Ann Sci For (1994) 51, 301-313 301
© Elsevier/INRA

Original article

A study on growth stresses, tension wood
distribution and other related wood defects
in poplar (Populus euramericana cv 1214):
end splits, specific gravity and pulp yield

P Castéra 1, G Nepveu 2, F Mahé 1, G Valentin !

! Laboratoire de Rhéologie du Bois de Bordeaux (CNRS / INRA / Université de Bordeaux),
Domaine de I'Hermitage, BP 10, Pierroton, 33610 Cestas ;
2 INRA, Station de Recherche sur la Qualité des Bois, Centre de Recherches Forestiéres,
Champenoux, 54280 Seichamps, France

(Received 25 January 1993; accepted 1st December 1993)

Summary — The development of radial shakes after felling the tree has been observed on
transverse sections of 15 poplar logs. The importance of end splitting is related to the distribution of
internal stresses in the stem (growth stress), the angular variations of wood structure {(specific
gravity and pulp yield), and the transverse mechanical resistance of wood. To investigate growth
stresses, longitudinal displacements after stress release were estimated at the periphery of the
stem using the single hole method. At least 4 measurements were necessary to estimate the
maximum displacement value and the circumferential heterogeneity of the stress field. The position
of this maximum was generally found on the upperside of the trees. To examine end splitting, the
radial and longitudinal extension of splits were roughly estimated for all visible shakes occurring on
cutting sections near stress measurements (breast height). Shakes were also measured for
comparison at the felling section of the logs. The dimensions of the longest shake were used as an
indicator of the severity of end splitting. A complete map of wood basic specific gravity was made at
the breast height level for all trees. This is associated with pulp yield measurements, an increase in
density and pulp yield being generally considered as an indicator of gelatinous fibres. Peak values
of growth stresses in the stem were associated with a significant increase in pulp yield and specific
gravity. The study was completed by a set of experiments on resistance to crack propagation via
TR bending specimens. The critical stress intensity factor K| was calculated. Quantitative
measurements of end splitting have proved to be a useful tool for assessing the technological
impact of growth stresses in trees; the importance of cracks is clearly related to the maximum value
of displacement at stress release. However, crack propagation can also be explained by cell-wall
properties and transverse cohesion of green wood. Further research should focus on this second
aspect, in order to determine structural properties of importance in crack propagation.
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Résumé — Contraintes de croissance, bois de tension et défauts associés chez le peuplier
1214. Fentes d’abattage, densité du bois et rendement en fibres. L'influence de contraintes
internes élevées dans l'arbre, et du comportement mécanique transverse du bois, sur l'importance
des fentes d’abattage, a été étudiee chez 15 peupliers 1214 (clone sensible au probléme) agées de
30 ans. Pour ces arbres le protocole suivant a été adopté : i) Estimation des déformations
residuelles en 4 points a la périphérie du tronc, & une hauteur de 1,30 m. La position du pic de
déformation est généralement estimée par la direction d'inclinaison de I'arbre mesurée sur 6 m. ii)
Quantification des fentes sur la section d’abattage et sur une section voisine des points de mesures
des déformations : longueur et profondeur maximale estimée des fissures. Les dimensions de la
plus grande fente ont été prises cornme indicateur de l'importance des fentes. iii) Cartographie de
densité : des rondelles prélevées dans la méme zone ont été découpées en 24 secteurs angulaires
et 4 tranches radiales correspondant a des événements précis (années d’élagage, éclaircie). La
présence de bois de tension est évaluée par des zones de densité plus élevée. L’estimation a été
complétée par des mesures de rendement en pate (présence de fibres gélatineuses). La notion de
«bois de tension» est dans notre esprit plus mécanique qu'anatomique, et traduit effectivement un
changement des propriétés du bois dans les zones plus tendues de l'arbre. iv) Résistance a la
propagation de fissure : I'étude a été complétée par des essais de propagation de fissure en
mode | réalisés sur des éprouvettes de flexion 3 points en configuration TR (éprouvette SENB,
propagation radiale). Cette étude montre qu'une estimation méme simplifiée de la fissuration a
l'abattage met en évidence I'impact technologique des contraintes de croissance : les arbres pour
lesquels des fentes importantes ont été observées présentaient également des pics de contraintes
internes. Les cartographies de densité montrent clairement des secteurs de surdensité dans les
zones «tendues», parfois limités a la périphérie du tronc, parfois trés précoces (prés de la moelle).
Enfin la fissilité du bois, indicateur de cohésion cellulaire, semble également jouer un rble dans la
variabilité de la fissuration. Ce deuxiéme aspect devrait étre développé ultérieurement.
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INTRODUCTION symmetric distributions of specific gravity
around the stem, but the only standard test
up to now is the anatomic identification by
colorific techniques of gelatinous fibres. The
role played by reaction wood in growth reg-

