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Abstract

« Context: Tree orientation is controlled by asymmetric meita stresses set during wood
maturation. The magnitude of maturation stressediffbetween longitudinal and tangential
directions, and between normal and tension woods.

« Aims. We aimed at evaluating patterns of maturatiorsstom eucalypt plantation trees and their
relation with growth, with a focus on tangentiakss evaluation.

+ Methods: Released maturation strains along longitudinal a@adgential directions were
measured around the circumference ofE2&alyptus nitensdrees, including both straight and
leaning trees.

« Results: Most trees produced asymmetric patterns of lodgial maturation strain but more
than half of the maturation strain variability oo@d between trees. Many trees produced high
longitudinal tensile stress all around their ciréerance. High longitudinal tensile stress was not
systematically associated with the presence oftigelas layer. The average magnitude of
released longitudinal maturation strain was fouedatively correlated to the growth rate. A
methodology is proposed to ensure reliable evalnatif released maturation strain in both
longitudinal and tangential directions. Tangengimhin evaluated with this method was lower
than previously reported.

« Conclusion: The stress was always tensile along longitudima&ction and compressive along
tangential direction, and their respective magrdtwas positively correlated. This correlation
does not result from a Poisson effect but may kete®@ to the mechanism of maturation stress
generation.
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I ntroduction

Origin and biological function of maturation streisswood

After the cells division in the cambium and theiifetentiation, the maturation of the newly formed
wood cells induces their tendency to shrink lordjitally and swell transversally (Fig. 1a) (Archer
1987). These strains being mostly impeded by thdierence to the older rigid cells, the cell
maturation process results in a mechanical statdowogitudinal tensile stress and tangential
compressive stress in mature wood at tree peripfiégy 1b). From a mechanical viewpoint, these
maturation stresses are “pre-stressesg’,stresses that occur during the formation of théens,
prior to any external loading. Pre-stresses arefimal for the living tree since they optimize the
behaviour of wood in response to external loadfkg.a honeycomb cellular material, wood has a
high tensile strength along the fibre direction mutomparatively weak in compression. Thus, if
wood is subjected to local axial compression, asiecin the inner side of a bent stem, axial buckli
can be avoided by tensile pre-stresses (BonseEands 1998). Similarly, in the tangential direction
wood can withstand compression without major danfggeending its cell walls, whereas in tension,
rupture and crack propagation can easily occurg@atial compressive pre-stress helps preventing

this situation.

These maturation stresses are also useful toftvediseir postural control (Moulia et al. 2006).e&s

are able to control the level of maturation stiesthe produced wood, and to generate asymmetrical
axial stress around the stem circumference. Thimaetry generates a bending moment allowing
movement of the stem towards verticality or anyferred direction, or just to maintain a defined
angle by compensating for the effect of the indreaself-weight (Alméras and Fournier 2009). To
achieve a high asymmetry, angiosperms produce higty level of tensile longitudinal stress in the
inner side of the axis to be bent, through the pctidn of a dedicated wood called tension wood. In
tension wood, stresses can be more than 5 timdwethipan in normal wood. Tension wood is
characterised by chemical and ultra-structural gharsuch as a lower lignin content, more crystallin
cellulose and a lower microfibril angle than in mad wood (Onaka 1949). In some species a specific
unlignified cell wall layer is formed, named gefatus layer (G-layer). This layer is characterisfic
tension wood in most temperate species. Howevaryrspecies, especially in the tropical area where
most diversity can be found, have tension wood auithG-layer (Clair et al. 2006b; Onaka 1949;
Yoshida et al. 2002). Although this criterion isngeally common to an entire genlgjcalyptushas
some species where tension wood with G-layer hasa detected (e.de. niteng and many species
producing tension wood having a lignified layent@al of the characteristic G-layer (Bailléres et al
1995; Scurfield 1972).
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Technological consequences of maturation stress

