 255 25 255 0.80 31.8 9.18E-03 9.8 73.7 12.9 6.7
Lp_S1 al 15.7 2.7 15.1 0.68 22.2 7.70E-03 19.8 64.8 17.9 13.4
Lp_S1 bl 15.9 2.5 15.4 0.68 22.8 7.56E-03 12.0 66.0 17.8 12.7
Lp_S1 b2 13.6 3.7 13.3 0.68 19.6 1.00E-02 9.0 66.0 17.0 14.2
Lp_S2 al 23.2 1.6 23.1 0.78 29.7 1.01E-02 8.7 70.5 11.5 15.0
Lp_S2_ bl 19.4 2.8 19.0 0.75 25.4 8.96E-03 11.7 66.5 15.0 15.1
Oa_T1 al 18.8 4.4 17.9 0.83 215 7.89E-03 13.6 62.0 18.8 14.5
Oa_T1 a2 19.0 3.4 18.5 0.84 221 8.01E-03 14.1 71.8 14.1 11.3
Oa_T1 a3 20.6 51 19.8 0.91 21.9 6.94E-03 12.9 70.2 14.7 11.8

Oa_T1 a4 19.5 1.9 18.5 0.86 215 7.34E-03 14.3
Oa T1 bl 21.9 5.2 21.4 0.77 27.7 7.53E-03 12.2 76.8 11.9 8.4
Vm_S1_al 11.1 18.9 12.3 0.38 32.2 7.25E-03 11.8 67.9 27.6 0.0
Vm_S1 a2 10.7 15.6 114 0.45 255 6.93E-03 13.0 68.5 26.6 0.0
Vm_S1 bl 14.3 22.3 16.4 0.41 40.1 6.60E-03 12.0 70.0 23.8 0.0
Vm_T1_al 8.5 10.2 8.2 0.37 22.0 1.01E-02 17.4 58.1 37.3 0.0
vVm_T1 bl 8.6 3.1 8.4 0.43 19.4 1.18E-02 20.5 54.8 38.9 0.0
Vm T1 b2 9.4 4.8 9.1 0.45 20.1 1.04E-02 21.4 55.4 37.6 0.0
min 8.5 1.6 8.2 0.37 19.4 5.24E-03 7.4 50.2 115 0.0
max 28.4 22.3 27.6 0.91 40.1 1.18E-02 21.4 76.8 38.9 26.5

Legend: All mechanical properties are measured in greete.sRel. creep is the relative creep at the enghof
lasting creep test performed at 30°C expressed. iB@écific modulus is calculated from dynamic moduand
basic density. MFA: microfibril angle. Rad. parerpentage of radial parenchyma; Ax. par.: percentdgxial
parenchyma.
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4.1 Relation between creep and vibration data

Let us first assess relations between creep dath \abration measurements.
Correspondence between Young’s modulus measurdbebyibration method and Young'’s
modulus estimated from creep strain at 4s aftetaading is represented in Figuge31. We
can observe a significant relationship between batbasurements. The slope of the
regression line is close to unity. Relation betw#enamount of relative creep at the end of
8h lasting creep test and damping coefficient spldiyed in Figurd3-31b. No dependency
can be noted between both parameters.

30 - 24 -
/ca o
o
O = | ®
e ®
o °

= 3
) ]
8 ©y=1.02x-024 o ® e
S R?=0.98 | ©

. w
— Q Q,
< o OOO%SCS% o °
0 0 o,

0 T T 1 0 T T 1

0 DYNAMIC MODULUS (GPa) 30 0.000 DAMPING 0.015

Figure B-31: Relationships between dynamic and static measursim@) Correspondence between Young's
modulus measured by vibration method and Young'duius estimated from the creep measurements. Red i
represents the relation y = x. (b) Relationshipeen relative creep at the end of 8h and dampiegictent.

In conclusion we can say that elastic parametetairdd by static and vibration
methods exhibit a strong linear dependency whike \tlscous parameters seem not to be
related. This could be due to different observatiore scales corresponding to both tests. The
frequency of damping measurement ranges from 30806 Hz whereas during the creep
measurement the loading is quasi static. Wood meebed to exhibit several transitions
depending on the frequency and/or temperature wdstigation (for details see 35.c).
Hence it is possible that the mechanism involvedinduthe vibration measurement is
different from the mechanism involved during theepr measurement.