The development of internal stresses in the
stems of trees has been widely discussed in
recent literature (Archer, 1986; Fournier et ulation (stem movements) has been the
al, 1991, .1992; Okuyama et al, 1992). The subject of recent publications (Delavault et
technological consequences of stress redis- al, 1992).
tribution after felling the tree and processing
the logs is of economical importance for a
number of hardwood species, such as
poplar, eucalyptus, and beech. End splits
of logs, when severe, can dramatically
reduce the output in sawing or peeling pro- niques. A number of authors have exam-
cesses. The quality of products is also ined this problem, eg, Boyd (1955),
affected by the presence of woolly wood, g nacie (1968, 1973), Priest et af (1982)
usually comblnec! with higher growth-stress 4 recently, Persson (1992), among oth-
values at the periphery of the stem. ers. From a mechanical point of view the
Tension wood is usually found on the  occurrence and propagation of radial
upperside of leaning trees. Severe tension  shakes at the end sections of logs depend
wood zones can be detected visually (woolly ~ on 2 factors: the loading conditions of the
surfaces) or estimated indirectly by dis-  structure (local stress field); and the mate-

The literature is not as extensive on
important problems such as end splitting of
logs, twists or bows of beams prior to drying,
and their possible control by cultural treat-
ments, choice of clone or processing tech-
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rial behaviour (elastic and viscoelastic
deformability, crack growth strength). Cal-
culations of stress redistribution after felling
have been discussed by some authors (Wil-
helmy-Von Wolif, 1971; Mattheck, 1991).
These workers show that the highest prob-
ability of crack initiation occurs near the pith,
due to high tangential stress. In fact end
splits are very frequent in logs. Observa-
tions made on samples of poplar logs in dif-
ferent stands indicate that the proportion of
logs that contained no visible shake imme-
diately after felling was less than 10%
(observations made with the help of the
technical Division of the ONF, National For-
est Office).

The second factor to be studied is related
to the propagation conditions of existing
shakes, which mainly depend on material
properties. An illustration of this is given in
figure 1, showing the radial extension of end
splits between time 0O after felling 24 h later.
The initial distribution of shake lengths in
the sample of logs is dissymetric, with a
maximum occurrence of small shates and a
few large ones that generally reach the out-
side. The extension of splits within 24 h is
represented by a deviation of points from
the straight line y = x. However, these obser-
vations only give a rough estimation of splits
extension, which occurs in the radial direc-
tion, which is limited by the log diameter
and the longitudinal direction.
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Fig 1. Radial extension of end splits at the end
of the log within 24 h of felling the tree.
Measurements have been made on 4 mature
poplar stands in the south-east France and
about 20 trees per stand. The straight line y = x
represents no extension.

In this paper we analyze the severity of
end split in 15 poplar trees (Populus
euramericana cv 1214} in terms of growth
stress, tension wood occurrence and crack
growth strength measured on air-dried
specimens. The trees were sampled in a
mature ONF plantation and had been sub-
mitted to various pruning conditions over 2
different periods. One objective is to pre-
dict the probability of end splitting before
telling the tree by growth strain measure-
ments. Another aspect concerns the pre-
diction of tension wood by density mea-
surements at different angular positions on
a stem. Finally, this study is an attempt to
use crack propagation experiments to
explain end splitting of logs.

MATERIALS AND METHODS

Fifteen trees were sampled in a 28-year-old exper-
imental poplar plantation. The stand belongs to
the ONF. Different cultural treatments have been
applied to the stand. In 1968 an initial pruning
treatment was carried out, when the trees were
6 years old. The objective was to compare 2 dif-
ferent pruning intensities, at 50 and 60% of the
total height of the trees. Some of the trees in the
stand were kept unpruned for reference. The same
pruning operations were repeated in 1972 and
1976, in order to maintain the pruning level at 50
and 60% of the current height. Finally, a thinning
treatment was made in the plantation in 1986.

