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Abstract

Wood shrinks during drying, with the departure of bond
water. Along the fibre direction, the magnitude of this shrink-
age is mainly governed by the orientation of cellulose micro-
fibrils (MF) in the cell wall. However, tension wood has an
unexpectedly high longitudinal shrinkage considering the
fact that MFs are oriented nearly parallel to the cell direction.
This effect is thought to be caused by the gel collapse of the
G-layer; however, some species producing a tension wood
without a G-layer also exhibit a higher longitudinal shrink-
age than normal wood. The aim of this study is to analyse
the contribution of maturation stresses to drying shrinkage.
Longitudinal and tangential drying shrinkage of tension
wood and normal wood were measured on two sets of
matched chestnut wood samples. The first set was directly
oven-dried, whereas on the second set, a hygrothermal treat-
ment released the maturation stress before oven-drying. The
analysis of the strains during each step of the procedure
revealed that part of the drying shrinkage is caused by the
release of internal stresses during the desorption process.
Finally, a tentative schematic model is proposed, taking into
account the cumulative contributions to longitudinal drying
shrinkage.
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Introduction

It is still a challenge to reduce the high water content of
wood in living trees to the level needed for wood utilisation
and to avoid shrinkage-associated damages during drying.
The magnitude of wood shrinkage is highly anisotropic.
Typically, for a temperate hardwood it amounts 0.1-0.2%
along the fibre axis (L), 3—5% in the radial (R) direction and
6—10% in the tangential (T) direction. In the transverse
plane, the magnitude of the shrinkage is highly affected by
the cellular structure, while in L direction shrinkage is

mainly governed by the cell wall organisation. Barber and
Meylan (1964) proposed a model, which was refined by
Barber (1968), simplifying the cell wall to its S2 layer. Later,
more sophisticated models were proposed, integrating other
properties, changes in matrix behaviour during drying and
considering the different cell wall layers (Barrett
et al. 1972; Cave 1972a,b, 1978; Gril et al. 1999; Yamamoto
1999; Yamamoto et al. 2005). In these models, the sites of
water sorption-desorption are located in a hygroscopic
matrix. As known, this matrix is reinforced by the stiff cel-
lulose microfibrils (MF) that restrain hygroexpansion in the
direction parallel to their axes. Thus, microfibril angle (MFA)
is the determinant factor of L shrinkage. A low MFA induces
low L shrinkage and a high MFA has the opposite effect.
This relationship is clearly observed in juvenile wood (JW)
or compression wood (CW), where the MFA is very large.

However, these models cannot explain the behaviour of
tension wood (TW) in which MFA is always very low
(Ruelle et al. 2006), while macroscopic L shrinkage is
always higher than in normal wood (NW) (Clarke 1937,
Chow 1946; Clair et al. 2003a,b; Washusen et al. 2003;
Yamamoto et al. 2010; Ruelle et al. 2011). The L shrinkage
is especially high (up to 10 times higher than in NW) in
species in which TW is associated with the production of the
so-called G-layer. It was shown that, in these species, the
shrinkage is caused by the mesoporous texture of the G-layer
and its collapse during drying (Clair et al. 2008). However,
there are species without a G-layer in their TW, and the L
shrinkage is still twice as high than in NW (Ruelle et al.
2011). This behaviour is difficult to interpret.

A recent study on the behaviour of wood during ethanol
exchange shows that non-negligible residual strain occurs
during the sorption-desorption process (Chang et al. 2009).
These strains, observed both on chestnut (a species that pro-
duces a G-layer) and simarouba (which forms TW without
G-layer), were attributed to stress release in the sample
owing to the molecular mobility operating as a softener of
the cell wall. The observations of Abe and Yamamoto (2007)
also substantiated the suspicion that stress release occurs dur-
ing drying. The quoted authors studied the effect of boiling
tension of wood during drying and demonstrated that L
shrinkage is lower after boiling compared with unboiled
samples.