ACP including vibration data

Let as now assume that the same mechanism is Etvaluring dynamic and static
measurements. Also the point obtained by vibratn@thod should be positioned in ACP plot
in the extrapolation of the curve representingniexhanism involved during the creep tests.
As we have at our disposal estimates of dampindfic@mnt measured by vibration method,
we can easily obtain imaginary part of the commernpliance as follows:

J'= 1/E, Eq. B-14
J" =tandE, Eq. B-15

wheretano is the damping coefficient and the Young’s modulus measured by vibration
method.An example of ACP plot containing both static aiydamic measurements is shown
in FigureB-32. Creep data displayed correspond to data efteection by softening factar
(for details see &2.b). Creep curves form one single straight segme representation
characteristic for a parabolic Maxwell model. Ieteame mechanism was involved during
both tests, the point corresponding to vibraticst should be positioned in the extrapolation
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of the straight segment formed by creep curves.céfesee that the point corresponding to
the vibration measurement is positioned roughlg good place but shifted to the left and its
imaginary compliance is higher than expected if shene mechanism was involved. This
indicates the possibility of two different mechanggoverning the viscoelastic behaviour at
the acoustic time scale and quasi-static scaleifthepretation was not so straightforward for
all specimens. In four cases, the point correspantti the vibration measurement was shifted
to the right side relative to the creep test penfea at 30°C. This can be partly explained by
the uncertainty of the compliance estimation teaepresented for both measurements by the
error bars (1.76% for the creep and 0.66% for theation measurements). The uncertainty of
the imaginary compliance estimation (2.96 + 0.6686,details see A-3.2.b) is also plotted
but so small that it is not visible. Another paraeneaffecting the comparison of creep and
vibration results is that the creep measuremeota contrary to the vibration one. However,
the imaginary part of the compliance was higheralbtested specimens supporting the idea
about two different mechanisms. ACPs for all spetis containing also the vibration
measurement are in the Appendix.
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Figure B-32: Transformed ACP plot including the point correspagdo the vibration measurement. Dashed
line represents presumed second rheological mesaaipressed during dynamic loading. Specirds?

4.2  Variability of the creep response

FigureB-33 shows creep curves of all 26 specimens text@d°C. For most of them
the amount of relative creep at the end of 8h vgelothan 5%. However some particular
behaviour is observed for some specimens reachirgneount of relative creep higher than
10%. Only two species exhibit this behavio&r: grandiflora and V. michelii Two of V.
michelii specimens, however, have very similar behaviounparing to other species. Note
that it was the same species that exhibited ardiffethermal activation as detailed i8.8.d.
The absence of thermal activation was also obsefoedE. grandiflora specimens (not
presented).
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Figure B-33: Creep curves corresponding to all specimens tedtdd°C.

In the following chapter we will see, if the pattiar behaviour observed for some of
specimens can be explained by their structure.

4.3 Structural determinants of viscoelastic behaviour

Structural parameters that we have at our dispasalthe following: basic density,
microfibril angle and percentage of different amaitwal elements. In chapters &3 and A-
6.5, relations between vibration measurements aindtsral parameters have been discussed.
Young’'s modulus was strongly related to the basitsity as expected for a cellular solid and
specific modulus was correlated with MFA. Previgustported empiric relation between
damping coefficient and specific modulus was coméid. On the other hand, damping
coefficient was no related to MFA which was unexpdcand no significant correlation was
observed between vibration properties and perceraadifferent wood elements.

Table B-6 summarises correlation coefficients betweendteep measurements and
other parameters. Strong correlations are obsdtreglastic modulus while relative creep is
not correlated with other parameters. The only patar that seems to be correlated with the
relative creep is the basic density. However, ifpla the values of relative creep in respect
with basic density, we can note the correlationdige in particular to the presence of
V. micheliispecimens. On the other hand, no specimen with hégic density exhibits high
relative creep.

Table B-6: Matrix of correlation coefficients relating mecheati properties obtained from creep tests and other
parameters.
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Figure B-34: Relationship between the amount of relative créépand basic density.

According to some previous reports (El-Osta and IWeld 1972; Kojima and
Yamamoto 2004), the amount of tensile creep is eegeto be positively correlated to the
microfibril angle. On our sample, no correlationsadbserved (FigurB-35). This is probably
due to the high diversity of our sample. Previogorts are characterised by a small number
of species (3 for El-osta et al. and 1 for Kojintaak). Further, they focused on softwoods
with occurrence of compression wood. Thus impliesag variation in MFA while other
parameters as density vary less comparing to omplea However, parallel to change in
MFA compression wood is also characterised by ssxd lignin content that will affect the
creep behaviour and that is not quantified in tretadies. Another important difference is the
regularity of the anatomical structure of softwoadsnparing to hardwoods, in particular the
tropical hardwoods. All these parameters can redheeimpact of MFA on the creep
behaviour of our sample.
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Figure B-35: Relation between relative creep and microfibril landRegression lines represent intraspecific
correlations folOa andVmspecimens.