The production of maturation stress in the newlyrnfed wood layers is always balanced by a change
in the state of stress in inner layers (Fig. 1®ndile longitudinal stress at the periphery induces
longitudinal compression in the core of the truirk.turn, compressive tangential stress at the
periphery induces tensile tangential stress incbre of the trunk, and tensile radial stress in the
whole trunk. The accumulation of these stressemgltihe whole tree life results in a complex stress
field in the trunk, called “growth stresses” (Arch#986; Boyd 1950a; Kubler 1987), leading to
technological problems such as log-end splits azatthchecks during tree felling, brittle heart, and
deformations of planks during sawing (Boyd 1950kkedBele et al. 2009; Yang and Waugh 2001;
Nicholson 1973). Figure 2 illustrates log-end ceaokserved few minutes after felling the tree m th
eucalypts studied in the present article. Theseksrare due to the combined effect of radial gradie
in longitudinal growth stress and radial tensilevgth stresses (Kubler 1987; Jullien et al. 2003) an
clearly reduce the commercial value of logs. Thisbfem is particularly important in eucalypt trees,
that generally have very high levels of maturatitress (Bailleres et al. 1995; Biechele et al. 2009
Giordano et al. 1969; Jacobs 1938; Ferrand 198tioléon 1973). As the magnitude of the growth
stress field primarily depends on the magnitudenaturation stress, it is important to be able to
characterize this maturation stress on standirgs treorder to predict or avoid the occurrenceuchs

problems.

Evaluation of longitudinal maturation stress: ekigt methods

Maturation stress at the periphery of a standimg tcan be evaluated by measuring the strain
generated by the release of the stress. As dedcmbearlier reviews (Archer 1986; Kubler 1987
Yang and Waugh 2001) three main methods have bsshfor that. The oldest methods consisted in
taking a piece of wood out of the trunk or log andasuring its change in dimension (Boyd 1950a;
Ferrand 1982a, 1982c; Giordano et al. 1969; Jat8B8, 1945; Nicholson 1971; Nicholson 1973),
More recent methods are both less invasive and rmpmeise, and consist in applying the stress
release and strain measurement locally on the isiguticce. The stress can be released by creating a
free surface, either by drilling a hole or by ldgaawing the wood (Fig. 1b). In the so-called tgdax
hole method”, developed by CIRAD (Gerard et al. 3)9%he displacement of two nails below and
above the hole is measured, and this displacensectlied growth stress indicator (GSI). This
measurement (Alméras et al. 2005; Clair et al. 2003urnier et al. 1994; Gerard et al. 1995;

Bailleres et al. 1995; Biechele et al. 2009; Jalik al. online 2012), expressed in micrometrespts



© 00 ~N o 0o b~ W DN Bk

T e T S S TN S R SI
© 00 N O UM WN EFER O

N N N DN DN
A W N BB O

N N
o Ol

N
~

W NN
o O

w
=

directly indicating a strain but is proportional itp with a conversion factor between 9 and 13
pstrain/um (Fournier et al. 1994). Finally, the mmspular method in recent studies consist in sgwin
the wood above and below an area where the sgameasured, either with a displacement transducer
(Clair et al. 2006b; Fournier et al. 1994) or wétlstrain gage (Alméras et al. 2005; Fang et al8200
Okuyama et al. 1981; Sasaki et al. 1978; Yoshidal.€2002; Yamamoto et al. 2005). Metrological
analyses of this methods can be found in YoshidaGltuyama (2002) and Jullien et al. (2008).

Evaluation of tangential maturation stress: exigtmethods and theoretical considerations

Most maturation stress studies concentrated omeeesurement of released longitudinal maturation
strains (RLMS) to evaluate maturation stress infitie direction, because maturation stress has the
highest magnitude in this direction and is directlyolved in major biological functions of wood
such as gravitropism (Coutand et al. 2007; Yamanettal. 2002) and resistance to bending loads
(Bonser and Ennos 1998). Several studies also piteinio evaluate tangential stress through the
released tangential maturation strains (RTMS), thig was always done in combination with
longitudinal stress, by releasing the stress i loatections (Jacobs 1945; Boyd 1950a; Kubler 1959;
Okuyama et al. 1981; Okuyama et al. 1994; Sasakal.etl978; Ferrand 1982b, 1982c). This
“bidirectional” stress release has strong consetpgeron the recorded strain values and their
relationship within-situ stress, because of the mechanical coupling bettheetwo directions, called

the Poisson'’s effect.

