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Summary

There are three common methods for measuring surface strain as
a consequence of stress release in trees: (a) the Nicholson
technique, (b) the CIRAD-Forét method, and (c) by strain gauges.
This article describes how each method works, the extent of its
uses, why measurements are not directly comparable between
methods, the source of known and potential errors, and the
advantages and disadvantages of each method based on our own
experience. Each method has unique advantages and dis-
advantages. The Nicholson method isableto determinethe average
longitudinal strain within avolume of wood and the *simplified’
version of the procedure is suitable for a large number of field
measurements without causing severe damage to the cambium.
The CIRAD-Forét method does not measure strain but it givesa
good estimate of the longitudinal surface strain and suits routine
field measurements. The strain gauge method measuresthe surface
strain (inlongitudinal or tangential directions) directly and more
accurately than the other two methods, and particularly suits
fundamental research. The major disadvantage of the Nicholson
and CIRAD-Forét methods is the amount of cambium injury
caused by debarking, which limitstheir use on small trees. Also,
the Nicholson ‘primary’ procedure is error prone. The major
disadvantage of the strain gauge method is the ongoing costs as
strain gauges are not cheap and may not be reusable. This paper
also gives a brief account of other, less widely used methods.

Keywords: wood properties, growth stress, strain, techniques,
methodology, strain gauges, reviews, Eucalyptus

I ntroduction
M echanism of growth stress

A main function of growth stressesisto reorient thetree stem and
crown to a more favourable position (Kubler 1988). Growth
stressesresult from self-generated forces during the differentiation
and maturation of new cells (Jacobs 1938; Boyd 1972, 1985;
Bamber 1979, 1987; Kubler 1987; Yamamoto and Okuyama 1988;
Okuyama et al. 1990, 1994, 1998; Yamamoto et al. 1992;
Sugiyamaet al. 1993; Yamamoto 1998). In the cambium, when a
new wood cell isinitiated, the development of itscell wall layers
takes several days or weeksto complete. Thisdevelopment isthe
so-called ‘maturation’ period in which complex biochemical

reactionsoccur, i.e. the active construction of acellulose network
and the deposition of lignin and hemicellulose. Each of these
chemical components contributes uniquely to the properties and
behaviour of wood. In hardwood species and to a lesser extent
softwood species, the direct physical consequence of the
maturation isalongitudinal shortening and atangential swelling
of the new wood cell. However, maturing cells cannot shorten
completely as they are joined to older, aready lignified cells.
Hence they are held in a state of tensile stress, released when a
cross-grain cut is made in the wood.

The wood cells at the surface of a hardwood tree are generally
held in tension. However, as the cambium produces new wood
cells, thewood cellsinside thetrunk are slowly compressed until
they are held in compression of increasing severity toward the
centre of thetrunk (Fig. 1). Thisgradient of mechanical stressin
standing trees constitutes a self-balanced pre-stressed field,
whereby the outer part of the treetrunk isheld in tension and the
inner part in compression.

Stress is defined as the force per unit area. Objects subjected to
stress will change their dimensions and shape. The dimensional
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Figure 1. Accumulation process of longitudinal stressesin trees (after
Bailléres 1994)
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change per unit of original length is the strain (tensile or
compressive). Within the proportional limit of elasticity, stressis
equal to strain multiplied by Young's modulus, a measure of the
rigidity of the material. Growth stresses are usually impossible to
measure directly, whereas the strains are comparatively easy to
assess. Asthe stress near thetree surfaceiswithin the proportional
limit of elasticity, it can be calculated from the measurement of
the strain and Young's modul us.

Statement of problems

Eucalypts are now widely planted throughout the world because
of their high productivity on marginal sites and their suitability
for awide range of forest products, and the growing demand for
environmental protection of native forests. Consequently, there
has been a growing interest in obtaining higher-value products
from eucalypt plantations. The motivating factors include a
decreasing supply of hardwoods from south-east Asia, adecline
in hardwood pulpwood prices, better financial prospects from
higher-value products, environmental concern over the del eterious
impact of short-rotation management, emerging conversion and
processing technologies, and the potential to substitute eucalypt
productsfor tropical hardwoods (Flynn and Shield 1999; Donnelly
et al. 2003).

A key factor limiting the use of young plantation eucalypts as
sawlogs and veneer logsis high stressesinside the logs. Internal
longitudinal stressesin hardwoods are the primary cause of shake
in standing trees, heart checks in felled logs, distortion of sawn
timber in the form of bow, crook and twist asit is sawn from the
log, and compression failure (brittleheart) in standing timber
(Dadswell and Langlands 1934, 1938; Jacobs 1938, 1939, 1945;
Archer 1986; Kubler 1987; Maan and Gerischer 1987; Mattheck
and Kubler 1995). Green sawn timber is often not straight when
the internal stresses are released during sawing (Jacobs 1938,
1939, 1945; Boyd 1950a,b; Kubler 1987; Malan and Gerischer
1987; Malan 1995; Waugh 1998, 2000; Muneri et al. 1999; Yang
et al. 2002). The magnitude of problems associated with internal
longitudinal stressinlog conversion and recovery isvariable, but
can be severe, and may still not be fully appreciated by foresters,
wood technologists and industrial producers.

Longitudinal growth stress has generated continuous scientific
interest since the 1930s, primarily because of its impact on log
processing and recovery. Many publications document these
effects and discuss various methods to minimize their negative
impact (Dadswell and Langlands 1934, 1938; Jacobs 1938, 1939,
1945; Boyd 1950a; Dinwoodie 1966; Skolmen 1967; Barnacle
and Gottstein 1968; Nicholson 1973; Waugh 1977, 1998, 2000;
Chafe 1979; Priest et al. 1982; Hillis 1984; Archer 1986;
Padmanabhan et al. 1986; Kubler 1987; Okuyama et al. 1987;
Gérard 1994; Malan 1995; Waugh et al. 1996; Yang et al. 1996,
2002; Tejadaet al. 1997; Laghdir 2000; EU project FAIR CT98-
9579 2001; Nogi et al. 2001; Yang 2001; Yang and Waugh 2001,
Yang and Pongracic 2004). A variety of different methods has
been developed to evaluate stem surface strains and determine
stresses, their details have been given by Archer (1986), Kubler
(1987) and Mattheck and Kubler (1995).

Growth stressesvary considerably between treesand in response
to growth conditions (Wilkinsand Kitahara 1991b; Bailléres 1994;
Gérard 1994; EU project FAIR CT98-9579 2001; Yang et al.
2001), indicating that their magnitude may be managed through
tree breeding and silvicultural programs.