The background of the present work was the hypothesis
that a part of the strain occurring during drying is linked to
the release of auto-stress accumulated in the sample during
wood formation (maturation stress). Drying shrinkage of a
(auto-stressed) native sample should be studied after being
released from maturation stresses. A well-established way to
release stress in wood is hygrothermal treatment at around
80°C under wet conditions (Kiibler 1987; Chafe 1992; Gril
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and Thibaut 1994; Jullien and Gril 1996). This treatment,
also used in industrial process as steaming, is called hygro-
thermal recovery (HTR) as it allows the recovery of locked-
in strains resulting from maturation stresses (Kiibler 1987).
It is done under water and the collapse of the gel in TW is
avoided; strain occurring during treatment can only be attrib-
uted to stress release.

Thus, in the present work, drying shrinkage of NW and
TW of chestnut was measured on two sets of matched sam-
ples. The first set was directly oven-dried, whereas oven-
drying was preceded by a bath in hot water (80°C) during
one hour on the second set. A comparison of the two sets
allows identification of the amount of strain both in native
auto-stressed and non-stressed samples. The expectation was
to obtain information on the contribution of locked strain
recovery on total strain measured during drying.

Materials and methods

Experiments were performed on 10 samples of NW and 10 samples
of TW taken from a tilted chestnut tree (Castanea sativa Mill.) in
which TW was characterised by a large amount of thick G-layer
and high mesoporosity (Clair et al. 2008). After falling the tree,
wood was stored as log in a room at 5°C during several months
with special care to avoid any drying. Samples were kept green
(never dried) at the beginning of experiments. Sample size was
2x10X60 mm® (R, T, and L).

Samples were divided in two paired sets, A and B. Samples from
set A were directly oven-dried at 102°C. Set B samples were subject
to hygrothermal (HT) treatment by heating in water for 1 h at 80°C
and then slowly cooled down. Then, the samples were oven-dried
at 102°C.

Sample dimensions were measured in L and T directions with a
digital micrometer (0.001 mm precision) first under never-dried con-
ditions (sets A and B), then after heating and cooling down (only
set B), and lastly after oven-drying (sets A and B). Macroscopic
strains are defined as follows:

For set A and B, total strain: &,,=(Douen-ary-Dgreen)/Dgreen
For set B only, HT strain: &y7=(Dy7-D green)/Dgreen

Pure drying strain: &pp= &,,-&nr
where D,,.... Doven-ary Dy are the dimension (L or T) in green state
after oven drying and after hygrothermal treatement, respectively.
On each sample, the MFA was measured by X-ray diffraction with
a four-circle diffractometer (Oxford Diffraction Gemini S) equipped
with a 1024X 1024 CCD camera. CuKa, radiation was generated
by an X-ray generator operating at 50 kV, 25 mA. Images were
integrated between 26 =21.5° and 23.5° along the whole 360° azi-
muthal interval to plot the intensity diagram of the (200) plane. An
automatic procedure allowed the detection of the 200 peaks and
their inflexion points. The T parameter, as defined by Cave (1966),
was measured as the half distance between intersections of tangents
at inflexion points with the baseline. The average MFA of each
specimen was estimated by the ‘improved Cave’s method’ (Yama-
moto et al. 1993). The results are given as the mean of values
obtained for the two (200) peaks.

Results

Figure 1 presents the data of all strain measurements per-
formed in this study and Table 1 gives the value of the mean
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Figure 1 Longitudinal (L) versus tangential (T) strains measured
on normal wood (open symbols) and tension wood (filled symbols).
Square, HT strain on set B (&£”;,); triangle, pure drying strain (£%,,)
on set B; circle, total strain on set B (&”,,); diamond, total strain
(&*,,,) on set A.

strain and the corresponding confidence interval (at 95%).
The L-strain results for the HT treatment showed that NW
swelled slightly (eyr=-0.04%), while TW shrunk signifi-
cantly more (eygp=-0.14%); for the T-direction, both NW
and TW swelled but the TW swelled more than three times
more.

During the pure drying phase, TW shrunk slightly more
than NW along the T direction and, in the L direction,
shrinkage was three times higher in TW compared to NW.
The total drying strain was not statistically different between
sets A and B with approximately 0.7-0.8% L shrinkage in
TW compared with 0.1-0.2% in NW and 5-6% T shrinkage,
both in NW and TW. This implies that the total strain is not
affected by the HT treatment in NW or in TW.