This can be clarified by considering the case péapheral piece of wood in the standing tree ihat
put in a state of longitudinal tensios, (> 0) and tangential compressiaon:(< 0) during maturation
(Fig. 1c). When the stress is released in onlydireetion (L or T), then the wood strains in thensa
direction by an amount corresponding to the elastiponse to an applied unidirectional stresg

or —ar, while strain are impeded in the other direction:
at = -0, /E; andal = —o;/E; Eqg. (1)
where ajj is the strain in directiof in response to stress release the same dire@iwhE; =

E;j(1 = vrvyr), With E; the elastic modulus of wood in directiprvy, andv,; the Poisson’s ratio,

related by, = vy, E; /E7. From these equations, it is clear that the strglisased in one direction
is representative of the stress in the same diectdiowever, when the stress is simultaneously

released in both directions, then the wood strasis a response to a bidirectional stess;, —o7):

LT — _ (9L 9T\ o gL — T
ar’ = — (E—_ VrL E—) ~ap —VrLar Eq. (2)
L T
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. VLT E—) ~ar —Virag Eq. (3)
T L

whereocj” are the strains in directignin response to bidirectional stress release. Thgsations

show that, for bidirectional stress release, tha@rsimeasured in one direction depends on the state

stress in both directionse. the measurements contaminate each other asaliedtin Fig.1c.

In the case of angiosperm woods, the usual vatueRdisson’s ratio range between 0.02 and 0.05 for
vr,, and between 0.3 and 0.6 figy (Bergman et al. 2010). Therefafg andE; differ by less than
2%, so that the second member of eq. (2) and €Yyeny good approximations. Moreover, it will be
shown in this article thatr: is several times larger in magnitude th@h Therefore, it can be
predicted that the contamination is negligible floe longitudinally released straine. af” ~ at,
while this contamination effect is dominant in tese of tangentially released strain: if bidiretsio
release is performed, then the strain recordedhéntéangential direction strongly depends on the

magnitude of longitudinal stress.

For this reason, in order to use released strarsnaindicator of thén situ maturation stress, it is
advisable to first perform the release of tangérgieess by making longitudinal grooves, record
unidirectionally released tangential maturatiomist{(RTMS), and then release the longitudinal stres

by making tangential grooves to estimate the rel@ésngitudinal maturation strain (RLMS).

The aim of this paper is to apply this method teehprecise estimates of both RTMS and RLMS in
standing trees, and to assess the patterns of atiaturstress in fast growing eucalyptus trees in

relation to their growth rate and wood microstruetu

Material and methods

Plant material

Experiments were performed on E8calyptus nitensl. Deane & Maiden trees selected in a 12-
years-old trial located in the region of BiobioGhile. The stand density was 1390 stem/ha, with a
mean tree height of 26.5 m and a dominant heigB4of m. Trees selected for the study included

both straight and leaning trees with diameter ea$irheight ranging from 18 to 28 cm.

Measurement of released strains

Released maturation strains were measured botly dloand L directions at 5 positions per tree

around breast height, sometimes slightly aboveetovb in order to avoid the vicinity of branches.
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Position #1 was chosen on the upper side of thérigdrees, where reaction wood was expected, and
randomly for straight trees, then position #2 aBdwére picked at 45° from position #1, and position
#3 and #4 on the opposite side of position #5 a@hddspectively (see Fig. 2). This procedure was

designed to make sure there were enough measuremehé tension wood areas of leaning trees.

