
Introduction 

Angiosperms are able to maintain a vertical orientation
in the main trunks or “predetermined” angles for
branches by generating high tension strains on the up-
per face of the trunk or branches (Wardrop 1964). This
type of mechanical state is accompanied by important
changes in the structure of the wood cells (Onaka 1949).
The resulting wood is called tension wood, in contrast to
“normal wood”. The behaviour of tension wood is often
different from the normal wood behaviour, notably dur-
ing drying.

Wood always has a higher moisture content in living
trees, where cell walls are saturated, than in cut timber.
In cut timber, the moisture content reaches an equilibri-
um depending on the air temperature and humidity,
from 12% in temperate areas to 21% in tropical areas
(Langbour and Pinta 2001). During the transition from
the saturated state to the equilibrium state, a strongly
anisotropic shrinkage can occur in wood; this shrinkage
is defined, for a given direction and a given moisture
content, by the equation: l0 – l/l0, where l0 is the length in
the saturated state and l is the length in equilibrium. The
total shrinkage is the shrinkage between the saturated
and anhydrous state. The order of magnitude of the to-
tal shrinkage in “normal” wood is as follows (Skaar
1988): 3 to 6% in radial direction (R); 6 to 12% in tan-
gential direction (T) and 0.05 to 0.3% in longitudinal di-
rection (L).

In the tropical tree of this study, Symphonia globulif-
era L.f., the mean total shrinkage is 5.2% in the radial
direction and 11.4% in the tangential direction (Cirad
1993). In general, these values are much higher in ten-

sion wood, in particular in the tangential direction
(about twice as great) and the longitudinal direction (up
to 10 times greater) (Skaar 1988; Baillères 1994;
Washusen and Ilic 2001; Clair et al. 2003). Only few ref-
erences give values for radial shrinkage in tension
wood. The presence of tension wood can therefore in-
duce disparities in shrinkage values for the same piece
of wood for a given direction. These differences can pro-
duce important distortions of the wood and even split-
ting, which can render the wood unusable. It is therefore
of interest to predict possible distortions of uncut logs
so as to modify the direction the wood is cut and thus
limit shrinkage effects on wood quality.

This study develops a method for measuring shrink-
age in the three principal planes, radial, tangential and
longitudinal, which can be used directly on entire wood
discs cut from logs. This method has been developed for
researchers interested in wood quality, who want to per-
form measurements on large numbers of samples and
has industrial applications for optimisation of sawing
and quality control.

Materials and Methods

This study is based on samples of Symphonia globulifera L.f.
from trees located in a forest area in the coastal savannah, of
the Sinnamary municipality, in French Guyana. The species is
found in central and south tropical America, as well as tropical
Africa. It is known as “Manil marecage” in French Guyana,
“Buckwax tree” in Guyana and Surinam,“Anani” or “Mani” in
Brazil, and the “Paletuvier jaune” in the West Indies. It is a
commercial wood and “Mani” is the international trade name
used in joinery (Cirad 1993; Gérard et al. 1996). Kiln drying
must be handled slowly because there are relatively high risks
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of distortion and checking, as found in many other commercial
species of Clusiaceae used in this area (e.g., Platonia insignis
Mart., Moronobea coccinea Aublet or Calophyllum lucidum
Benth.).

The sampled tree was selected on account of a high degree
of inclination and bending indicating a high probability of the
development of tension wood.

Growth stresses are estimated (see section growth stress es-
timation) all around the trunk and at six different heights, from
0.70 m to 5.60 m. Two discs, representing entire transections of
the trunk, 50 mm thick, were taken above each measured cir-
cumference. A sawing guide allowed us to obtain parallel sur-
faces for the discs which were cut with a electric band saw. The
final surface was prepared with a planing machine. During dry-
ing, it is expected that a large number of splits will appear
along the radius owing to the fact that the tangential shrinkage
is twice the radial shrinkage. To avoid a random distribution of
the splits, each disc was cut vertically with a saw and along a
single radius from the bark to the core (here called a “radial”
saw mark); these cuts were made in the area believed to have
the strongest shrinkage and were thus intended to compensate
for excessive shrinkage anisotropy (Fig. 2).

For each disc pair, one (main disc) was used for shrinkage
measurements and the other (twin disc) for mapping tension
wood via a staining procedure. The twin disc is also used to de-
termine the influence of the position of the radial saw mark.
For comparison, 20 mm cubes were taken from the twin disc to
measure radial and tangential shrinkage according to a more
conventional protocol (micrometric sensor).

Growth stress estimation

Growth stresses along the grain were estimated on the tree by
the “single hole” method (developed by CIRAD, formerly
CTFT), described by Fournier et al. (1994) and Clair et al.
(2003). The growth stress indicator (GSI) is the measure in mi-
crons of the gap between two spikes (initially placed 45 mm
apart along the grain) after cutting a hole (20 mm diameter) at
the mid point between each spike. The space enlarges when the
wood is under tension (= tension wood) and decreases when
the wood is under compression (= compression wood). A ring
of 8 measurements (one measurement every 45 °) was carried
out at six heights along the trunk (from 0.7 to 5.6 m).