While investigating intraspecific relationships Wween relative creep and microfibril
angle, significant correlations can be often obsénHowever, these relationships are not
always positive as shown in FiguB35 and which was unexpected. This indicates that
microfibril angle is probably linked to other paratars as for example chemical composition.
However, we can not detail intraspecific relatiapshin the present study because of a
reduced number of specimens by species that wedtaug disposal.
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4.4 Conclusion

Considering the absence of correlation betweeratitim data and creep data, it seems
to be difficult to predict the long-term behaviduased on vibration measurements. The main
difference between both viscoelastic parametetisescale of the observation time. Thus, we
have suggested that mechanism involved during tidsraneasurement is not the same as the
rheological mechanism that determines the creep\bedr.

Investigating the variability of the creep respgnee have seen that some ¢f
michelii and E. grandifloraspecimens exhibited high amount of relative creempared to
other specimens. However, assessment of relatipmdietween creep data and structural
parameters has not brought any satisfying key pba@x the observed variability. The effect
of microfibril angle, reported in some previousdias as determinant for the creep behaviour,
was not related to the relative creep in our samPle the other hand, some significant
intraspecific relationships were observed indigatthat microfibril angle can be a good
intraspecific indicator of the creep behaviour. Heer, because of the reduced number of
tested specimens by species we could not progredkei intraspecific analysis. Studied
parameters are not sufficient to explain the imtectic variability of the creep response
indicating that creep response is dependent on iparameters.
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5) Conclusion

The present chapter dealt with the creep behawbugreen wood in longitudinal
direction. The aim was to investigate the possibiif the long-term prediction of the creep
properties and explore its variability. During tket up of the experimental procedure,
physical aging phenomenon typical of semi-crysiallpolymers was evidenced in green
wood from three tropical species. The assumptiooniform aging rate was verified by the
construction of master curves from series of tensiteep tests in the fibre direction,
performed at increasing time elapsed after a qudalibbwing heating above the glassy
transition. The rheological response during periofixreep small enough to neglect the
progress of aging was described by a parabolic Méixwodel, where only the characteristic
time depends on the aging time. The model was #bldescribe results obtained by a
previous author on softwood loaded transversaltphéofibres. The possible role of a transient
adsorption process consecutive to the quench vgassied.

Based on the results of aging study, continuousx@ntal procedure without any
cooling period was suggested to test the validityirne-temperature equivalency principle.
This principle is often used for long-term predicis of creep behaviour from short-term
creep tests. The time scale considered in thisyswidhe duration of a tree life. Aiming to
predict the long-term behaviour of green wood, edastic properties along fibres were
investigated through a sequence of creep testhanteamperature range 30°- 70°C. The
apparent validity of time-temperature equivalen@swuestioned by discrepancies evidenced
in the approximated complex plane. This paradox wabk/ed by assuming that the
temperature not only accelerates the viscoelasbcegsses but also slightly increases their
intensity. This softening effect of the temperatune the compliance, similar to rubber
elasticity in amorphous polymers, was described abynd degree polynomial. Time-
temperature dependency fitted very well to the Anibs law up to 60°C. Based on the
approximated complex plane, the power law was pegdor modelling creep behaviour in
green wood. The method was successfully used fgpatimens investigated. It is interesting
to note that constitutive law used for the deswmipiof both, aging process and thermally
activated creep, was the same. Simplified experiahggrocedure based on two creep tests
instead of four was revealed as sufficient to abaicurate prediction of the long-term creep.

On the other hand, very poor correlations were mese between vibration
measurements and creep data. Wood is a complexmpolexhibiting multi transition
behaviour. Thus, the mechanism governing the vlastie behaviour during vibrations at
high frequencies is likely different from the menlsan prevailing during the creep tests.
Investigating the variability of the creep respoasehe end of 8h lasting creep test at 30°C,
we can clearly distinguish particular behaviousofme specimens exhibiting high amount of
relative creep. Investigation of relationships bew the creep data and structural parameters
has not brought a satisfying answer to explain tragability. Even if some significant
intraspecific relations were observed, we could gmfurther in the analysis because of the
reduced number of specimens by species. If thelog®al models used to describe creep
behaviour seem to be valid despite the diversityowf sample, explaining the remaining
variability based on structural parameters is tratightforward.
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C) CONCLUSIONS AND PERSPECTIVES

1) Methodological advances
1.1  Storage of green specimens

While working on plant or other biological materiglis important to protect it against
biological and physical degradations. The safegt iwa@o perform the tests immediately after
collection of plant materiali.e., in the forest, but this involves the use of denfesting
equipment able to work in such conditions, in gah&ss precise, and it is possible only if
the test is not too long. Thus, experimenter hasnofo compromise between measurements
accuracy and storage time of the specimens thatleaalyto their degradation. For some tests
as for example long-term creep it is not possiblevork outside of the laboratory and so it is
essential to know how long-term storage affectshaeal properties of the material.