The procedure for measuring released maturati@instralong tangential (T) and longitudinal (L)

directions consisted in several steps illustratedigure 3. The bark was first removed and the
cambium was peeled to ensure a correct gluing andagsurement on rigid wood. Then, biaxial strain
gages 0°/90° stacked rosette (Kyowa) were pastedigiato the grain at each measurement position,
and connected to the data-logger. The data-loggsrimitialized at this stage. Tangential releass wa
done by two longitudinal groves made with a shamijfek5 to 8 mm away from the gage on both

sides. Grove was 2 to 5 mm thick to enable fulitdifion of tangentially compressed wood. They
were performed successively on each measuremeitibpod hen, longitudinal release was done by

sawing tangentially above and below the gage at ghme distance, successively on each
measurement position. The data logger recordedstiiaén values of each gage during the whole
procedure. Released strain was defined as thadtitfe between the value recorded before the first
grove at the first gage and the value recorded #feesecond grove of the fifth gage was completed
in T direction. Similarly, in L direction, releasesrain was obtained from the difference between

value read before the first sawing at first gage e value read after the second sawing of tlfe fif

gage.

Observation of wood anatomy

At each measurement position, transverse sectiapgrgx. 20 um thick) were observed with a
microscope to assess the presence of reaction vilmale staining with safranin — astra blue was
used to assess the presence of an unlignifiedigmlst layer (G-layer), and the appearance and

thickness of the cell-wall was observed.

Statistical analyses

Statistical analyses were conducted using soft@#atisticd. Significance of linear correlations was
tested with a Fisher test. The “tree” effect on suead variables was tested using one-way ANOVA.
The analysis of relationships between variabledendontrolling for the “tree” effect was performed

using general linear model. The level of significanf all tests was 5%.
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Results

Effect of the stress release at a position on trens at other positions

Fig. 4 shows the L and T strains recorded at easiitipn during the release performed in L and T
directions at each position, on a representatee. tFig. 4a shows the effect of T release on Tnstra
and illustrates that the release along T at positigTRp1) not only released the strain at position
(TSp1) but also affected the strain at other pms#i(TSp2,3,4,5) in a smaller amount. Similar effec
was observed later for releases at following postj so that the T strain at each position incease
during successive stress T releases. This meahghidongitudinal groves made for tangential
release at one position also affected the mecHastat® of the entire cylinder. Fig. 4c shows timat,
contrast, T release had a negligible effect onr&irss at each position. Fig 4d shows that the selea
in the L direction at a given place influences lassts at other position in a negligible amount. &g
shows that L release at a given position has agteffect on the T strain at this position (duehi®
Poisson’s effect), and a smaller, although nonigexg, effect on the T strain at other positioreg
e.g. TSp5).

Effect of the release of longitudinal stress onrteasured tangential strain

Figures 5 shows the relationships between thealhstecorded after unidirectional T release (RTMS)
and that recorded after bidirectional release ith Boand L directions. The correlation between ¢hes
variables is strongly significant (p<f0 However, when comparing to the 1:1 line, it isac that

tangential strain after bidirectional release dyealverestimates the RTMS. The slope of this
relationship is more than 2, showing that the dogpkffect is dominant with this measurement
method. The Poisson’s ratio can be evaluated frdms telationship, based on eq. (3):
vir = (al — akT)/ak. With this method the estimated Poisson’s ratimges between 0.2 and 0.5,

which is consistent with usual values of this pasten

Patterns of released longitudinal maturation stréRLMS)

All RLMS measured during this study were negativeaning that L maturation stress was always
tensile. The average magnitude of RLMS was 138fajust (+688 S.D.). The overall variability of
RLMS values was large, and more than half of it dias to a tree effect (R2=0.57, pL)0Fig. 6 is a

plot of the maximum RLMS versus the minimum RLMSasmered on each tree. This figure enables
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the visualisation of both the base stress level #ed asymmetry of stress in each tree. If the
maturation stress was uniform on a tree, it wowdddzated on the diagonal; the vertical distance to
the diagonal indicates the magnitude of asymmatiyst trees present a significant asymmetry of
stress and half of the trees have their maximum Rla#lleast two times higher than their minimum
RLMS (dots on the right hand of the dotted ling=ig. 6). Remarkably, some trees have minimum

RLMS larger than the maximum of some others.