Growth strain evaluation

Anideal measurement of strainintreesrequiresaspecimento be
completely removed from the adjoining wood to allow for
maximum stress relief (Jacobs 1938; Boyd 1950a; Nicholson
1971; Guéneau and Kikata 1973; Sales 1985, 1989). The change
in length of this specimen divided by its original length is the
average released strain. The stress within this specimen prior to
itsremoval from the adjoining wood is calculated as the product
of thereleased strain and Young's modul us of thewood specimen.

Knowledge of the distribution of stress inside logs has a high
practical valueto the sawmilling industry asit isessential in efforts
to improve current log processing techniques. However,
measurement of internal strain requirestreefelling and is highly
laborious. Fortunately, an approximate relationship between
internal strain distribution and growth strain at the tree periphery
(Kubler 1959) enablesinternal strain distribution to be estimated
from surface strain. Because of this, and also because foresters
and theindustry areinterested in smple, fast and non-destructive
methods, researchersand forestersusually measure only thestrain
in a small volume of wood next to the tree surface (Nicholson
1971; Kikata1972; Guéneau 1973, cited in Archer 1986; Guéneau
and Kikata 1973; Krilov, unpublished, cited in Wilkins 1991;
Archer 1978; Polge and Thiercelin 1979; Mariaux 1982, cited in
Bailléres 1994; Mariaux and Vitalis-Brun 1983, cited in Kubler
1987; Fournier et al. 1994, cited in Bailléres 1994). These methods
have beenimproved or modified (Guéneau and Saurat 1974, cited
in Chafe 1979; Saurat and Guéneau 1976; Yang and Hunter 2000)
and are discussed in review articles by Chafe (1979), Archer
(1986), Kubler (1987), Wilkins (1991), Bailleres (1994) and
Sassus (1998).

The surface strain measurement methods can be broadly classified
into three types: specimen removal or the Nicholson method
(Nicholson 1971), the one-hole method (Archer 1978; Mariaux
1982, cited in Bailleres 1994; Sassus 1998; also named the
CIRAD-Forét method), and the two-hole or two-kerf method
(Kikata 1972; also named the strain-gauge method). (The
increment core method by Polgeand Thiercelin (1979) isdiscussed
separately inthis paper.) Because these methodswork differently,
the measurements could differ significantly. As a systematic
assessment of the differences between methods has been lacking,
quantitative relationships between the methods, as well as their
comparative advantages and disadvantages, remain little known
asfar as published literature is concerned.

The purpose of this paper is to provide a detailed account of the
various methods and identify their advantages and disadvantages.
Only longitudinal stress and strain are covered because of their
impact on log end-splitting and distortion of sawn boards.
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36 Measuring longitudinal strain

Description of methods and extent of their usage
The Nicholson method

The Nichol son method was adapted from an engineering approach
and published in detail in 1971 (Nicholson 1971). It has been the
method used at CSIRO. No modifications to the procedure have
been made, despite a recent attempt to examine the validity of
bypassing the step of curvature adjustment (Yang and Hunter
2000). The Nicholson method has two versions: the ‘primary’
and ‘simplified’ procedures.

Nicholson ‘primary’ procedure

With the Nicholson ‘primary’ procedure (Fig. 2), two steel pins
are glued to the fresh wood surface of the tree stem or log,
nominally 50 mm apart and aligned parallel to the wood grain.
The distance between the pins is measured to a resolution of
0.001 mm using amechanical dial gauge (Huggenberger Tensotast)
beforeand after thewood segment isremoved. The segment centrally
contains the two pinsand its nominal dimensionsare 10 mm x
19 mm x 90 mm (radial x tangentia x longitudinal). Because of the
gradient of longitudinal stressintheradial direction (Kubler 1959),
the wood segment may develop a curvature upon removal. The
elimination of this ‘secondary’ curvature is accomplished, in
theory, by using a special apparatus to bend the wood segment
and restoreit to itsoriginal in-tree state. Following the curvature
adjustment, the distance measured between the pinsincorporates
the average movement of the segment after stressrelease. Strain
is calculated from the difference between the before- and after-
removal distances. All measurements after the remova of the
segment should be completed within five minutes to ensure the
measurement is largely of elastic strain. It has been shown
(Nicholson et al. 1973) that some residual stress can persist in
small piecesof green wood after their completeremoval fromthe
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Figure 2. (8) Thefront and side view of awood segment to be removed
from the surface of atree or log as specified in the Nicholson ‘ primary’
procedure (1971); (b) The side and top view of the wood segment after
being removed from the tree or log

trees, and that the residual stress alternates in layers of tension
and compression that may or may not coincide with the density
pattern.

Advantages of the Nicholson ‘primary’ procedure are that:

¢ jtallowsfor therelease of most internal stressesin the wood
segment when the segment is completely removed from the
tree;

e it enables the direct determination of average longitudinal
strain in the wood segment;

e ithasavery low running cost sincethe pinsarere-usable and
have along life, and the glueisinexpensive;

e thetool kit isquite affordable, costing less than US$3000. It
isalso easy to carry around in the forests.

e it alows for the evaluation of sequential changes in strain,
when the stress field is disturbed by drilling or grooving at
nearby areas.

Disadvantages of the Nicholson ‘primary’ procedure are that:

e proper removal of the segment is a challenging job and
requireswell-designed and efficient tools. Chiselsand saws,
the commonly used tools, are either inefficient or result in
unnecessary damageto the tree.

e itisdifficult to precisely control the segment thickness during
removal and to physically correct it afterwards;

e it injures the cambium, because a window of bark,
approximately 50 mm x 130 mm (tangential x longitudinal),
needs to be removed; such injury can be quite traumatic for
small trees (<150 mm DBHOB);

e the way the gauge contacts the pins may differ between the
first and the second measurements of distance, hence
introducing measurement errors,

e thecurvature-adjustment step takes about 20% of the whole
measurement time.

Based on Kubler’'s distribution of internal longitudinal stress
(1959), Yang and Hunter (2000) investigated under what
circumstances the curvature adjustment might be disregarded
within certain error. For agiven magnitude of longitudinal surface
strain, they established mathematically thetree/log radiusat which
the curvature adjustment may be neglected with a specified limit
of error in the strain. Their study indicated that for practical
circumstances, it may not be necessary to account for curvatureif
the tree radius under bark was greater than 100 mm. However,
thisresult does not apply for trees with large amounts of reaction
wood near the measurement location.