The purpose of the study on storage conditionstwvasvestigate the effect of applied
storage procedure on mechanical properties of woddcoelastic properties in the
longitudinal direction of green specimens were caregd with those of specimens in
rehydrated state after storage in different coadgi First, long-term storage in water at low
temperaturesT(= 4+0.1°C) was investigated. Vibration measurementsevparformed after
3, 8 and 12 months of storage. A very slight desgesas observed for both elastic modulus
(-3.4%) and damping coefficient (-0.7%) after st@aeriod of 12 months. Furthermore, the
effect of 40 day soaking in 40% ethanol on vibnatiroperties of saturated wood was
investigated. Ethanol has not affected elastic madbut has slightly increased the damping
coefficient (6.2%). This effect was strictly progional and considering the slight weight
decrease of the specimens, it was attributed tdualksethanol content.

The effect of air drying (followed by a rewettin§ tbe specimen) on elastic modulus
and damping coefficient was also investigated. ighsldecrease was observed for the elastic
modulus (-5.8%) whereas the damping coefficienmatba significant increase (+15.9%).
Agreement between values measured in green stdtaftar rewetting is very good for the
elastic modulus. By contrast, uncertainty of theegr values estimated from the rehydrated
ones is high for the damping coefficient (20%).€e€ff of air drying was linear for elastic
modulus but non-linear for damping coefficient. 8peens with high damping coefficient
were more affected by air drying than specimenk ¥oiv damping coefficient.

Definitely, storage in water at low temperaturesn be advised as the most
appropriate way to preserve vibration propertiesvobdd specimens in the green state. Effect
of ethanol on vibration properties seems to be draysient but its use is questionable
because of processes that may be involved in Hresignt state (Changt al. 2008). Air
drying can be used to preserve specimens agaiosbgial attacks when only elastic
properties are required but is not appropriateviecoelastic studies.

1.2  Correction of the creep signal obtained during tests at elevated temperature and
suggested experimental procedure

During the creep tests performed at elevated temtye, the recovery of residual
locked-in strains overlaps with the creep due &mling. Recovery of residual strains results in
progressive shortening of the specimen in the tadgal direction. Thus, the produced strain
is of opposite sign compared to the creep stranditfon of both signals may lead to an
apparent stabilisation of the creep process, orsev@ reverse process, and consequently
mislead the choice of a rheological model. Thuss iessential to separate the creep signal
from the recovery signal.
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Our first attempt to solve the overlapping probleas to release all residual strains by
heating the specimen at 80°C during 30 minutesrbdfee onset of creep tests. However, this
procedure was inappropriate because the followoadirng process was revealed to affect the
creep properties in the long-term. Physical agihgnmmenon was evidenced in green wood
and results have clearly showed that the new théymaimic equilibrium state has not been
reached after several days. Consequently, heafitigeospecimen before the onset of creep
tests was not a suitable way to obtain a clearpcsemal.

Thus, a continuous experimental procedure was geIpto study the creep properties
avoiding any cooling between consecutive testshEaeep test was performed at a constant
temperature. Prior to the loading, specimen waslsed at a given temperature for 15 hours.
Signal recorded during this period was extrapolatethe following creep test and used for
the correction of the creep. As the stabilisatierigdd was long enough relatively to the creep
one, the extrapolation as a function of logarithimtime was reliable. Furthermore, this
method allowed us to account for the possible tilependant drift of strain gages that was
not negligible for some tests performed at higleergeratures.

1.3  Simplified experimental procedure for satisfactory long-term predictions of the creep
behaviour

Based on the graphical representation of the exygerial data in the approximated
complex plane (ACP), we have identified a corresiiogm rheological model whose
behaviour was described by a power law. Parametdaise power law were adjusted in order
to obtain the best fit with experimental data, Sging at the same time tHETE and J-T
assumptions (for details se@.8). This power law will be further denoted asangplete
power law because parameters were adjusted on bk set of creep tests. The next step
consisted in a search for the minimal number oépreests needed to obtain a reasonable
prediction of the long-term creep behaviour.

The first attempt was to consider the creep testopaed at 30°C, fit the model
parameters in order to obtain a good agreement thighcreep curve and extrapolate the
obtained power law to the prediction period fixed30 years. The kinetics of the creep
behaviour was not well predicted by this extrapofatesulting in a highly variable quality of
the creep prediction. Uncertainty in the relativeep predicted at the end of a 30-year period
was of 30% considering the estimates given by tmpiete power law as a reference. Even
less satisfying results were obtained from extrajamh of the power law with parameters
fitted on the creep test performed at 50°C. Whike Kinetics of the creep process was slightly
closer to the complete model, additional imprecisawose from an inaccurate estimation of
the initial compliance. This was a consequencehef use of average values of activation
energy and softening parameter.