Released tangential maturation strain (RTMS)

All RTMS measured during this study were positiv@ganingthat T maturation stress was always
compressive. The average value of RTMS was 264ipst(x124 S.D.), i.e. approximately 5 times
lower in magnitude than RLMS. ANOVA revealed thsithilarly to RLMS, more than half of the
variability was due to a tree effect (R>=0.56).igngficant correlation was found between RTMS and
RLMS: the higher the L tensile stress, the higherT compressive stress (Fig. 7). This relationship
was statistically significant when all observatiomere pooled together (R2=0.32, p£l@nd was
even stronger when the data were averaged foriednidual tree (R2=0.55, p=0.04). General linear
model taking in account a “tree” effect showed ttids relationship was close to be significant
(p=0.067) at the within-tree level.

Observation of wood anatomy

Tension wood with typical G-layer was observed oof he 29 trees (circled and numbered on fig.
6). Trees 1, 2, 3, 4 were among the highest vdimeaximal RLMS. Trees 1 and 4 had G-layer at all
positions around the circumference. Trees 2, 3Gvayer only near the position of maximal RLMS.
Tree 5 also had G-layer only near its position akimal RLMS, but differed from trees 2 and 3 by
its relatively low value of maximal RLMS. Neverthek, we note that this tree had a comparatively
high asymmetryi(e. difference between maximal and minimal RLMS). they trees, values of high
RLMS were associated to a tension wood without y@#fabut instead a thick lignified secondary

layer, distinctly thicker than opposite wood.

Maturation stresses and growth rate

Previous results indicated that the maturationirggreneasured at the periphery of the trunk strongly
depend on a tree effect: some trees clearly hage laaturation stress all around their circumfegenc

Analysis of the relationship between the mean sgldamaturation strain on a tree and its diameter
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reveals significant relationships (p<0.001 for bBIEMS, Fig 8a, and RTMS, Fig. 8b). On even-aged
plantation trees, this means that the lower thevtireate, the higher the magnitude of tensile RLMS
and compressive RTMS. By contrast, the within-tesymmetry of RLMS (quantified as the

difference between maximal and minimal RLMS witleiach tree) was not significantly correlated

with tree diameter.

Discussion
Metrological considerations

Our results show that, when tangential maturativairss are measured from bidirectional stress
release ¢%7), the measurement is dominated by the strong oupgiffect with longitudinal stress.
These results are in agreement with theoreticasidermations based on wood orthotropic behaviour,
and their reliability is supported by the consistetnf the values of Poisson’s ratig; estimated
during the longitudinal stress release. This shihag when attempting to measure both longitudinal
and tangential maturation strains, it is necesgaperform the tangential release first and obtaen
unidirectional tangential streas., as we did in this experiment, in order to havieles representative

and then situtangential stress.

Values of RTMS obtained from bidirectional streskease must be analysed with caution, because,
generally, they provide a significant overestimatiof the strains for normal and tension wood.
Results obtained on samples taken out of the t(tiekrand 1982a) or wood disks (Boyd 1950a;
Jacobs 1945; Kubler 1959) are basically bidirectiorleases. The single-hole method is also based
on a bidirectional release, although its interpgretadoes not rely on a simple Poisson effect ut o
complex stress redistribution around the hole.déonpression wood, in which the longitudinal stress
is compressive, negative tangential strains haes lveported using a bidirectional release method
(Yamamoto 1998), suggesting tensile stress, whdteam situ stress is actually compressive. A
posteriori correction of this Poisson’s effect alao be used (Okuyama et al. 1994; Sasaki et al.
1978), and data corrected with this method yiehdyémtial strains of the same order of magnitude as
our measurements. However this technique is leagystforward, needs more measurements (values
of the Young’s moduli and the Poisson’s ratio afedi from laboratory tests) and the results can be

very sensitive to the uncertainty of these additioneasurements.