Nicholson ‘simplified’ procedure

Withthe*simplified' procedure, only two horizontal cutsare made
in the tree, one above and one below the metal pinsin the same
spatial configuration asin the ‘ primary’ procedure, and no wood
segment is removed. The distance between the pins is measured
beforeand after the cuts. Nicholson (1971) found acloserelationship
between the ‘primary’ and the‘simplified’ procedures based on 99
released strain measurements made on seven large logs (diameter
>76 cm). Herecommended the* simplified’ procedurefor largelogs
only (diameter >76 cm) in order not to sacrifice accuracy. He did
not explicitly report whether the‘ simplified’ procedure had been
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Figure 3. Measurement of longitudinal strain near the tree surface with
a classical extensometer (manufacturer HBM, type DD1). The total
longitudinal stressisrelieved by sawing two grooves above and below
the sensor. Thelongitudinal strainisdetected and displayed in microstrain
(um m™) (after Bailléres 1994).

investigated on small logs, nor mention the time saved by using
this procedure. However, from our field experience, we estimate
the time saving to be about 35%.

Advantages of the Nicholson ‘simplified’ procedure are:

e asaving of up to 15% in time by not removing a wood
segment;

e that no curvature adjustment isrequired, and hencethereisa
possible further time saving of up to 20%;

e that error in the measured strain dueto variation in thickness
between removed segmentsis minimized,;

e lessinjury to the cambium because asmaller window of bark
needs to be removed and fewer cuts are needed.

Disadvantages of the Nicholson ‘simplified’ procedure are that:

e the measured strain is less accurate because of incomplete
release of theinternal stresses;

e ithasheentested for largetrees/logsonly; methodsfor young
trees are currently moreimportant.

A two-groove method similar to the Nicholson ‘ ssmplified” method
has been investigated at CIRAD-Forét (Bailléreset al. 1994, 1995,
1996; Fournier et al. 1994). The longitudinal stresswas relieved
by making a groove above and below the sensor (Fig. 3). The
distance between the two pins was 13.5 mm, the recommended
distance between each pin and the nearest groove was 5 mm, and
the groove depth was 10 mm. Thelongitudinal displacement was
measured by using aclassical extensometric sensor (manufacturer
HBM type DD1). This method is, in principle, the same as the
Nicholson ‘simplified’” method. However, differences in results
between the two methods have not been reported.

One-hole method (CIRAD-For é& method)

Archer (1978) first documented the application of a one-hole
method (Fig. 4) during a study on Pinus caribaea. With this

Figure 4. The configuration of the one-hole method of Archer (1978,
1986).

method, an area of bark was removed to expose the fresh wood
surface. Four pairs of marker points were then placed on the
circumference of areference circle, 50 mm in diameter, marked
onthefreshwood surface. Thetwo pointsinapair were positioned
opposite each other and all the pointswere equally spaced. Using
adial gauge (Huggenberger Tensotast), the distance between each
pair of pointswas measured to aresolution of 0.001 mm. A hole
of oneinch (25.4 mm) diameter wasthen drilled in the middle of
the reference circle to a depth of about 2025 mm. Archer’s
experiencewasthat extradrilling depth did not cause appreciable
movement of the reference points. The distance between each
pair of points was measured after drilling. The changes in the
distances and the least-squaresfit of a set of equations suited for
along cylindrical hole in an elastic medium were then used to
calculatethe stressesin longitudinal and tangential directions, and
shear stress (Archer 1986). These stress values were then used to
calculate the theoretical displacement of each pair of reference
points following the same set of equations. Archer (1986)
specifically pointed out that whilst the surface reference
displacement (the changesin distance between apair of reference
points) may be used to indicate the levels of residual strains, the
displacement can be quite different depending on the location of
thereference points. For example, under similar stressesand with
similar longitudinal Young's modulus, the longitudinal
displacement isnegative (the distance between thereference points
became shorter) when awood segment containing the reference
points is removed from the tree, but it is positive and more than
twice as large when a stress-release hole is drilled between the
reference points (Archer 1986).

Another one-hole method with spatia configurations different
from that of Archer (1978) was developed in France by Mariaux
(1982, cited in Bailléres 1994 and Bailléres et al. 1994) and later
modified by Mariaux and Vitalis-Brun (1983, cited in Kubler
1987). Spatial configuration referstoinitial hole diameter, initial
distance between reference points, and drilling depth. Because
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Figure5. Thefront and sideview of the CIRAD-Forét strain measurement
device in use (after CIRAD-Forét sensor documentation). The drilling
jig isfor marking the position of the hole and inserting the pins.

the development work was carried out at CIRAD-Forét, this
method has also been simply called the CIRAD-Forét method
(Fig. 5). It has been used by a number of French researchers and
became popular worldwide for its reduced operating complexity
and the fact it was commercially available. The most recent
improvement on the tool kit has been to replace the metal frame
with aless cumbersome design, but thismodel isnot availablefor
purchase yet.

With the CIRAD-Forét method (Fig. 5), a piece of bark (about
200 mm long and 100 mm wide) isremoved from astanding tree
to reveal the fresh wood surface. Using ajig that helps vertica
alignment, two notched pins are punched into the wood, and a
small indentation made at the same time at the mid-distance
between thetwo pins. The nominal distance between thetwo pins
is 45 mm. A steel measurement frame that is connected with a
digital dial gauge (0.001 mm resolution) isthen hung on the upper
pin, withitsspring feeler touching thelower pin. The gauge reading
is set to zero prior to drilling. A hole of 20 mm in diameter is
manually drilled at the small indentation between the pinsin the
radial direction, to a depth of 20 mm or until the gauge reading
stabilizes. The distance between the two pins, or between the top
and bottom edges of the hole, increasesin thelongitudinal direction

if thewood isunder tension and vice versa. The displacement (8)
between the two pinsisdisplayed by the gauge and recorded. The
longitudinal residual strain (o) can be estimated using the
equation o [J— ®d. Stress can be determined from the strain
value and the Young's modulusin longitudinal direction, with

o, O-E a .

@ isavariable that depends on hole diameter, original distance
between the two pins, Young's moduli in the longitudina and
tangential directions, shear modulus parallel to the wood grain
(G.y), and Poisson coefficient (V ;). The mean @ values of a
number of species, including one hybrid eucalypt from the Congo
(Eucalyptus alba x E. grandis), can be found in Bailléres (1994,
p. 38). Sinceit isimpractical to obtain a ® value for each single
wood specimen, mean @ values are used in the calculation of o,
values for different wood specimens from the same tree species.
In other words, ® istreated asaconstant, and the estimated strain
valuesa, vary only with, and are proportional to, the displacement
valuesd. For thisreason, users of the CIRAD-Forét method usually
report only the displacement values d.