Contrary to the predictions based on one singleptest, power law fitted on two
creep tests (30°C and 50°C) has given satisfa@grgement with the complete power law.
Prediction of the creep kinetics agreed well fbispecimens investigated yielding an average
error of 13.3+x12.9% considering the relative crespmation at the end of 30 years. The use
of two creep tests for long-term predictions offéms possibility to reduce the time needed for
experiments by a factor of two.

2) Interpretation of creep data

Representation of the experimental data in the pmated complex plane (ACP) is
useful for two reasons: to assess the validitjhhefaquivalency principle and for the choice of
a rheological model based on the graphical reptasen.
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2.1  Assessment of physical hypothesis using ACP

Assumption of time-aging time or time-temperatuggiiealency TTE) requires that
once plotted in the ACP, all creep curves measatelifferent aging times/temperatures form
one single curve. This is equivalent to say thatzeotal shifts in the compliance — log time
plot are sufficient to obtain a smooth master cuive, temperature or aging time are
supposed to affect only the characteristic timesuised equivalency principle was verified
for aging whereas for time-temperature, its dirggplication was questionable. Horizontal
shifts were systematically observed between indigdcreep curves measured at different
temperatures while plotted in the ACP. Thus, adddl assumption of the temperature effect
on the initial complianceJ(T effect) was proposed supposing that temperatuteonty
accelerates the creep processes but slightly isesetheir intensity (cf the so-called entropic
or rubber elasticity in polymer science).

2.2 Identification of a parametric rheological model

Creep curves measured at different aging timeslayeed in the ACP in one single
straight segment. Such a representation corresptmads Maxwell model consisting of a
spring assembled in series with a parabolic dashije same type of model was identified
for the thermally activated creep behaviour indigathat the effect of heating and cooling on
the viscoelastic behaviour have similar, presumanblylecular, origin. Furthermore, the
model showed to be applicable on a different sgeare wood types. Viscoelastic properties
of wood are often described by parabolic Zener rhddehe parabolic Zener model, second
spring is assembled in parallel with the parabdAshpot. Thus, the creep of such model is
reversible and solid exhibits a creep limit whishin agreement with the intuitive picture of
structural limit of the creep in wood. It was thaisggested that identified Maxwell model is
only the onset of a Zener one.

3) Structural determinants of viscoelastic properti es
3.1  Relationships between vibration properties and structural parameters

Vibration measurements were performed on a larggkaof 550 specimens of ten
tropical species with basic densities ranging fror83 to 0.94. Species were selected in
function of their growth strategy, and exhibitedntrasted anatomical structures. Further,
intraspecific variability of the sample was increddy the use of wood from both, straight
growing and tilted trees. The main goal for takmdarge variability of the sample was to
assess the general validity of structure/propeetations that are often based on mono-
specific studies without consideration of reactiemod. Further, simple model predicting the
cell wall properties from wood properties and miitml angle was developed to investigate
the role of microfibril angle (MFA) often believed be the main determinant of cell wall
properties.

Investigating the structure/property relationshipg, have confirmed strong relation
between the Young's modulus and basic density teegpe high variability of the sample.
Green density, however, was revealed to be affdryatifferent saturation level of species so
that its use for prediction of mechanical propertieas questionable. Specific modulus was
related to MFA but this parameter explained onlgo3@f the specific modulus variability.
Large scatter of the specific modulus values waenied for low MFAs, probably due to the
occurrence of tension wood. Damping coefficient has exhibited a significant correlation
with MFA which was unexpected. On the other hamihng correlation was observed with
the specific modulus. We have thus a sort of patadpecific modulus is believed to be
determined by MFA and damping coefficient by theafic modulus but damping coefficient

125



is not related to MFA. It clearly indicates thahet parameters than MFA affect the specific
modulus and damping coefficient.