By contrast, using eq. (2) and the average valfiegq af andv;, obtained in this experiment, it
can be shown that the difference between longialdistrain after unidirectionalaf) and

bidirectional @L7) stress release is less than 1%. This meanshaItMS is almost unaffected by
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the release of tangential stress. Therefore, m@dtations of longitudinal maturation stress thea c
be found in the literature can be considered aahlel regardless of the fact that they were obthin

from unidirectional or bidirectional stress release

Our metrological analysis also showed that tangéstrain can be significantly affected by the sdre
release performed in other locations of the trebis Tis probably due to the complex stress
redistribution that occurs when a free surfaceésaied at one place. To address this issue, weedvi
to define the tangential released stress as tlfiergliice between the value read on the data logger
before any groove is done on the tree, and theevaliiained after the release of tangential stress a

each position.

Magnitude and distribution of L maturation stressmantation Eucalypt trees

The RLMS recorded on plantation Eucalypt trees algays negative. No compressive value
(positive released strain) was recorded as sometoheerved in the opposite wood of angiosperm
trees (Clair et al. 2006a). The asymmetric patteyhserved in most trees are consistent with
expectation and usual observations (Fournier €i984; Jullien et al. 2013; Nicholson 1973), astmos
trees are more or less mechanically imbalancedremedl a gravitropic correction to maintain a

vertical position (Alméras and Fournier 2009).

The average level of RLMS recorded in these treas gh (approx-1380 pstrain) compared to
usual value recorded on most species. This highl lef/ longitudinal stress is however usual in
eucalypt trees: in a study Blicalyptusclones from Congo (Bailleres et al. 1995), valuexy similar

to ours are reported (average RLMS of -1300 pstraaximal RLMS magnitude larger than -3500
pstrain (Gerard et al. 1995)). In another studyEomitensin Chile (Biechele et al. 2009), average
values of GSI (growth stress indicator measuredh wie single hole method (Gerard et al. 1995),
which is correlated to RLMS (Fournier et al. 1994y found as high as 395 on 10-year-old
plantation trees. For comparison, typical value$s8i are typically between 50 and 200 for beech
(Fournier et al. 1994, Jullien et al. 2013) andsthut (Fournier et al. 1994; Clair et al. 2003)yell

as for various tropical rainforest species (Alméedsal. 2005), and lower than 150 for poplar
(Alméras et al. 2005; Clair et al. 2006a). StudigNicholson (1973) also suggest the exceptionally
high stress level of different species in the gefwsalytpus

For many trees, we recorded high values of RLMSaetund the circumference, with a minimal
value frequently larger thanl000 pstrains. In some trees (e.g. tree 4 in figttis minimal value

was as high as -1900 pstrains, and not associatedstrong asymmetry. Nicholson (1973) also

observed many eucalypt trees with high stress laledround their circumference. This pattern is

10
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unusual: in most studies on other species, RLM8I l&yv either low all around the circumference,
revealing the absence of tension wood productiopr@sents high values of RLMS on only one side

of the trunk, corresponding to an area of tensiondv

G-layer was observed only in some of the trees,napst of the time associated to the highest RLMS
values. However, it was not observed at many mostwhere RLMS was more than 2000 pstrain,
revealing the presence of tension wood without ye#laThe production of tension wood without G-

layer is known to happen in many species (ClaaleR006b; Onaka 1949), showing that G-layer is
not a necessary condition for the generation ofuratibn stress of high magnitude. This is

particularly frequent in the genticalyptugBailleres et al. 1995; Scurfield 1972). We obserthat

E. Nitensproduces tension wood both with G-layer and with®tayer. Nicholson (1973), suggests

that on this species tension wood with G-layer nfy an extreme manifestation of the ability to

generate stress.

Tree effect and functional implications

These results revealed an important “tree” effetttioe distribution of maturation stress, here
explaining more than half of the total variability both RLMS and RTMS. Nicholson (1973) also

observed this very important tree effect, with sdmes having a high level of maturation stress all
around their circumference. This tree effect was @resent in a recent study on beech trees Jullie
et al. 2013), showing important coefficient of &ion between trees of minimum and average RLMS
levels. This shows that caution has to be takemwheasurements from different trees are pooled

together before analysis.