Tension wood mapping

A solution of zinc chloro-iodide was applied to the lower face
of each twin disc (protocol described by Grzeskowiak et al.
1996). This stains areas of tension wood dark brown without
colouring normal wood (Fig. 1). The discs were then scanned
and the limits of the tension wood were marked manually us-
ing image software. The image was then inverted so as to corre-
spond to the upper face of the disc dedicated to the shrinkage
measure.

Unlike the GSI, this coloration only gives qualitative infor-
mation (presence or absence) concerning tension wood. How-
ever, it does show the distribution of tension wood over the en-
tire disc, while GSI only gives information concerning the first
few centimetres below the surface.

Tangential and radial shrinkage mapping

An accurate grid was drawn directly on the surface of the main
disc and the growth rings were traced every 5 mm and the radii
towards the centre are marked perpendicularly to the growth
rings at approximately every 10 °. Each intersection between a
radius and a growth ring was marked by a reference point
(Fig. 2).

Drying was performed in three steps: natural outdoor air-
drying until equilibrium (about 23% moisture content), natu-
ral indoor conditioned air-drying until equilibrium (about
15% moisture content), and final oven-drying at 103 °C until
equilibrium (anhydrous state). During drying, the discs were
regularly weighed and scanned in 256 grey levels with 1200 ppi
resolution on a commercial scanner. For each moisture con-
tent, the co-ordinates of each reference point were recorded
with an image analysis software (optimas 6.5). A data treat-
ment enabled the calculation of the distance between two
neighbouring points on the same radius (radial distance) or on
the same growth ring (tangential distance) for each moisture
content. The distance between two points for two different
moisture contents related to the distance at saturated state
gives the radial and tangential shrinkages between these two
points. The shrinkages are then represented by a colour or grey
scale code. Repeatability tests indicated that the positioning of
the points on the scanned image is accurate to the nearest
19 µm, which corresponds to less than 4% error on the shrink-
age measurements.

Shrinkage is not entirely unconstrained in a solid disc; how-
ever it can be stated from a theoretical point of view that the
radial saw cut insures unconstrained relative shrinkage be-
tween the radial and tangential directions in a perfectly round
and homogeneous disc (Guitard 1987). To evaluate this effect,
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Fig. 1. Macroscopic staining of tension wood on disc with zinc
chloro-iodide.

Fig. 2. A scanned disc and a high magnification of reference
points used for the radial, tangential and longitudinal shrink-
age measurements. Left: saturated state; right: anhydrous state.



20 mm cubes were taken from the twin disc for independent
measurements of radial and tangential shrinkage. The cubes
were taken from three different areas: tension wood (TW),
normal wood (NW) and from intermediate areas between TW
and NW referred to here as intermediate wood (IW) (Fig. 3).

The influence of the radial saw mark position can be esti-
mated by comparing values of total shrinkage corresponding
to two twin discs on which saw marks have been placed differ-
ently (Fig. 4). This comparison shows that the saw mark posi-
tion does not significantly influence the measured values.
However, when the mark is too far from the area with the
strongest shrinkage, and distant from the longest radius (in
case of non-centred cores), splits can appear and disturb the
measurement.

Longitudinal shrinkage mapping

Longitudinal shrinkage was measured using a micrometric
sensor mounted on a frame with a deep swan neck (18 cm). On

the squared face of the discs, contacts were made via a round-
headed spindle (1 mm in diameter) for each reference point
(Fig. 2); this type of contact and measurement therefore al-
lowed re-positioning of the micrometric sensor. The disc thick-
ness measurements at each point were performed for three
moisture content states: saturated, after indoor-drying and an-
hydrous. The shrinkage values were then represented by a
colour- or grey-scale code.

Repeatability tests (150 repetitions of the experimental
conditions) indicated that these measurements are accurate to
the nearest 19 µm, which corresponds less than 10% error in
the shrinkage measurements. Although this error is significant,
we consider that the accuracy of the system is nevertheless in-
formative as differences in longitudinal shrinkage of over a
factor 10 are expected between normal wood and tension
wood.

Results and Discussion 

GSI and tension wood mapping

GSI values range from low compression values
(–15 µm) to very high tension values (452 µm). This in-
dicates that the tree has reacted strongly to induce
straightening and strong property contrasts in the wood
might therefore be expected. The zinc chloro-iodide
stain clearly shows the presence of a different wood
type in the areas with strong tensile constraints (this has
been verified with a Student test (p<0.0001) applied to
the GSI values of the two types of wood NW and TW).
Anatomical observations indicate that, despite the over-
all stain reaction with the zinc chloro-iodide, the tension
wood cells do not show any distinct (blue) gelatinous
layer via staining with safranin – Astra blue. This indi-
cates at least one advantage of the chloro-iodide col-
oration method in detecting wood which is mechanically
under tension, but which does not have cells with dis-
tinct G-layers like poplar. The main limitation of this
method is the difficulty in applying it to dark-coloured
woods.