Advantages of the one-hole method are that:

e thetool kit is supplied from a single source, CIRAD-Foré,
asafinished product with documentation. Assuch, themethod
is standardized among users, and measured displacement
values can be compared directly.

e it haslow running cost since the pins are re-usable and have
along life;

e thetool kitiscompact, convenient to carry, easy to useinthe
field, and not dangerous to operate;

e itisquite affordable (2300 eurosin 2004);

e it alows for the evaluation of sequential changes in strain,
when the stress field is disturbed by drilling or grooving at
nearby areas.

Disadvantages of the one-hole method are that:

e it causes more damage to the cambium than the Nicholson
‘primary’ procedure because of debarking, and the damage
isworse for small trees;

e ®isdetermined by severa wood propertiesincluding Young's
moduli and shear modulus. Depending on within-tree and
between-tree variability within a species, using the mean ®©
to calculate released strain a, may produce significant error.
In speciesthat have highly variable ®, the derived individual
longitudinal strain values may be considerably under- or over-
estimated.

e theholesizeisfixedfor treesof al diameters. Itisuncertain
whether displacement values should be adjusted for tree
diameter differences although, given concomitant variation
in the stress gradient, thiswould seem likely.

Strain gauge method (two-hole or two-groove method)

Nagoya University of Japan was the first to use strain gaugesin
growth stress studies (Kikata 1972, Fig. 6). This research soon
gave rise to the two-hole method for estimating surface strains
(Guéneau and Kikata 1973; Trénard and Guéneau 1975, cited in
Kubler 1987; Saurat and Guéneau 1976; Kikataand Miwa 1977;
Wilkins and Kitahara 1991a,b; Aggarwal et al. 1997a,b, 1998).
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Figure 6. The strain gauge method (after Kikata and Miwa 1977)

Longitudinal gauge

With this method, aflexible, waterproof, resistance strain gauge
that has a polyamide base is glued onto a freshly exposed wood
surface of atree or log using quick-setting a—cyanoacrylate glue.
The surface stresses arerel eased by boring to the necessary depth
above and below the gauge for longitudinal strain, and on both
sides of the gauge for tangential strain.

It is important to understand that the amount of strain released
is affected by several parameters as discussed below. Kikata and
Miwa (1977) showed that larger holes (e.g. 30 mm in diameter)
not only resulted in greater strain rel eased, but also required deeper
drilling before the measurement readings started to stabilize
(drilling depth of 20 mm was sufficient for 120 mm holes but not
enough for 30 mm holes). Their dataal so showed that the measured
strain was affected by the distance between the hole and the gauge:
a shorter distance (e.g. 10 mm) resulted in a much larger strain
reading than a longer distance (e.g. 30 mm). A recent study by
Aggarwall et al. (pers. comm. 2000) on the effect of hole size
on released strain supported the results of Kikata and Miwa
(1977), finding a positive rel ationship between measured strain
and hole size.

The researchers at Nagoya University later replaced the hole-
drilling with handsaw-grooving. Asthe strain values varied with
groove depth and position, it was essential to identify optimum
depth and position for maximum release of stress. Based on aseries
of experiments, Yoshida and Okuyama (2002) recommended 5—
10 mm as the best groove depth and 3-5 mm as the best distance
between a groove and the nearest edge of the strain gauge. This
spatial configuration hasbeen used in anumber of studiesat their
university.

Advantages of the strain gauge method are that:

e it is more suitable than the previous two methods for
measuring longitudinal strain in a very thin layer of wood
and does not involve complex adjustment;

» for tangential strain measurement, no mathematical
corrections are needed because strain gauges are glued to the
wood surface and their shortening occurs in the circum-
ferential contour of the tree;

e itislessdestructive than the previous two methods, because
only asmall area of bark needsto be removed;

1 Institute of Wood Science & Technology, Malleswaram,
Bangalore - 560 003, INDIA

e many strain values can be automatically and simultaneously
obtained over timethrough the use of adatalogger and control
system, with little human participation.

Disadvantages of the strain gauge method are that:

e itismoreexpensiveto operate sincethe strain gauges are not
cheap (either disposable or reusable ones);

e each measurement represents a smaller volume of wood
than the previous two methods, so more measurements
might be needed per tree to estimate the average with
requisite confidence;

e its high sensitivity means that calm weather is needed.
Otherwise, the operators have to waste a lot of time in the
field waiting for trees to temporarily stop moving.

e the use of a soldering iron for connecting gauges to wires
may prevent the use of this method in forests during hot and
dry days, because of fire concern.

Thesignsof strain values

Thesigns of strain valuesfor the Nicholson method are: positive
for a tensile stress (the pins move closer when the stress is
released) and negative for a compressive stress (the pins move
apart when the stress is released). The signs for the CIRAD-
Forét displacement values are: positive for a tensile stress (the
pins move apart when the stress is released) and negative for a
compressive stress (the pins move closer when the stress is
released). The signsfor the strain gauge (two-hol e or two-groove)
method are: negative for a tensile stress and positive for a
compressive stress. Such inconsistency between methods can
cause confusion, even to experienced researchers. It appears
necessary that astrictly applied convention should be formulated
to ensure consistency between methods.

Known and potential sources of errors

The *primary’ procedure of the Nicholson method provides the
maximum release of internal stress in the wood segment. From
this point of view, the measured strain is closest to the true
average longitudinal residua strain of the segment. However,
the precision of measurement can be affected by improper contact
between the dial gauge and the pins, or dirt on the pinsor inside
the feet of the dial gauge. Seemingly small variations (£5 pm)
readily translate to a+100 pe difference in the strain calcul ated.
Also, the thickness and quality of the removed wood segments
depend on wood grain orientation, the condition of the tools,
and the skill and conscientiousness of the operator. The
quantitative effects of varying thickness and quality of the wood
segment on the measured strain have not been determined.

With the one-hole method, potential sources of error include
improper debarking (fibres cross-cut near where the pins are to
be located), unstable positioning of the framed dial gauge,
improper contact between the dial gauge and pins, blunt drill
bits, insufficient drilling depth, and impatience waiting for the
gauge reading to stabilize on windy days before recording a
measurement (this point applies for al methods discussed). To
minimize such errors, users need to maintain tools well and
carry out work with attention to details. The use of an average
@ also could be a prime source of error when calculating strain
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from individual displacement measurements, as discussed
previously.

With the strain gauge method, potential sources of error include
insufficient kerf depth, varying distancesfrom the groovesto the
gauge between different measurements, blunt saw blade, and
improper mounting of the gauge. The quality of strain gaugesand
condition of the soldered points may al so affect measured strain;
theerror islessthan 10 pe if the connection isin good condition.