Our sample contains 5 unpruned trees, 7
pruned trees at the 50% level, 3 pruned trees at
the 60% level. It should be noted that pruning
poplar trees is often aimed at improving the form
of the stem (suppression of forks) and is expected
to have an effect on tension wood and growth
strain distribution. However, this effect will not be
analyzed here due to the limited sample size.

The mean leaning angle of the trees was mea-
sured on a 6 m height; in the following sections
position 1 always refers to the upperside of the
stem. To complete the description, we also mea-
sured the extension of the crown in 4 perpendic-
ular directions, and the shape defects of the stem
(curvatures, torsion) were described qualitatively.
The main morphological features of the trees are
given in table |.
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Table 1. Morphological characteristics of the trees.

P Castera et al

Tree No Crown radius Pruning H o Stem form
Ry Ro Rz Ry

11 5.8 5 7 6.8 60% 35.3 43 1 fork
23 3.5 6.8 7.5 6.7 60% 373 70 curved
39 4.1 5.5 5.2 6.3 50% 35.3 83 flexuous
48 4.4 8 5.7 41 unpruned 37.3 98 2 forks
58 3.7 6.9 5 4.1 60% 38.3 - flexuous
67 3.4 4.1 53 6.2 unpruned 40.3 100 forks
78 25 3.9 3.8 37 50% 37.8 95 forks
80 3.3 7.2 6.4 6.7 50% 37.8 69 flexuous
81 2.6 6.4 4.5 6.5 50% 37.3 86 tilted
88 3.6 4.9 55 5.9 unpruned 37.8 53 forks
89 59 6.1 5.3 6.2 unpruned 37.8 49 flexuous
90 4.8 4.8 7.7 6.4 50% 36.3 92 tilted
92 3.8 5.2 3.9 5 50% 35.3 58 flexuous
94 5.3 53 5.2 6.8 50% 38.3 71 flexuous

100 3.7 7.5 5.8 8.5 unpruned 37.8 66 straight

R; crown radius at position / (m); oz deviation from the vertical position (horizontal distance in cm between the
position of the stem at a 6 m height and the base); H: height (m).

Growth strains

Residual longitudinal strains were measured on
standing trees at breast height level. We used
the single hole method (Archer, 1986) to esti-
mate the tensile strains in the fibre direction at
the periphery of the stem. With this method we
measured a displacement after stress release.
The values themselves are not of great interest
but we can analyze angular variations of these
displacements for different trees by this method.
Actual growth-strain values can be evaluated by
a mechanical analysis of stress redistribution
around the hole with underlying assumptions on
the mechanical behaviour of green wood (Archer,
1986), but this is not the purpose of this study.

Measurements were usually made in 4 per-
pendicular directions. In most cases this was
enough to approximate the maximum displace-
ment value, corresponding to the upperside of
the stem (position 1). However, for a few trees
the distribution around the stem did not indicate
the position of this maximum clearly, and com-
plementary measurements were necessary. Fig-
ure 2 shows the distribution of displacements at

tree n°78 tree n°67
90 displacement at 90

stress release 60
“g' °

270

displacement at
stress release

180

Fig 2. Angular distribution of displacements at
stress release (microns) in the stem. Position 0
on the right refers to the upperside of the
leaning tree (position 1 in the text). The
maximum strain is generally found at this
position (left).

stress release that is normally observed around
the stems with the expected maximum in posi-
tion 1, and the distribution that was measured for
one particular tree. This remark emphasizes the
fact that displacements, and their corresponding
growth strains, do not follow simple angular dis-
tributions, and the observed maximum value may
underestimate the actual maximum.
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End splitting

The occurrence and development of end splits
were recorded at the felling section and a sec-
ond transverse section near the stress mea-
surements. In the first case the observed shakes
are the consequence of the growth stress redis-
tribution combined with the impact effect of felling.
in transverse sections that were cut after felling
the development of shakes is more directly related
to the stress field in the stem.

The orientation and radial and longitudinal
extension of shakes have been measured as indi-
cated in figure 3a. The measurements only give
rough estimations of crack dimensions, and
should be considered as qualitative rather than
quantitative information on the severity of end
splitting. The maximum depth of shakes was esti-
mated by the penetration of a flat graduated rule.