Figure 2 presents the MFA of each sample and the cor-
responding strains. These measurements confirmed the low
MFA in TW compared with NW and showed the large range
of MFA in TW compared with NW, which is more homo-
geneous in MFA. Finally, the similar repartition of MFA
values in samples from both sets confirmed the good quality
of the matching. Considering all samples of a given set, the
high contrast between NW and TW made the relationship
between strains and MFA always highly significant. For
HTR strains along L, the tendency was a slight swelling for

Table 1 Mean strain and confidence interval at 95% (mean+CI)
for each step of the experiment on normal wood (NW) and tension
wood (TW).

L %o (%) Pyr (%) %o (%) &P o (%)
™ -0.7610.08 -0.14%0.05 -0.64%0.05 -0.78%0.08
NW -0.13+0.05 0.04£0.02 -0.2010.03 -0.1610.04

T ™Mo (%) &Pur (%) &"%p (%) &P (%)
™ -5.53%0.82 0.58%+0.26 -6.64%0.53 -6.0610.38
NW -5.03+0.62 0.15+0.15 -5.3710.66 -5.22+0.55
L, longitudinal direction; T, tangential direction.

A and B index refer to the name of the set; &,,, total strain; &,

HT strain; &pp, pure drying strain.
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Figure 2 Longitudinal (L) and tangential (T) strains measured on samples supposed to be normal wood (open symbols) and tension wood
(filled symbols) as a function of their microfibril angle (MFA). Square, HT strain on set B (&”y;); triangle, pure drying strain on set B

(&®pp); diamond, total strain on set A (&,,,).

large MFA and a shrinkage for low MFA, whereas, along T,
the swelling increased with decreasing MFA. For drying
strains (£%,p, &%, and £%,,,), the statement is valid: the lower
the MFA, the higher the shrinkage, both along the T and L
directions. Maximum L strains appeared when MFA was the
lowest, i.e., when the amount of G-layer was the highest.

Discussion

HTR strain data confirmed the few data available in this
regard: T swelling is higher in TW compared with NW (Gril
et al. 1993). For the L direction, no literature data were
found.

There is a clear difference between the behaviour of NW
and TW in pure L shrinkage (£°,5), which is also visible in
total strain (&*,,, and £%,,). This distinct difference indicates
that a continuum does not exist concerning the mechanism
of pure-drying shrinkage from NW to TW. This can be
explained by the presence of the G-layer in TW, in which
drying produces gel collapse inducing very large L macro-
scopic shrinkage (Clair et al. 2008). In the T direction, as
reported by Fang et al. (2007), the effect of gel collapse only
slightly affects the transverse shrinkage because of the com-
bination of a low transverse stiffness of the G-layer and the
absence of a restricting S layer.

No significant differences are recorded in the total shrink-
age of the two sets of samples (&*,,, and &%), proving that
HT treatment does not produce additional strain or restrain
deformation of the sample. Accordingly, part of the total dry-
ing strain is a result of a strain that can be released by HT
treatment. This was previously suspected from a study on the
effect of boiling on TW showing that L. drying shrinkage is
less after boiling compared with unboiled samples (Abe and
Yamamoto 2007).

Then, the strain which is occurring during drying could
be considered as the super-position of three effects at the cell
wall level:

1. The effect of the space-loss occupied by water. This
effect is the best described in the literature and is gen-
erally considered as the only effect allowing shrinkage at

the cell wall level. The larger the MFA, the higher the
axial shrinkage is and the lower the transverse shrinkage
of the wall. This has been largely verified experimentally
and by modelling. On our data set, this can also be clearly
observed in the T direction. Along the L direction, despite
the narrow range of MFA in NW, the relationship is sig-
nificant (r*=0.17, n=10) among NW samples. In TW,
the relationship is hidden by the gel-collapse effect.