The origin of variability of vibration propertiesas studied by splitting the sample in
two groups representing the normal wood and tensiowpposite wood respectively.
Properties of tension + opposite wood represemediderably higher variability of vibration
properties compared to normal wood. Proposed calll model fitted reasonably well to the
normal wood properties but was unable to predietgioperties of reaction woods because of
its variability. Further, variability of propertie function of wood types (normal wood,
tension wood, opposite wood) was investigated Bcigs. The only systematic effect was
lower MFA in tension wood compared to opposite wobtbreover, opposite and tension
wood exhibited the same damping coefficient desgitierent specific modulus and which
was significantly higher than that of normal wottdvas suggested that it might be related to
their intensive loading history leading to mechahfatigue and formation of micro-cracks at
the cell wall level. Micro-cracks would dissipateora energy leading to higher damping
coefficient. The fact that damping coefficient i tsame in tension as well as opposite wood
would mean that the effect of mechanical fatiguepisvailing. Large scatter could be
explained by the diversity of mechanical adaptaidaveloped by trees to solve the problem
of non-verticality of the stem or branch posturdisTdiversity makes impossible to predict
vibration properties from MFA without consideringiet fine structure and chemical
composition of both, opposite wood and tension wdbds also interesting to note that
opposite wood exhibited significantly lower specifniodulus along microfibrils compared to
tension wood and normal wood. This clearly indisdteat some other changes have to occur
likely at the chemical level or in the cell shapedavhich definitely differentiate opposite
wood from normal wood.

3.2  Determinants of the creep behaviour

First, relation between vibration measurements amelep measurements were
investigated. While Young’s modulus obtained bytistand vibration methods exhibit a
strong linear relationship whose slope is closth&unity, viscous parameters (damping and
relative creep at the end of 8h) seem not to keel It was suggested that independency of
both viscous parameters comes from different viesbe mechanisms involved during both
measurements. Vibration measurement is performadsainance frequencies ranging from
300 to 600 Hz at room temperature. Thus, the mesimamvolved could be more affected by
hemicelluloses. On the other hand, creep testsumbed at room temperature should be
connected to the lignin behaviour. Based on ouepdagions, it seems that relation between
both mechanisms is not straightforward.

While plotting the twenty-six creep curves perfodre 30°C in the same graph, we
can note particular high relative creep for sixte#m, fourV. micheliispecimens and twa.
grandiflora specimens. The others exhibited relative creepetadvan 5% at the end of 8h.
Investigating relations between the relative creem structural parameters, significant
relation was observed only with basic density. Tdliservation ties up with observed basic
density dependency of the kinetic parameter andlday time of the power law used to
describe the creep behaviour. However, when phptiie relative creep versus basic density
we can see that the relation is strongly affectgdobcurrence ofV. michelii samples
exhibiting low basic density together with highatele creep for some of them. On the other
hand, no contradictory cage. specimen with high density along with high relatcreep was
detected. This effect could be related with thetreé contribution of fibres and middle
lamella to the creep process. However, the reldtemveen basic density and relative creep
needs further investigations before drawing a amich about its relevance.
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4) Viscoelastic properties of wood at different str uctural scales

While investigating relationships between strudtuparameters and viscoelastic
properties, many questions arose about the staldeterminants and the relevant scale level
for viscoelastic considerations. In the followirgsimplified representation of the hierarchical
structure of wood material is given and the coniiidn of wood constituents to viscoelastic
behaviour at different scale levels is discussed.

4.1  Simplified representation of the hierarchical wood structure

Hierarchical structure of wood at different scates be pictures as shown in Figure
C-1. At the tissue scale, wood can be represergeddarallel arrangement of vessels, fibres
and axial parenchyma assembled in series withlrpdr@nchyma. In the previous section we
have seen that arrangement of anatomical elemastadt shown significant correlation with
vibration and creep properties. Let us so assumtentiechanical properties in the longitudinal
direction are governed mainly by the fibre fractiéibre fraction itself can be represented as
a two-phase composite made up of fibres glued atwieem by the middle lamella. Middle
lamella is a purely amorphous layer constitutednhyaof lignin (80%), hemicelluloses and
pectin while fibres contain the totality of crysia¢ cellulose. Crystalline cellulose is much
stiffer than matrix components (lignin and hemigklses) and is generally assumed to be
purely elastic. As a result, the percentage ak8ltogether with their structure and cell wall
thickness are the main determinant of elastic ptagseof wood at the macroscopic scale.
However, the properties of the amorphous middleeliamand bonds between the middle
lamella and fibres may strongly affect the viscdehaviour. This could explain why the
main characteristic parameters for wood stiffnessbasic density and MFA which are
directly related to the thickness and structurtheffibre wall, are not sufficient to explain the
creep behaviour of what can be considered as aasiteat the tissue scale.