Using one particular example, figure 3b shows
that the form of end splitting was usually different
on the felling section and the section at breast
height. On the following sections only the mea-
surements at the breast height leve! will be con-

sidered.
[ )] breast height
sm level

upperside upperside

felling section section at breast height

L: radial extension (crack length)
D: longitudinal extension (depth]

sm: displacement ement hole

p

R: ringshake

Fig 3. Top: qualification of end splitting in logs.
Measurements were made both on the felling
section and at breast height level. Bottom:
variations in end splitting between the 2
sections for one particular tree. Most shakes
initiate from the pith.

Tension wood

Discs were collected near the strain measure-
ments and divided into 24 angular sectors and 4
radial zones, giving 96 wood samples for each
log. From these samples, a map of wood den-
sity was established for all trees. The innermost
samples (first zone) correspond to the period of
growth before the first pruning (1962-1968), the
second radial sector represents the period
between the first and third pruning operations
(1969-19786), the third sector ends before the
thinning treatment (1986),and the outermost zone
starts after thinning. An example of the maps is
given in figure 4. Dark zones correspond to higher
density values.

This map was completed by a qualitative nota-
tion of woolly wood on 450 wood samples rep-
resentative of the range of variability of wood
density in the 4 radial zones. Finally, the pulp
yield of each sample was measured.

All measurements on discs were carried out at
the Wood Quality Research Laboratory at INRA
Nancy. Due to the large number of samples, an
anatomical verification of tension wood occur-
rence (gelatinous fibres) by standard colorific
methods, has only been made for 2 trees in this
study.

Crack growth strength tests

Crack growth strength can be estimated by load-
ing a precracked specimen and measuring the
critical load at the onset of unstable growth. This
is the aim of fracture mechanics, which is usu-
ally applied in timber engineering (Ashby et al,
1985). A material property called fracture tough-
ness K can be deduced from the critical load
and a geometric calibration factor (see for
instance, Valentin et a/, 1991).

To allow a complete interpretation of crack
development, wood samples were cut in posi-
tions 1 and 3 (opposite) of 7 characteristic logs
near strain measurements (figure 5a) and stored
until they reached a final average equilibrium
moisture content of 12% (storage for 3 months
at 20°C and 65% RH). The logs were chosen to
be representative of the variability of growth stress
(estimated by the residual displacements). The
fracture toughness was calculated on SENB (sim-
ple edge notched in bending) specimens on a
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Fig 4. Map of wood density on discs collected at breast height and divided into 4 radial zones and

24 angular sectors (example).

[m upperside of the stem

position 1

30 nm]: .

1 %o

| _
! 130 nun i

gevmetry of the SENB specimen in 1R configuration

Fig 5. Sampling procedure and methodology
for the mechanical tests. Tests were
performed in air-dried conditions at room
temperature.

bending apparatus equipped with a 100-DaN load
cell. Experiments were carried out at the Wood
Rheology Laboratory in Bordeaux.

The geometry of the specimens in shown in
figure 5b. The dimensions were 150 x 30 x 20
mm. The initial crack is radially oriented and the
normal direction to the crack plane is tangential

(TR geometry). Under this loading condition, the
propagation occurs in the opening mode (mode 1)
and is perpendicular to growth rings, that is, sim-
ilar to radial shakes. This direction of cracking
has been studied previously by Sobue and Asano
(1987).

On each test, we recorded the load applied,
the displacement of the load, and the crack open-
ing with a LVDT transducer. From the results a
critical stress intensity factor K| was calculated.
Some experiments were performed in green con-
ditions but the estimates obtained for K were
not as precise.

RESULTS

Three trees from the whole sample exhibited
severe end splitting (estimated as the
length of the longest shake). However, end
splits developed on all logs, which confirms
the general propensity of this clone to have
this problem. The general features of end
splitting, and related displacement values,
specific gravity and pulp yield for the sam-
ple are presented in table Il. The values of
specific gravity and pulp yield have been
calculated for the same sample and only
the between-tree variations are presented
here.



Growth stresses and felling shakes in poplar 307

Table Il. Displacement after stress release, end splitting, specific gravity and pulp yield values.

Average Maximum Minimum CV (%)™
End splits
Felling section
Number 4 8 1 40
Length (cm) 11.8 28.5 2.0 52
Breast height
Number 5 8 2 49
Length (cm) 7.8 32 1.0 55
Displacements ()
1 237 339 109 26.6
2 85 284 42 68
3 69 93 43 22
4 64 115 46 25
Basic specific gravity (g/dm3)
Core zone 284 303 263 3.6
Outer zone 314.5 332 302 21
Pulp yield (%)
Core zone 481 51.5 46.6 24
Outer zone 51.2 52.6 49.9 1.6

* CV %: coefficient of variation (between-tree variability only).