2. The effect of strain recovery, which is visible mainly in
highly pre-stressed wood (TW), but which is not negli-
gible in NW either. This effect implies that something
occurs during normal drying that allows stress release,
e.g., during HTR. Several factors could contribute to the
stress release. First, during the first phase of the drying,
the high moisture content (MC) associated with temper-
atures above 80°C creates conditions of hygrothermal
recovery. Additionally, the desorption process occurring
during drying acts to destabilise macromolecules and
produce a softening of the wood material. This pheno-
menon, known as ‘mecanosorption’, is explained by the
molecular mobility during sorption/desorption processes
(Armstrong and Kingston 1960; Hunt 1986). Similarly,
exchange from water to alcohol allows the release of
internal stress in TW samples (Chang et al. 2009). In this
later study, the authors showed that stress release does
not depend on the presence of a G-layer.

3. The effect of gel collapse, dominating over the previous
effects, but occurring only in G-layer TW (Clair et al.
2008). This effect produces a rupture in behaviour from
NW to TW and can occur only in species producing a
G-layer.

A tentative schematic model of L shrinkage is proposed
in Figure 3. An equivalent simple model is not possible in
the T direction because of difficulties in taking into account
structural effects at the level of cell organisation and because
the transverse behaviour of the G-layer is not yet gene-
ralised. Figure 3 illustrates the cumulative contribution of the
three effects discussed above as a function of the maturation
strain than can be measured in the standing tree. In this
model, water departure strain depends on MFA. MFA is
supposed to decrease from CW (positive maturation strain)
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Figure 3 Schematic model of the three cumulative contributions
to longitudinal shrinkage as a function of the maturation strain.
Green squares, strain caused by stress release; orange triangles,
strain caused by water departure; crosses, strain caused by G-layer
collapse. Plain line (green), resulting shrinkage on wood from spe-
cies not producing G-layer; dotted line (red), resulting shrinkage on
wood from species producing G-layer.

to NW. In TW, MFA is close to zero and then prevents most
of this source of L shrinkage. The water departure shrinkage
was computed with a shrinkage perpendicular and parallel to
the microfibrils at 3% and 0%, respectively, and with a MFA
varying from 35° in CW (maturation strain=300 p¢) to 0
in TW (maturation strain=-900 to -2000 g). The released
strain was supposed to be equal to the maturation strain (e.g.,
0.1% when -1000 p strain). This makes the model more
transparent but would insinuate that NW studied in this work
is a CW because a positive HTR strain was recorded in NW.
Finally, the strain because of the gel collapse only depends
on the amount of gel in the wood sample. Several studies
show that this amount is positively related to maturation
strain in species producing G-layers (the higher the G-layer
content, the higher the tensile strain) (Clair et al. 2003b; Fang
et al. 2008; Yamamoto et al. 2010). The model is computed
with a linear increase of shrinkage from 0 when there is no
G-layer (-800 we) to 1% when the sample is full of G-layer
in strong TW (-2000 we).

This simple model illustrates the components of the
shrinkage. Thus, it predicts that TW without a G-layer can
have a higher L shrinkage than NW but always much less
than in G-layer-containing TW. This has been verified by
Ruelle et al. (2007a) by comparing properties of 10 tropical
species; it was reported that ‘‘L shrinkage was often the most
significantly different property between tension and opposite
wood, 4-7 times higher in tension wood for seven species,
but less than two times higher for Simarouba amara Aubl.,
Eschweilera decolorens Sandw. and Qualea rosea.”” Two of
these genera (Simarouba and Eschweilera) are known to pro-
duce TW without a G-layer (Clair et al. 2006; Ruelle et al.
2007b). This L shrinkage is much less than in TW with a
G-layer but the finding is still a paradox in view of the lower
MFA in comparison to NW, as predicted by the model. With-
in a more detailed study on Simarouba TW, Ruelle et al.
(2011) show that the increment of shrinkage from NW to

TW ranged from 0.1% to 0.2%, which is in the same order
of magnitude as the HTR strain recorded in this study and
gives support to the proposed model. It would be interesting,
however, to validate this hypothesis by performing similar
experiments on samples from a species without a G-layer.

Conclusion

Experiments performed on chestnut wood show that the
strain recovery obtained by the released of maturation stress-
es during heat treatment contributes to the total strain
observed during drying. This contribution is not only visible
in tension wood, but also in normal wood — both in the
longitudinal ant tangential direction.

Some more observations by X-ray diffraction are now
planned to follow the cellulose strains during several phases
of the shrinkage to better understand the mechanisms at the
macromolecular level.
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