Fibre cell walls exhibit themselves a multi-layemgosite structure. Because the S2
layer stands for approximately 80% of the cell whitkness, it is often assumed to control
the strength of the entire fibre. Similarly to wostlucture at the tissue level, an analogy can
be drawn between the structure of the S2 layerthadof a unidirectional fibre-reinforced
composite material, in which the cellulose micrafgorepresent the fibre reinforcement and
amorphous hemicelluloses and lignin represent dmeposite matrix. At macroscopic scale,
creep process will have two components: creep énntatrix of fibres and in the middle
lamella gluing the fibres together. Their relatie@entribution will depend on many factors
such as ratio between the fibre and middle lanmsiftness, fibre length and zone of fibres
overlapping, chemical composition of the middle ddiametc
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Figure C-1: Simplified representation of hierarchical wood stwe. V: vessels; AP: axial parenchyma; F: fibRB; radial parenchyma; M: middle lamella; L: lum&a.:

S1 layer of the cell wall; S2: S2 layer of the aedlll; Mf: microfibrils; Mx: matrix; 47: slippage.
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4.2  Contribution of middle lamella and fibres at macroscopic scale

Olssonet al. (2007) have investigated the mechanosorptive cratpin wood fibres
investigated at constant humidity conditions andesrcyclic humidity changes. Creep tests
were conducted on single spruce fibres. Constantlitons corresponded to 80% relative
humidity and 30°C leading to a moisture contenalabut 15.5%. For mechanosorptive creep,
relative humidity was cycled between 80% and 30%ntplots of relative creep versus
logarithm of time, they have determined a creep eafual to 0.1% 0.06 %/logt for the tests
at constant humidity and to 0.280.08 %/logt for fibres subjected to humidity cycles. When
equivalent calculus is applied based on our da&,obtained creep rate would be of &.9
0.3 %l/logt so nearly five times higher. Difference in moistwwontent of tested specimens
can partially explained the observed differencewkler, coupling of loading and humidity
cycles is believed to accelerate the creep phenomand so should be at least comparable to
the creep rate at higher moisture content. Neviertbehe creep rate of solid wood in green
state remains approximately three times higher ti@ncreep rate of fibres subjected to
humidity cycles. A possible explanation of diffat creep rates observed for wood fibres
and for solid wood could be the non negligible ctttion of the middle lamella to the creep
process. Similar conclusion have been drawn by &ih¢2006) based on results of thermally
activated torsion tests performed on green pojplecisens.

Hunt and Gril (1994) have studied the possible rwoution of slippage between fibres
in the middle lamella in the case of air-dry sprigaded in tension. The conclusion was that
there is no doubt that some slippage should ocairthe question of its quantitative
contribution remained open. However, slippage middle lamella would be related with
broken hydrogen bonds and thus probably partlyvémsible, whereas during our
experimentations no permanent deformation was wbderFurthermore, middle lamella is
designed to ensure the role of a binder betweegdibo that one could expect relatively high
shear resistance. Relative contribution of slippaige viscous flow in the middle lamella will
depend on many parameters. One of them is the fipatial arrangement. Basically, two
patterns of fibres distribution exist in wood deg@ig on the organisation of the cambium. As
shown in FigureC-1, fibres can be organised in horizontal bandsriési cambium) or
entangled (non-storied cambium). The creep prookdise first pattern might be dominated
by the viscous flow of the bands of middle lamelteanged in series with the fibres while the
second type with tangled fibres would require int@or slippage between fibres to reach the
same level of creep deformation.

4.3 Processes involved at the tree scale

Some creep experiments were also made at thedade Isvel. Almeragt al. (2002)
have studied the creep of 1-year old apricot tnremdhes. Tests were performed during the
winter period when radial growth is stopped. Ratedecrease in the equivalent Young's
modulus, determined from the digitalization of #lvanch deformation during 32 days, has
ranged from 3.6 — 5.1 %/ldgdepending on the variety. This is more than thimes higher
than tensile creep rate measured on small speciofesdid wood in green state. However, in
the creep process of a branch other parameteis\arleed. While the upper side of a branch
is submitted to tensile stress, the lower sideutsrgtted to compressive stress. Behaviour in
tension and compression are not necessarily idgntic particular in creep tests because the
linear viscoelasticity limit in compression is sifigantly lower than in tension (Hunt 1989).
The level of applied stresses during the testsherbtanch was relatively high so that tissues
situated on the lower side could indeed pass dwelihear viscoelasticity limit. One could
also think about the occurrence of tension woodbably present in its branches. We have
some information about the elastic properties ofiten and opposite tissues (Coutaidal.
2004) but not on their creep behaviour. In the gmésstudy, we have not quantified the
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differences of the behaviour of both tissues howewe sampling included all types of wood

tissues (normal, opposite and tension) so thatitfierence in creep rate is contained in the
SD of the mean estimation. This is, however, néfigant to explain the observed difference.

Moreover, some overestimation of the creep ratéhatbranch level could arise from the

calculus of the Young’s modulus including also treek and pith that can represent a non-
negligible part in the case of 1-year old branche Teference for relative creep calculations
might be higher because the creep process takes iplahe wood part.