Differencesin measurements between methods

With the Nicholson method, strain isdetermined from the change
inlength of awood segment after it isremoved fromthetree. The
movement of the segment isunrestrained, althoughiit still contains
some elastic, aswell asnon-elastic, residual stress (Nicholson et
al. 1973). Strain measured by this method is the average
longitudinal strain of thewhole segment. The surfacelongitudinal
strain may be estimated by converting thisvalue; an example can
be found in Chafe (1995).

With the one-hole method, the two reference points move apart
when aholeisdrilled between them if thewood is under tension.
The estimated longitudinal surface strain is likely to be greater
than the actual residual strain in the wood between the reference
points, but the estimated tangential strain is likely to be smaller
(Mariaux and Vitalis-Brun 1983, cited in Kubler 1987). Thisis
supported by the experimental results of Yoshida and Okuyama
(2002) who found that the measured strainisalmost twice ashigh
when two groovesare cut insidethe pair of reference pinsaswhen
two grooves are cut outside the pins.

The strain gauge method is similar to the Nicholson ‘primary’
procedure in that the two holes, or grooves, are cut on the outer
side of the strain gauge. The differenceisthat the sampled areais
much smaller (e.g. 5mmx 10 mm) and the sampleisstill partially
attached to the adjacent wood; hence its movement is restricted.
As such, the longitudina strain measured by the strain gauge
method might be smaller than that determined by Nicholson’s
‘primary’ procedure. Guéneau (1973, cited in Archer 1986) carried
out alaboratory study on large pieces of wood under externally
applied parallel-to-grain compressive stress of 10 MPa. The
purpose was to investigate how much longitudinal stress was
released by drilling two holes of 30 mm diameter on the outer
side of a strain gauge. Guéneau (1973) estimated that the two-
hole method underestimated the total strain relief by about 15%.

It should be emphasized that for each method, the measured strain
or displacement isthe overall released strain or displacement of a
given volume of wood in one direction, or the collective strain of
all individual cellsinthat direction withinthat given volumewhere
stressrel ease takes place. Heterogeneity within thiswood volume,
for exampl e, the presence of reaction wood, could be animportant
factor accounting for differences between techniques.

Predicting growth strain from changesin increment core
diameters

Polgeand Thiercelin (1979) suggested that anew strain evaluation
method that did far |ess damage to the cambium, and hence brought
lessrisk of pathological disease, was necessary. Increment cores
were viewed as a good option for specimens for two reasons.
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Figure 7. Relationship between longitudinal surface strain and mean
tangential diameter of increment coresthat were 25 mm long and adjacent
to the bark (after Polge and Thiercelin 1979)

Firstly, the changes in increment core diameter may reflect the
level of internal stressand itsvariation along theradius. Secondly,
the cores could be used for measuring other wood properties
after the primary experiment was completed. These authors
measured thelongitudinal surface strain using atwo-hole method
(hole size 30 mm) and collected one increment core of 5 mm
diameter above the upper stress-release hole from each of 86
selected beech trees. Thelongitudina and tangential corediameters
were then measured to £0.001 mm resolution at 0.25 mm intervals.
Data representing the 25 mm wood segment adjacent to the bark
were averaged to yield mean longitudinal and tangential core
diameters, and these values were subsequently analysed. A
significant relationship was found between the longitudina strain
and mean tangentia core diameter (r = —0.578), but not between
the strain and mean longitudinal core diameter (r =-0.068). Polge
and Thiercelin (1979) suspected that small among-tree differences
in longitudina core diameters due to high modulus of elasticity
and the insufficiently sensitive diameter measuring device were
the causes of this poor relationship. The negative relationship
between the strain and tangential core diameter (Fig. 7) was
explained by the fact that in high-stress trees, the cutting edge of
the coring bit became oval-shaped under the combined effect of
longitudinal tensile force, tangential compressive force, and the
normal cutting forces.

Ferrand (1982a,b, cited in 1982c) used the method of Polge and
Thiercelin (1979) in several growth stress studies and observed
similar relationships between longitudinal surface strain and
tangential core diameter. In beech and poplar, tension wood was
found to be the main reason for reduced tangential core diameters.
Although the correlation between the released longitudinal strain
and core tangential diameter was moderately high (r = 0.759,
29 trees, P < 0.01), Ferrand (1982c) nevertheless considered
that theincrement core method would suit studies on provenance
differences and silviculture effects where precise strain
measurement was not as critical asin wood science studies.

Wilkinsand Bamber (1986), while evaluating the method of Polge
and Thiercelin (1979), observed that the core diameter changed
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with time and set up experiments to investigate the nature of
this change. They took 5 mm increment cores from Eucalyptus
pilularis trees and from large branches of Pinus radiata. Using
adevice similar to that used by Polge and Thiercelin (1979), the
longitudinal and tangential core diameters were recorded at
intervals of 1.25 mm (up to 100 measurements per core), starting
from apoint 5 mm from the cambium to avoid the outer distorted
segment. Both longitudinal and tangential core diameters
decreased with time, most of the reduction occurring during the
first hour after sasmpling. Wilkins and Bamber (1986) considered
that the reductions in tangential core diameter were a result of
residua stress relaxation rather than moisture loss or from the
contact pressure on the cores during measurement. Waiting for
48 h before taking a core diameter measurement was therefore
recommended. Wilkins and Bamber (1986) also reported that the
rate of diameter reduction was higher in E. pilularis than in
P. radiata, and higher in older trees (40-y-old cf. 15-y-old), the
details of which, however, were not given in their paper.

Advantages of this type of method are that:

e anincrement core can serve anumber of purposes, i.e. it can
be used to measure a number of wood properties after the
completion of diameter measurements,

e increment cores are easy to takein the field;

e injury tothecambiumisnegligible, which makesthis method
very attractive;

e theprecision of using corediameter changesto predict strains
may be improved by measuring other wood properties and
including them as predictor variables.

Disadvantages of thistype of method are that:

e adull coring bit can cause considerable error in measurement.
The sharpness of the coring bit decreases as coring proceeds,
thus reducing repeatability of results. Small variations may
be expected in the diameter of a bit, even in good condition.

e itisdifficult to prevent corestwisting during boring, aproblem
more likely in small-diameter cores, especially when coring
iscarried out manually;

e anincrement corer is affordable, but a sufficiently accurate
diameter measuring device is expensive, costing about
A$12 000 to make.

Addendum

We hope this article will be of value to people who are new to
growth stress research and strain measurement, and that it can
help them choose a suitable method for their purpose while
appreciating the limitations of each method and the variability
which exists between results of different methods.