Moreover, from a functional viewpoint, this strelstribution cannot be explained just by the nefed o
a gravitropic correction, since only the differetedween the maximal and minimal maturation stress
value is involved in this function (Alméras and Fuer 2009). This absence of gravitropic function
of high stress levels has also been noticed by d\soim (1973). Another function of longitudinal
maturation stress is probably involved here: therowement of the stem resistance against
compressive failure during temporary bending losdsh as wind (Bonser and Ennos 1998). This
hypothesis is consistent with our observation thatmean level of maturation strain of a tree was
correlated to its diameter. Although such a coti@awas not detected by Nicholson (1973) in
eucalypt, it has also observed on beech treesg@wdt al 2013). This correlation can be interpgiete
through the fact that trees with smaller diamet@reha lower bending stiffness due to their lower
inertia, and are therefore probably more at rigkarding mechanical failure during wind loading.

Tensile longitudinal pre-stress all around thewinterence is an efficient way to reduce this risk.

11
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Growth stresses and tangential maturation stress

The drawback for tree management is that these reeumulate more longitudinal growth stresses.
Moreover, because tensile longitudinal stress rsetated to compressive tangential stress, they als

accumulate more transverse stresses. The correlagtoveen L and T maturation stress as evaluated
with our method is independent of the Poisson &ffaet may be related to the mechanism of growth

stress generation, that would produce lateral cesgion at the same time as longitudinal tension,
consistently with the classical hypothesis exptainthe generation of maturation stress in wood

(Archer 1987).

The magnitude of released tangential strains wasdoabout five times lower in average (260
pstrains) than the longitudinal strain. This vakusignificantly lower than the figures reportedie
literature when bidirectional release was usedviduate tangential maturation strain: Jacobs (1945)
reports values ranging from 800 to 4000 pstrainanmous species, Boyd (1950a) values between 600
and 1600 pstrain on 4 eucalypt species, and Kyb859) values between 1000 and 2600 pstrain on
various species. In all these studies, the strewmellis found the same order of magnitude as in
longitudinal direction. However, in studies takiimgo account ara posteriori correction of the
Poisson’s effect, lower values are reported, closevurs: a mean value of 760 pstrain for various
broad-leave species (Sasaki et al. 1978), and 45&ip for normal wood of a conifer species
(Okuyama et al. 1981).

The accumulation of elastic energy in the trunkirduthe development of growth stresses is very
probably part of the cause of the frequency of dagd- splits and heart checks observed in these
populations. As explained by Kubler (1987), tangdrdompressive stress at the periphery implies a
state of radial tension in the wood of the standneg, which is maximal in the centre. Our results
show that this stress is probably lower than preslip predictedin-situ (Archer 1986). The major
factor may be the indirect effect of the releasdoofitudinal stress due to the creation of a free
surface when the tree is felled. This release mitodinal stress tends to increase the statensflée
radial stress, for two reasons: (1) it has a dieftect on transverse stress through the material
coupling effect (Poisson’s ratio), so that the askeof L compressive stress at the centre genenates
important increment of radial tensile stress ; i(2)addition, a structural effect due to the strong
longitudinal stress gradient (tensile at the paxighcompressive at the centre) tends to bend odtwa
each “cake” of the section, adding significant snarse stress. Heart checks happen if the tramsvers

stress becomes larger than the tensile strengttoofl. Therefore log-end cracks are directly related

12
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to the accumulation of growth stress during treeettgoment, in response to its biomechanical need,

although they are also dependent on other woodeptiep such as its toughness (Jullien et al. 2013).