Shrinkage mapping

Since the main objective of this article is to present a
method for the measuring of distortion after drying
rather than focussing in detail on the many properties of
tension wood, we will not discuss here the potential
presence of cell collapse, which might explain some of
the high shrinkage values obtained.

Tangential and radial shrinkage

The maps of tangential and radial shrinkage based on
different moisture contents indicate the degree of
shrinkage for each studied segment (Fig. 5). These maps
allow visualisation of the shrinkage in relation to the
type of wood (NW or TW). This is particularly clear in
the case of tangential shrinkage, in which contrasts be-
tween NW and TW are greater than for radial shrink-
age. It is noticeable that shrinkage measurements in the
tangential direction are much more homogeneous than
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Fig. 3. Positioning of the control cubes on the disc. The grey
area corresponds to the zinc chloro-iodide stained area.
a,b,c,d,e,f, and g: tension wood; h and i: intermediate wood;
j,k,l,m,n and o: opposite wood.

Fig. 4. Effect of the radial saw mark position. Left: test disc
with the saw mark on the area of strongest shrinkage. Right:
twin disc for comparison. 15% moisture content state.
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Fig. 5. Variations in shrinkage on drying. Left: T shrinkage; right: R shrinkage; top: 25% MC; middle: 17% MC; bottom: anhy-
drous. Fine line: negative or zero shrinkage. On the total shrinkage mapping (bottom), the mapping by zinc chloro-iodide col-
oration is superimposed for comparison.
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Fig. 6. Total shrinkage for 6 discs along the tree. Left: tangential shrinkage; middle: radial shrinkage; right: longitudinal shrinkage.
Fine line or white spots: negative or zero shrinkage.



Fig. 7. Comparison between R and T shrinkage measured on discs and on cubes (correlation coefficient R2
R = 0.51, R2

T = 0.91).
Black squares: tension wood; grey triangles: normal wood; empty circles: intermediate wood; the letter “c” indicates the “c” speci-
men.

those in the radial direction. Observation of the picture
of total shrinkage gives the maximum contrast (Fig. 6).
The intermediate areas between TW and NW can be
better observed compared to the zinc chloro-iodide col-
oration which only gives an indication of the presence/
absence of tension wood rather than intermediate states
(Fig. 5).

The results from the measurements of entire discs are
compared with those of the reference cube method. The
mean radial and tangential total shrinkage obtained on
the segments are compared with the corresponding
sampling positions represented by mean values for iso-
lated cubes (Fig. 7). Despite lower values of radial
shrinkage on the discs, the results are coherent between
the two methods. This comparison allows validation of
the shrinkage measurement method directly on discs.
Comparison shows a better reliability for the tangential
direction.

Note that whatever the direction and the method,
sample “c” resembled normal wood or intermediate
wood more than tension wood. We interpret this result
as stemming from the fact that the zone of wood com-
prised less tension wood than could be detected via the
staining.

Longitudinal shrinkage

Despite the weak dimensional variations in the axial
direction, the shrinkage maps did highlight strong con-
trasts between normal wood and tension wood (Fig. 6).
Until a system for fully automating the reference
points can be developed, the measurements in this di-
rection are easier to carry out than in the R and T di-
rections. However, because of its lower accuracy due to
large variations in longitudinal shrinkage, it does not
actually yield as much information on wood hetero-
geneity as the measurements in the transverse direc-
tions.

Conclusion

This study indicates the feasibility of measuring dimen-
sional variations on discs, in particular, in the tangential
direction.

We applied the method for measuring shrinkage
from drying but it can also be performed for observing
hygrothermal recovery (Gril et al. 1993) due to steam-
ing. Compared to the closing method proposed by Jul-
lien and Gril (1996), this method gives finer information
on the heterogeneity within the entire section rather
than global or mean values for the entire disc.

In terms of characterising tension wood, the disc
method has the advantage of being usable on all types of
wood, while the zinc chloro-iodide coloration method
can not be applied to dark-coloured woods, and appar-
ently does not react on some wood species because of
the chemical structure of their tension wood. While col-
oration only indicates simply presence or absence of
tension wood, the shrinkage mapping quantitatively
shows a gradient in the transition between normal and
tension wood. Finally, the fact that tension wood is being
measured in terms of its properties during drying means
that the mapping technique is directly related to the
technological problems of the user (drying warp, bow,
checks, etc.). Recent technological advances in the field
of image analysis and the increasing performance of
digitising devices for general use means that this ap-
proach is reliable, inexpensive and easy to carry out. Af-
ter complete automation, the method could be used in
industrial applications such as quality control of discs
cut from logs and then integration of these results into
optimisation of log cutting.

Within a wider framework of research, this method
avoids the time-consuming cutting of parallelepipeds
with parallel surfaces, which have to be properly orien-
tated in terms of the radial, tangential and longitudinal
planes. This is particularly interesting for wood quality
studies. Further advantages of the technique include
the fact that specialised timber machine tools are un-
necessary and the approach would be more within the
practical capabilities of the laboratories of foresters
and biologists, in particular for studying small diame-
ter trunks (young trunks, branches, roots, etc.), which
are difficult to saw. For the studies on variability, a
great number of measurements can be readily per-
formed.
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