5) Perspectives

If some methodological progresses were made coimgethe measurements of creep
using time-temperature equivalency or storage etgrspecimens without damages, many
guestions remain unanswered. We have succeededdalliing creep behaviour over several
decades however a lot of work has to be done temstehd the physical significance of the
model parameters. Furthermore, the effect of teatper on the creep properties was not
elucidated. Additional assumption of the tempematifect on the initial compliance similar
to rubber elasticity in amorphous polymedsT( effect) was suggested to allow the use of
time-temperature equivalency. However some vetifoa of this assumption are needed and
have not been done for the moment. Actually, inecessary to check if the apparent
acceleration of creep processes at long time scadesting from thel-T effect corresponds to
a reality or not. The verification is easy in piple but requires more time: to conduct a set of
creep tests at different temperature levels with additional test and much longer tests at
intermediate temperature, for example at 45°C. Wusld allow us to check the validity of
our prediction for the creep kinetics.

A lot of questions are still open in the field ohderstanding of the mechanisms
involved in creep and physical ageing processewelk as its structural determinants. It
seems that middle lamella plays an important nolthe creep process but we do not know a
lot about the creep properties of its constituebtata about the mechanical properties of
hemicelluloses and lignin are very scarce in thexdture. However, if we want to relate the
behaviour of middle lamella to the behaviour ofdtsstituents, it would be nice to perform
some experiments at a finer scale such as Afflasurements or nanoindentation as well as
FTIR® measurements to follow the bonds involved durirgdreep process.

Another interesting point is the independence ef ¢heep and vibration viscoelastic
parameters indicating the possibility of differemechanisms governing the behaviour at
different observation time scales. To examine inatgr detail this hypothesis, we could
perform the vibration tests at different temperatin order to become closer to the
observation times of the quasi-static measureméhtsggress in the field of the rheological
modelling is also needed to support this approach.

® Atomic force microscopy
® Fourier transform infrared spectroscopy
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APPENDIX

Summary of the diversity of vibration properties an

Table 0-1: Summary table of vibration propertiesand structural parameters by species.

d structural parameters by species

Species Basic SD SD % MFA SD SD % E SD SD % Espec SD SD % Damping SD SD %
density (GPa) (GPa)

Goupia glabra Aubl. 0.71 0.04 5.4% 8.7 25 28.8% 17.9 2.8 15.7%  25.1 3.3 13.3% 1.04% 0.21% 20.2%
Tachigali melinonii (Harms) Barneby 0.51 0.11 22.0% 11.8 4.7 40.1% 14.4 3.8 26.3%  28.8 5.5 18.9% 1.14% 0.50% 43.9%
Virola michelii Heckel 0.42 0.09 22.4% 16.1 4.1 25.6% 9.7 2.9 30.3% 232 5.3 23.0% 0.98% 0.26% 27.1%
Dicorynia guyanensis Amsh. 0.58 0.08 13.0% 10.8 35 32.3% 14.2 24 172% 24.2 4.2 17.3% 0.88% 0.27% 31.0%
Eperua grandiflora (Aubl.) Benth. 0.63 0.04 6.4% 13.9 4.9 35.2% 16.2 2.6 16.0% 25.6 3.4 13.2% 0.90% 0.30% 33.5%
Lecythis persistens Sagot 0.73 0.11 15.5% 12.2 2.8 22.7% 18.2 45 248% 252 3.0 11.9% 0.85% 0.19% 22.7%
Licania alba (Bernoulli) Cuatrec. 0.86 0.04 4.1% 7.6 5.0 65.6% 25.1 4.3 17.2%  29.3 3.8 13.1% 0.74% 0.20% 26.7%
Gustavia hexapetala (Aubl.) J.E. Smith 0.66 0.06 8.9% 13.3 6.5 48.5% 134 3.8 28.1%  20.3 4.1 20.2% 1.31% 0.57% 43.7%
Oxandra asbeckii (Pulle) R.E. Fries 0.86 0.05 5.9% 9.6 4.6 47.7% 23.3 4.4 19.1%  27.6 3.2 11.6% 0.63% 0.40% 62.7%
Pogonophora schomburgkiana Miers ex Benw  0.81 0.03 3.2% 10.3 1.8 17.2% 22.0 1.6 7.1% 27.2 1.3 4.8% 1.25% 0.20% 15.8%

Legend: SD: standard deviation; MFA: microfibrilgg@; E: modulus measured by vibration in the gr&tate; Espec.: specific modulus.
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Creep curves for physical aging tests by specimen
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Approximated complex plane for individual specimens tested at different temperature levels including t

he vibration measurement
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