Distributions of the variables

The distributions of displacements at stress
release values &, basic specific gravity S,
shakes length L and pulp yield py are pre-
sented in figure 6a—d. The & distribution rep-
resents an average of 4 measurements per
tree. The histograms of displacement val-
ues, specific gravity and pulp yield mea-
surements exhibit a dissymmetrical form,
the right part generally corresponding to
position 1 in the stem. Two populations can
be separated, with an average value and a
standard deviation for each population. One
of these is composed of normal wood and is
homogeneous in Sg, § and py. The second
population corresponds to the peak values
of all variables, and is called ‘tension wood’,
although the anatomical features of tension

wood are not necessarily present. The term
‘tension wood' refers to positions in the stem
where higher growth stresses are observed.
The values in this region are scattered due
to different degrees of dissymetry in the
stems. The dissymetrical form of the angu-
lar distribution of growth stresses seems to
occur regularly in tree stems, as noted by
Fournier et al (1992).

Angular variations of growth stress,
wood specific gravity and pulp yield

The circumferential heterogeneity of din the
stem is defined as the ratio of the peak value
Snax (tension zone) and the minimum value
observed. The local heterogeneity is the
ratio of the displacement value at position x
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Fig 6. Distributions of the main variables: displacement at stress release (4 measurements per
tree); specific gravity (96 measurements per tree); length of end splits; and pulp yield.

(the angular position) and the minimum
value. Similar definitions of heterogeneity
are given for specific gravity and pulp yield.
In figure 7 the heterogeneity of specific grav-
ity Sg(x)/Sgnmin has been plotted against the
heterogeneity of displacements &x)/ &, for
some typical trees. Position 1 usually cor-
responds to peak values of displacements at
stress release as well as specific gravity.
This confirms the relationships existing
between wood structure and growth stress
in the stem. However, the combined evolu-
tion of these 2 parameters differs from tree
to tree, and in some cases the respective
positions of Sgma, and &, are different

(tree No 89 for instance). Furthermore, the
area of the polygon [1,2,3,4] is variable,
which indicates that the extension of the
tension zone is also variable.

The angular and radial variations of spe-
cific gravity and pulp yield have been cal-
culated from all disc maps. Two examples of
the variations of these parameters are
shown in figure 8.

Individual variations in radial patterns of
these parameters depend on the history of
each tree. The thinning treatment had an
effect on specific gravity and probably ten-
sion-wood occurrence, although this obser-
vation needs to be confirmed. In the case
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Fig 7. Circumferential heterogeneity in growth strains and specific gravity for some typical trees.
Positions 1, 2, 3, 4 refer to angles of 0, 90, 180, 270° around the stem.

of tree No 88 the angular dissymmetry in
specific gravity and pulp yield seems to be
directly related to the thinning treatment.

On the other hand, tree No 67, which was
severely damaged after felling, presented
a different radial pattern, with peak values in
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Fig 8. Angular variations of specific gravity (map) and pulp yield for 2 characteristic trees.

pulp yield and specific gravity appearing
very early.

Relationships between maximum
displacement values and end splitting

From a technological point of view the major
indicator of the importance of end splitting is
the development of the largest shake on the
transverse section, je radial extension and
development along the fibre axis. To esti-
mate the importance of damage, we used a
single parameter, either the radial exten-
sion L or the product LD (surface) of the
shake. Figure 9 shows that the between-

tree correlation between L or LD and the
peak displacement value is significant, with
a coefficient of determination equal to 0.67
and 0.79, respectively. With the surface the
best relationship is exponential:

LD = s = 262.43%xp (0.015%5,,,) + Res

where L = maximum length in mm; D =
depth in mm and &5, maximum displace-
ment at stress release (microns); Res repre-
sents the residual deviation from the regres-
sion curve.

As a conclusion to these results, we can

say that the individual variability of end split-
ting can be explained, to some extent, by
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Fig 9. Top: relationship between maximum
crack length and §y5x; bottom: relationship
between crack surface LD and dyax-

different growth-strain patterns in tree stems.
High strain values increase the probability of
shake development. The angular hetero-
geneity of specific gravity exhibits a good
correlation with the dissymmetry of growth
strains and could therefore be used as a
predictor of tension wood in the stem.