Due to alack of knowledge of methods for measuring growth
stress, and a need to understand the quantitative differences
between available methods, the Conference Communiqué of the
2000 IUFRO conference on The Future of Eucalypts for Wood
Production held in Launceston, Australia, recommended:
Collaboration between researchers should continue to be
encouraged at an international level along with developing
partnerships between researchersand industry to ensureresearch
relevance and application of results ... International research

effortswill be greatly enhanced by the development of standard
methodologies, units and common tools, particularly those
applicableearly inthe growing cycle, that allow standard, quick,
cost effective and reliable assessment of propertiesand the most
important traits, e.g. non-destructive techniques for measurement
of growth strain and stress.

A recently-completed research project at CSIRO Forestry and
Forest Products investigated the compatibility of the Nicholson
method, the CIRAD-Forét method and the strain gauge method
in segregating trees into various strain classes. Objectives also
included searching for less damaging and more efficient methods
which either directly measure strain, or predict strain from other
wood properties such as microfibril angle (MFA) and cellulose
crystallite width (W, ) as measured by SilviScan-2. The
specimens used werefrom young plantations of E. globulusLabill.,
E. cloeziana FMudll. and Corymbia variegata (FMuell.) K.D.Hill
& L.A.S.Johnson grown in Australia. We found significant
relationships (P < 0.01) between strain (or displacement) measured
by these three methods for all three species, and between strain (or
displacement) and MFA and W, for E. globulus (Yang et al.
2004). (SilviScan-2 measurementswere made only on E. globulus.)
Our results a so showed some potential for using NIRA (near infra-
red analysis) to predict residual strain, subject to adequate
calibration, satisfactory accuracy of the reference methods and
proper physical size of wood specimens (Bailleres et al. 2003;
Yang et al. 2004).

Acknowledgements

Thisarticleisderived from acollaborative project (ACIAR project
—FST/1999/042) between the Australian Centrefor International
Agricultural Research (ACIAR), CSIRO Forestry and Forest
Products, the Queensland Forestry Research Institute and the
Chinese Academy of Forestry. It has benefited greatly from
comments and advice from several people, in particular Dr S.
Chafe and Dr W.E. Hillis.

References

Aggarwal, PK., Chauhan, S.S., Karmarkar, A. and Ananthanarayana,
A K. (1997a) Measurement of longitudinal growth strains in
Eucalyptustereticornisby strain gauge technique. Wood News 7(3),
27-30.

Aggarwal, PK., Karmarkar, A., Chauhan, S.S. and Ananthanarayana,
A.K. (1997b) A Rapid and Non-destructive Technique for
Estimating Growth Srains in Trees and Logs. Institute of Wood
Science and Technology, Technical Bulletin, No. 2, 8 pp. Indian
Council of Forestry Research and Education, Bangalore.

Aggarwal, PK., Chauhan, S.S., Karmarkar, A. and Ananthanarayana,
A .K. (1998) Distribution of growth stresses in logs of Acacia
auriculiformis. Journal of Tropical Forest Products 4, 87—89.

Archer, R.R. (1978) Analysis of Residual Stresses in Orthotropic
Materials. Technical Report, Escuela Ingeniera Civil, University
of Costa Rica, San Jose, Costa Rica, 12 pp.

Archer, R.R. (1986) Growth Stressesand Strainsin Trees. (Timell, T.E.
(ed.)). Springer, New York. 240 pp.

Bailleres, H. (1994) Précontraintes de Croissance et Propriétés Mécano-
physiques de Clones d'Eucalyptus (Pointe Noire — Congo):
Hétérogénéités, Corrélations et Interprétations Histologiques.
L’ Université de Bordeaux |, 162 pp.

Australian Forestry 2005 Vol. 68 No. 1 pp. 34-43



42 Measuring longitudinal strain

Bailléres, H., Chanson, B. and Fournier, M. (1994) Two field
measurement techniques for appraising the longitudina growth
strains at the stem surface. In: Plant Biomechanics, Conference
Proceedings, Montpellier, September 2004, pp. 23-24.

Bailléres, H., Chanson, B., Fournier, M., Tollier, M.T. and Monties, B.
(1995) Structure, composition chimique et retraits de maturation
du bois chez des clones d’Eucalyptus. Annales des Sciences
Forestieres 52, 157-173.

Bailleres, H., Castan, M., Monties, B., Pollet, B. and Lapierre, C. (1996)
Lignin structure in Buxus sempervirens L. reaction wood.
Phytochemistry 44, 35-39.

Bailleres, H., Yang, J.L., Muneri, A. and Ognouabi, N. (2003) Growth
strains assessment of various Eucalyptus species by near-infrared
spectroscopy. IUFRO All Division 5 Conference, Rotorua, New
Zedland, 11-15 March 2003, p. 216.

Bamber, R.K. (1979) The origin of growth stresses. Forpride Digest
8(1), 75-96.

Bamber, R.K. (1987) The origin of growth stresses. a rebuttal. |AWA
Bulletin 8, 80-84.

Barnacle, J.E. and Gottstein, J.W. (1968) Control of End Splitting in
Round Timber. Forest Products Technical Notes No. 4. CSIRO
Division of Forest Products, Melbourne.

Boyd, J.D. (1950a) Tree growth stresses. 1. The development of shakes
and other visua failures in timber. Australian Journal of Applied
Science 1, 296-312.

Boyd, J.D. (1950b) Tree growth stresses. Il1. The origin of growth
stresses. Australian Journal of Scientific Research, B (Biological
Sciences) 3, 294-3009.

Boyd, J.D. (1972) Tree growth stresses— part V: Evidence of an origin
in differentiation and lignification. Wbod Science and Technology
6, 251-262.

Boyd, J.D. (1985) The key factor in growth stress generation in trees.
Lignification or crystallisation? | AWA Bulletin n.s. 6, 139-150.

Chafe, S.C. (1979) Growth stress in trees. Australian Forest Research
9, 203-223.

Chafe, S.C. (1995) Peripheral growth stress and tree diameter in
Eucalyptus. Journal of the Institute of Wood Science 13, 523-525.

Dadswell, H.E. and Langlands, . (1934) Brittleheart in Australian
timbers: a preliminary study. Journal of the Council of Scientific
and Industrial Research 7, 190-196.

Dadswell, H.E. and Langlands, I. (1938) Brittle heart and itsrelation to
compression failures. Empire Forestry Journal 17, 58-65.

Dinwoodie, JM. (1966) Growth stresses in timber — a review of
literature. Forestry 39, 162—170.