Conclusions

Based on careful measurements of released longéudnd tangential maturation strains around the
circumference of even-aged eucalypt plantationstremur study leads to the main following

conclusions:

* In order to evaluate released tangential strairte@rstanding tree, tangential stress has to be
released before the longitudinal stress, to avdiha due to the dominant Poisson’s effect

» All trees were in a state of tensile longitudinakss and compressive tangential stress, the
released strain being in average five times loweanagnitude in the tangential direction

» The higher the longitudinal tensile maturation sdrethe larger the tangential compressive
maturation stress

* Most trees exhibited an asymmetry of longitudine¢ss around the circumference, which is
interpreted as an adaption enabling to control thééntation

» More than half of the variability of maturationests was found at a between-tree level, with
many trees producing high longitudinal stress atgidhweir whole circumference

* High values of longitudinal stress are often obsdreven in absence G-layer, showing that
the presence of G-layer is not a necessary conditio the production of high maturation
stress in eucalypt

» The mean stress level of trees was negatively ledekto their diameter, which is interpreted

as an adaptation improving their resistance agtengporary bending loads such as wind
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Theoretical view of the effect of maturation in an isolated cell
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b Realistic view of the maturation of a cell stuck to older rigid cells
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c Schematics of strains occurring after L or T unidirectional or LT bidirectional stress releases
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Fig. 1. Principle of the maturation stress generation assbciated strains and stress in tangential (T) and
longitudinal (L) directions. Green cell: cell bedomaturationa: red cell: theoretical view of the same cell after
maturation if it was isolated from other celts.blue cell: realistic view of the cell after madtion considering
that it sticks to older rigid cells. Green arrovepiresent maturation stress in the newly maturagdid and
growth stress increments that happen in the oldiés m response to the maturation stress. Conwer@eows
figure a state of compression, divergent arrowste ©f tensionc: Schematics of strains occurring after T or L
unidirectional or LT bidirectional release of mattion stress induced by making grooves in the wddok
dashed blue rectangle represents the dimensioheofrteasurement area at initial state, and the setid
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rectangle its dimension after stress release.rfStegie figured with blue arrows (their magnitudanplified for
the purpose of representation).

Fig. 2. Example of a butt log cross-section picture shgvatrain gage locations (numbered 1-5), and cracks
the centre of the log observed few minutes aftéinéethe tree
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Fig. 3. Step by step procedure for measurement of releasmdration strains along tangential (T) and
longitudinal (L) directionsa: remove the barly: peel the cambiunt: paste the gages along the grain (detailed
in d); d: connect to data-logger and initialize;release along T with two groves on both sidegawth gagef;:

release along L by sawing above and below each gage

18



0 N O 01~ W

1000 1000

OTSpl oTSpl
= oTSp2 < o TSp2
'S 800 | mTSp3 Sgoo{ mTSP3
‘g m TSp4 3 ~ mTSp4
2 m TSp5 " ® TSps _
2 600 - © 600 - M -
a @
o o
® 400 - = 400 -
5 g
= 200 5 200 -
_g ©
1)
E 0 % 0 ,,_:H. -_r_ L LI
© © —
5 7
i TRpl TRp2 TRp3 TRp4 TRp5 - LRpl LRp2 LRp3 LRp4 LRp5
-200 -200
a b
£ 500 £ 500
@ TRpl TRp2 TRp3 TRp4 TRp5 @ LRpl LRp2 LRp3 LRp4 LRp5
(2} [2])
3 0 ,A:n_-__rl:b_—_,_l:l:l-__,_‘:l:L_y_ljlm 3 0 77_:*‘ _ _ _
7] 0
& &
& &
5 -500 5 -500
- -
2-1000 + £-1000 +
5 5
© e]
@ -1500 - £ .1500 - L L L
T oLspl 'S oLspl
@ O LSp2 ® oLSp2
—1-2000 1 mLSp3 —-2000 | mLsp3
mLSp4 mLSp4
LSp5 mLSp5
-2500 - ; P -2500 P

Fig. 4. Example, on one of the trees, of the strains dEmbialong T and L at each position during the sdea
along T and L at each position. TSpi (LSpi): tartg@rflongitudinal) strain at position TRpi (LRpi) tangential
(longitudinal) release at positiona: T strain during release along ;T strain during the release alongd.L

strain during the release alongdr;L strain during the release along L.
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