Variability of fracture toughness

The average critical stress intensity factor
K calculated from specimens collected in
tension zones and normal zones did not dif-

fer significantly in our sample. Differences
appear when plotting K| against specific
gravity, because specific gravity is gener-
ally higher in tension wood, as indicated in
previous sections. The mean values for this
parameter in normal wood and tension wood
for each of the 6 logs are given in table lIl. A
large variability has been found for K¢,
partly due to experimental conditions. The
position of the crack tip in the ring has a sig-
nificant influence on the critical load Fgq, from
which K¢ is calculated. When the crack tip
is in the earlywood the mean value of K¢
is 15.2% lower than when the crack tip is
in the latewood. Initial crack length was
about half the height of the specimen but
the current length was not known exactly
until the specimen was broken; the position
of the crack tip could not be controlled accu-
rately.

Figure 10 shows the combined variability
in Kic and dnay for the 6 trees sampled. Note
that trees No 67, 90 and 78 were charac-
terized by large end splits, while trees No
88, 100 and 39 did not exhibit severe end
splitting. For trees No 67 and 90 end splitting
is clearly related to high growth stresses in
the stem. In the case of tree No 78, which
was also severely damaged, the critical
stress intensity factor is lower and therefore
end splitting occurs at lower peak values of
growth stresses. Although the major effect
remains the amplitude of growth stresses
in the stem, je the loading of the crack, we
believe that the ultrastructural properties of
wood (cell-wall composition), which play a
role in the propagation of cracks, might
explain the differences between severely
damaged logs and defect-free logs. The bio-
logical control of these 2 factors, ie growth
stresses and cell-wall properties, may be
quite different. Growth stress mainly
depends on the individual history of trees,
including silvicultural factors, such as thin-
ning or pruning, while the composition of
the cell wall might result from the combined
effects of heredity and soil characteristics.
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Table Ill. Criticial stress intensity factor measured in tension and normal zones for 7 typical trees
(air-dried conditions).

ture toughness tests made by scanning elec-
tron microscopy (SEM) indicate different
paths in green and air-dried specimens. In
laboratory conditions (air-dried specimens),
crack propagation generally occurs through
the cell-wall layers. In green conditions, the
crack mainly progresses in the middle
lamella and primary wall, and only the ves-
sels are broken.

Tree No Kjc (MPasim)
Normal wood Tension wood
Average CV (%) Average CV (%)

39 0.309 17 0.216 2.5
56 0.192 23 0.264 14.8
67 0.315 2.5 0.320 34
78 0.232 8.6 0.202 16.7
88 0.202 4.9 0.233 16.3
90 0.204 7.3 0.264 9.6
100 0.287 15.3 0.266 3.23
Average 0.26 £ 0.06 0.25+0.05

Observations of crack surfaces from frac-  DISCUSSION

From a technological point of view growth
stresses in stems significantly affect the log
quality and wood properties. Mean values of
displacements at stress release do not dif-
fer greatly from tree to tree, but the pre-
sence of a local peak value is essential. The
redistribution of the stress field after felling
the tree results in radial shakes, with a vari-
able degree of severity, depending on the
amplitude of the maximum displacement

maximum

350 ¢ displacement n°67 value. The dimensions of the most signifi-
330 i I, - cant shake are related to the value of this
310 maximum. This is of course of interest in
290 the prediction of the probability of end split-
270 1 078 ting before felling, and could lead to pre-
250 . . cautions to avoid (or limit) this problem.
20 . e Peak values of growth stress generally resuilt
?;g n°g8 n°100 from tree leaning, although the intensity of
170 leaning does not explain the maximum strain
150 X , value.

0,15 0.2 0.25 0.3 0,35 Angular variations of specific gravity in

critical stress intensity factor K1c MPa. m1/2

Fig t0. Variability of fracture toughness and
maximum displacement.

the stem exhibit good correlations with peak
strain values and tension wood, as esti-
mated by pulp yield measurements. If ten-
sion wood occurrence were partly under
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genetic control, this character could be effi-
ciently used in early selection. This could
be a field of investigation for future research
in poplar selection.

The use of fracture mechanics to investi-
gate the structural factors (anatomy and
cell-wall properties) that determine the con-
ditions of crack propagation is also a promis-
ing field. Our preliminary results show that a
large variability exists, within one clone and
one site, in fracture toughness calculated
in air-dried conditions. The extension of such
results to explain crack propagation in green
conditions when several cracks are present
is a complex problem. Future investigations
will certainly focus on this problem.
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