Donnelly, R., Flynn, R. and Shield, E. (2003) The Global Eucalyptus
Wood Products Industry —A Progress Report on Achieving Higher
Value Utilization. DANA Publishing, 132 pp.

EU project FAIR CT98-9579 (2001) RTD of sawmilling systems suitable
for European Eucalyptus globulus affected by growing stresses.
http://www.nf-2000.0rg/secure/Fair/S813.htm

Ferrand, J.Ch. (1982a) Etude des contraintes de croissance. |. Méthode
demesure sur carottes de sondage. Annal es des Sciences Forestieres
39, 109-142.

Ferrand, J.Ch. (1982b) Etude des contraintes de croissance. |1 Variahilité
en forét des contraintes de croissance du hétre (Fagus sylvatica
L.). Annales des Sciences Forestieres 39, 187-218.

Ferrand, J.Ch. (1982c) Growth stresses and silviculture of eucalypts.
Australian Forest Research 13, 75-81.

Flynn, B. and Shield, E. (1999) Eucalyptus: Progress in Higher Value
Utilization — A Global Review. Prepared by Robert Flynn &
Associates, Tacoma, Washington, USA, 212 pp.

Fournier, M., Chanson, B., Thibaut, B. and Guitard, D. (1994) Mesure
des déformations résiduelles de croissance ala surface des arbres,
en relation avec leur morphologie. Observations sur différentes
especes. Annales des Sciences Forestiéres 51, 249-266.

Gérard, J. (1994) Contraintes de croissance, variationsinternesde densité
et de module d' élasticité longitudinal, et déformations de sciage
chez les eucalyptus de plantation. These de Doctorat en Sciences
du bois, Université de Bordeaux |. 149 pp.

Guéneau, P. (1973) Contraintes de Croissance. Cahiers Scientifiques
No. 3 deBoiset Foréts des Tropiques, Centre Technique Forestier
Tropical, Nogent sur Marne, 30 pp.

Guéneau, P. and Kikata, Y. (1973) Growth stresses. Bois et Foréts des
Tropiques 149, 21-30.

Guéneau, P. and Saurat, J. (1974) Contraintes de Croissance. Mesures
en forét, Rapport No. 1, Centre Technique du Bois, Paris.

Hillis, W.E. (1984) Wood quality and utilization. In: Hillis, W.E. and
Brown, A.G. (eds) Eucalypts for Wood Production. CSIRO/
Academic Press, Sydney, New York, pp. 259-289.

Jacobs, M.R. (1938) The Fibre Tension of Woody Stems, with Special
Reference to the Genus Eucalyptus. Commonwealth Forestry
Bureau, Australia, Bulletin No. 22, 37 pp.

Jacobs, M.R. (1939) Further Sudies on Fibre Tension. Commonwealth
Forestry Bureau, Australia, Bulletin No. 24, 36 pp.

Jacobs, M.R. (1945) The Growth Stresses of WWbody Sems. Commonweslth
Forestry Bureau, Australia, Bulletin No. 28, 67 pp.

Kikata, Y. (1972) The effect of lean on level of growth stress in Pinus
densiflora. Mokuzai Gokkaishi 18, 443-449.

Kikata, Y. and Miwa, K. (1977) A modified hole-drilling technique for
determining residual stresses (growth stresses) in tree trunks.
Journal of the Society of Material Science (Japan) 26(284),
429-432.

Kubler, H. (1959) Studies on growth stresses in trees. 2. Longitudinal
stresses. Holz als Roh- und Werkstoff 17(2), 44-54.

Kubler, H. (1987) Growth stressesin trees and related wood properties.
Forestry Abstracts 48, 131-189.

Kubler, H. (1988) Silvicultura control of mechanical stresses in trees.
Canadian Journal of Forest Research 18, 1215-1225.

Laghdir, A. (2000) Modélisation de lafissuration en bout de grumesliée
aux contraintes de croissance Applications aux eucalyptus. These
de doctorat en mécanique. Université de Montpellier 2. 175 pp.

Malan, F.S. (1995) Eucalyptus improvement for lumber production. In:
International Workshop on Utilization of Eucalypts. Proceedings
of IUFRO Conference, San Paulo, Brazil, April 1995, pp.1-19.

Malan, F.S. and Gerischer, G.F.R. (1987) Wood property differencesin
South African grown Eucalyptus grandistrees of different growth
stress intensity. Hol zforschung 41, 331-335.

Mariaux, H. (1982) Structure fine du bois de wapa en relation avec les
contraintes de croissance. Colloque Sciences et Industriesdu Bois,
Groupe No. 1, Grenoble, France, 20 pp.

Mariaux, A. and Vitalis-Brun, A. (1983) Relationship between fine
structurein wapaand growth stresses. Bois et Forétsdes Tropiques
199, 43-56.

Mattheck, C. and Kubler, H. (1995) Wood — The Internal Optimization
of Trees. Springer-Verlag, Berlin and NY, 129 pp.

Muneri, A., Leggate, W. and Palmer G. (1999) Relationships between
surface growth strain and some tree, wood and sawn timber
characteristics of Eucalyptus cloeziana trees. Southern African
Forestry 186, 41-49.

Nicholson, J.E. (1971) A rapid method for estimating longitudinal growth
stresses in logs. Wood Science and Technology 5, 40-48.

Australian Forestry 2005 Vol. 68 No. 1 pp. 34-43



JL.Yang, H. Bailléres, T. Okuyama, A.Muneri and G. Downes 43

Nicholson, J.E. (1973) Effect of storage on growth stress in mountain
ash logs and trees. Australian Forestry 36, 114-124.

Nicholson, J.E., Barnacle, J.E. and Lesses, PF. (1973) Evidence of
residual stress in small sections of ordinary green Eucalyptus
regnans. Wood Science and Technology 7, 20-28.

Nogi, M., Yoshida, M., Yamamoto, H. and Okuyama, T. (2001) Reduction
of residual stress in logs by direct heat treatment: temperature
distribution within the furnace. Forest Products Journal 51(3),
69-74.

Okuyama, T., Kanagawa, Y. and Hattori, Y. (1987) Reduction of residual
stresses in logs by direct heating method. Mokuzai Gakkaishi 33,
837-843.

Okuyama, T., Yamamoto, H., Iguchi, M. and Yoshida, M. (1990)
Generation process of growth stresses in cell walls. 1. Growth
stresses in tension wood. Mokuzai Gakkaishi 36, 797—803.

Okuyama, T., Takeda, H., Yamamoto, H. and Yoshida, M. (1998) Relation
between growth stress and lignin concentration in the cell wall:
ultraviolet microscopic spectral analysis. Journal of Wood Science
(the Japan Wood Research Society) 44, 83-89.

Okuyama, T., Yamamoto, H., Yoshida, M., Hattori, Y. and Archer, R.R.
(1994) Growth stresses in tension wood: role of microfibrils and
lignification. Annales des Sciences Forestieres 51, 291-300.

Padmanabhan, S., Kamal, S.Z.M. and Ananthanarayanan, S. (1986)
Protection of veneer logs against end-splits and discoloration, part
I1l — end-coat in cold form. Journal of the Indian Academy of
Wbod Science 17, 1-10.

Polge, H. and Thiercelin, F. (1979) Growth stresses appraisal through
increment core measurements. WWbod Science 12(2), 86-92.

Priest, D.T., Knuffel, W.E. and Malan, F.S. (1982) End-splitting in E.
grandis Sawlogs and Sawn Timber. CSIR (South Africa) Specia
Report HOUT 223, 20 pp.

Sales, C.G. (1985) Growth stresses: main results obtained on the study
of some Guyana species and consequences for end use. XVIII
IUFRO World Congress, Proceedings, Division V, pp. 234-247.

Sales, C.G. (1989) Mechanical processing of Guianese woods. Revue
Bois et Forét des Tropiques 219 (special Guyane), 145-158.

Sassus, F. (1998) Déformations de maturation et propriétés du bois de
tension chez |e hétre et le peuplier: mesures et modéles. These de
I"ENGREF en Sciences du bois, Montpellier, France, p. 170.

Saurat, J. and Guéneau, P. (1976) Growth stressesin beech. Wood Science
and Technology 10, 111-123.

Skolmen, R.G. (1967) Heating logs to relieve growth stresses. Forest
Products Journal 17(7), 41-42.

Sugiyama, K., Okuyama, T., Yamamoto, H. and Yoshida, M. (1993)
Generation process of growth stressesin cell walls: relation between
longitudinal released strain and chemical composition. Wood
Science and Technology 27, 257-262.

Tejada, A., Okuyama, T., Yamamoto, H., and Yoshida, M. (1997)
Reduction of growth stress in logs by direct heat treatment:
assessment of a commercial-scale operation. Forest Products
Journal 47(9), 86-93.

Trénard, Y. and Guéneau, P. (1975) Relations entre contraintes de
croissance longitudinales et bois de tension dans le hétre (Fagus
sylvatica L.). Holzforschung 29, 217-223.

Waugh, G. (1977) Reducing growth stressesin standing trees. Australian
Forest Research 7, 215-218.

Waugh, G. (1998) Sawing of young, fast-grown eucalypts. In:
Proceedings of First International Seminar on Solid Wood Products
of High Technology. Belo Horizonte, Brazil, pp. 69-81.

Waugh, G. (2000) Use of twin saw systems for young, fast-grown
eucalypts. In: The Future of Eucalypts for Wood Products, [IUFRO
Conference Proceedings, 19-24 March 2000, Launceston,
Tasmania, Australia, pp. 175-183.

Waugh, G., Yang, J.L., Martin, A. and Britton, D. (1996) End-splitting
in eucalypt sawlogs— asurvey on selected Tasmanian and Victorian
sawmills and harvesting operations. CSIRO Forestry and Forest
Products Internal Report No. FFP-517, 75 pp.

Wilkins, A.P. (1991) Effect of silvicultural treatment on the growth and
wood properties of Eucalyptus grandis. PhD thesis, Macquarie
University, Australia, 255 pp.

Wilkins, A.P. and Bamber, R.K. (1986) Dimensional change with time
of green increment cores taken for growth stress measurement.
Wood and Fiber Science 18, 593-597.

Wilkins, A.P. and Kitahara, R. (1991a) Relationship between growth
strain and rate of growth in 22-year-old Eucalyptus grandis.
Australian Forestry 54, 95-98.

Wilkins, A.P. and Kitahara, R. (1991b) Silvicultural treatments and
associated growth rates, growth strainsand wood propertiesin 12.5-
year-old Eucalyptus grandis. Australian Forestry 54, 99-104.

Yamamoto, H. (1998) Generation mechanism of growth stressesinwood
cell walls: roles of lignin deposition and cellulose microfibril during
cell wall maturation. Wbod Science and Technology 32, 171-183.

Yamamoto, H. and Okuyama, T. (1988) Anaysisof thegeneration process
of growth stressesin cell walls. Mokuzai Gakkaishi 34, 788-793.

Yamamoto, H., Okuyama, T., Sugiyama, K. and Yoshida, M. (1992)
Generation process of growth stress. V. Action of the cellulose
microfibril upon the generation of the tensile stresses. Mokuzai
Gakkaishi 38, 107-113.

Yang, J.L. (2001) Bending strength properties of regrowth eucalypt
brittleheart — Short note. Holzforschung 55, 183-184.

Yang, J.L. and Hunter, A.J. (2000) Is curvature adjustment necessary in
growth strain measurement? New Zealand Journal of Forest Science
30, 332-340.

Yang, J.L. and Pongracic, P. (2004) Theimpact of growth stresson sawn
distortion and log end splitting of 32-year-old plantation blue gum.
CSIRO Forestry and Forest Products Client Report No. 1398 (for
FWPRDC Project PN03.1312), 33 pp.

Yang, J.L. and Waugh, G. (2001) Growth stress, its measurement and
effects. Australian Forestry 64, 127—-135.

Yang, J.L., Waugh, G., Peacock, M. and Martin, A. (1996) L og end split
literature review. CSIRO Forestry and Forest Products Internal
Report, No. FFP-520, 25 pp.

Yang, J.L., Fife, D. and Matheson, A.C. (2001) Growth strain in three
provenances of plantation-grown Eucalyptus globulus Labill.
Australian Forestry 64, 248-256.

Yang, JL., Fife, D., Waugh, G., Downes, G. and Blackwell, P. (2002)
The effect of growth strain and other defects on the sawn timber
quality of 10-year-old Eucalyptus globulus Labill. Australian
Forestry 65, 31-37.

Yang, J.L., Bailléres, H., Okuyama, T., Armstrong, M., Muneri, A.,
Downes, G., Menz, D., Morrow, A., Gritton, D., Peng, Y. and Zhao,
Y. (2004) Growth stresses in eucalypts — evaluation and
development of measurement techniques. ACIAR FST/1999/042
Project Summary Report, 8 pp.

Yoshida, M. and Okuyama, T. (2002) Techniques for measuring growth
stress on the xylem surface using strain and dial gauges.
Holzforschung 56, 461-467.

Australian Forestry 2005 Vol. 68 No. 1 pp. 34-43



