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ABSTRACT

Chemithermomechanical pulps (CTMP) were produced from balsam-fir trees [4bies balsamea (L.)
Mill] that were harvested one and three years afier they were killed by spruce budworm beetles.
Laboratory tests revealed that the spruce budworm produced significant reductions in wood density
(30%), fiber length (19%), long fiber fraction (36%), brightness (4%), tensile strength (25%), and burst
strength (24%), but most significantly in the tear strength of paper (51%). However, these negative
effects were accompanied by some positive results, e.g., a 15% decrease in the energy of refining, a
73% reduction in pulp rejects, coupled with a 108% increase in the fine content of the pulp and by a
5% increase in the opacity of paper. In order to profit from the above advantages and to prevent any
further reduction in the quality of paper, the dead trees must be harvested within three years of their

defoliation—the sooner, the better.
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INTRODUCTION

The spruce budworm, Choristoneura fumi-
ferana, is the most widely distributed and the
most destructive defoliator of the spruce-bal-
sam-fir forests of the northeastern part of North
America. Since 1909, there have been at least
two major waves of budworm outbreaks, the
latest of which occurred in the early seventies.
Although balsam-fir is the preferred host of
the spruce budworm beetle, other coniferous
trees are also affected, including white, red and
black spruce, tamarack, white pine, and oc-
casionally eastern hemlock.

Once the forest is attacked by the spruce
budworm, the infested trees become progres-
sively defoliated. The damage first appears on
the top part of the tree, and then spreads to-
wards the lower branches. As a result of in-
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festation, the translocation of nutrients and
water is disrupted, causing the terminal leader
to die. As the attack continues, the infested
trees are progressively defoliated until they die,
usually 6-8 years after the attack.

Choristoneura fumiferana has been respon-
sible for initiating the destruction of hundreds
of million cords of balsam-fir and spruce pulp-
wood, as well as timber. Economic losses in-
clude significant reductions in tree growth,
coupled with important reductions in the
quantity and quality of wood harvested from
the budworm-infested forest. In Québec alone,
94,000,000 m? of timber was attacked by the
budworm beetle during 1984 (Atack et al.
1985). Because of this epidemic, the losses are
considerable. During the epidemic (Koran
1989), there was a 4% decrease in the harvested
volume of balsam-fir.
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FiG. 1.
one (1) and three (3) years after they were killed by the
spruce budworm insect. Sample zero (0) is a disc of a
healthy tree.

Discs of balsam-fir trees which were harvested

Once the trees die, the timber becomes sus-
ceptible to attack by beetles, wasps, microor-
ganisms, and fungi, which in turn leads to the
development of sap stain and sap rot. Within
a few years after the death of the tree, the decay
enters the sapwood and progresses from the
periphery of the tree towards the heartwood.
This decay produces a visible discoloration in
the wood, coupled with a significant decrease
in its density and a corresponding increase in
its solubility in 1% NaOH.

During the past 3 decades, numerous studies
have been carried out concerning the salvage
and utilization of the timber affected by the
spruce budworm beetle. The damaged wood
was converted into stone groundwood (SGW;
Robitaille 1983), pressurized groundwood
(PGW:; Atack et al. 1985), refiner mechanical
pulp (RMP; Robitaille 1985), thermomechan-
ical pulp (TMP; Fereshtehkhou et al. 1985,
Imada et al. 1983), and into chemimechanical
pulp (CMP; Tombler and Dines 1985). To our
knowledge, the characteristics of chemither-
momechanical pulps (CTMP) produced from
the spruce budworm-damaged wood have not
yet been investigated, in spite of the wide-
spread application of this process in the in-
dustry. Consequently, the specific objective of
this study was to evaluate the quality of CTMP
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from the spruce budworm-infested forest as a
function of time since the death of the trees.

MATERIALS AND METHODS

The material used in this study was prepared
from balsam-fir (4bies balsamea (L.) Mill) har-
vested in the Montmorency forest near Québec
City. Well identified trees were felled after one
year (1) and three years (3) of their death, along
with some healthy trees (0) for the sake of com-
parison (Fig. 1). The debarked trees were trans-
formed into chips, which were then converted
into chemithermomechanical pulp (CTMP) in
a Sunds pilot plant described elsewhere (Koran
et al. 1985).

First, the chips were screened, washed, pre-
steamed for 10 min at atmospheric pressure;
then they were impregnated with a 6% sodium
sulfite liquor (Na,SO;), followed by a 5-min
cooking in a vertical steaming vessel at 135 C
(367 kPa). The first-stage refining was carried
out under 367 kPa pressure at a feed consis-
tency of 10%, followed by a second-stage re-
fining under atmospheric conditions at 6 spe-
cific energy levels. The pulp samples possessing
different levels of CSF were then washed, sub-
jected to a 30-min latency treatment at 85 C,
and evaluated by the standard methods of
CPPA/TAPPI. The weighted average fiber
length was determined by the Bauer-McNett
fiber classification technique (Tasman 1972).

RESULTS AND DISCUSSION

The experimental results are summarized in
Table 1 and are plotted in Figs. 2 to 9. These
data reveal that the spruce budworm infesta-
tion significantly affects the quality of wood,
the specific energy of refining, the fiber char-
acteristics of the pulp, the optical properties
of the handsheets, and the strength behavior
of paper.

Wood quality

Reduced growth rate resulting from severe
defoliation over a number of years is a char-
acteristic feature of the budworme-killed tree,
which is particularly pronounced in sample 3
(Fig. 1). A visible discoloration of the wood
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TABLE 1.
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Chemithermomechanical pulp (CTMP) properties produced at a constant specific energy (9 MI/kg) from

healthy balsam-fir trees (0) and from trees which were harvested one (1) and three (3) years after the trees were killed
by the spruce budworm. The percent (%) reductions (=), or increases (+) are based on the values obtained for healthy

trees (0).

Years since death

1 3

Values % Values % Values %
Wood density, g/cm3 0.37 0 0.32 -13 0.26 -30
NaOH solubility, % 14.1 0 16.71 +18 19.6 +39
CSF, ml 290 0 195 -33 150 —48
Rejects, % 0.3 0 0.26 -13 0.08 =73
Average fiber length, mm 1.7 0 1.58 -7 1.38 -19
Fraction <28 + 48>, % 53 0 40.8 -23 34 -36
Fines, % 16 0 25 +56 33.2 +108
Sheet density, g/cm3 0.36 0 0.36 0 0.36 0
Breaking length, km 5.3 0 5 -6 4 -25
Burst index, kPa-m2/g 3.3 0 3.1 -6 2.5 -24
Tear index, mN-m2/g 9 0 7.8 -13 44 —-51
Stretch, % 2.2 0 2.4 +9 2.2 0
Scatt. coeff., cm?2/g 405 0 405 0 445 +10
Brightness, % 67.5 0 65.8 -3 64.5 -4
Opacity, % 91 0 94 +3 95.5 +5

can also be observed due to the presence of
sap stain and sap rot. The latter is confirmed
by a significant reduction (30%) in the density
of the affected wood three years after the death
of the tree (Table 1). A progressive decay in
the budworme-killed tree is also indicated by a
significant increase (39%) in the solubility of
wood in 1% NaOH 3 years after the death of
the tree (Table 1). According to Atack et al.
(1985), all of the principal constituents of wood,
including lignin, cellulose, and the hemicel-
luloses, are attacked by the decay to almost
identical degrees.

Energy consumption in refining

Figure 2 shows that the budworm-killed trees
consume 15% less energy than healthy trees.
Almost similar energy savings (20%) were ob-
tained in the TMP process (Imada et al. 1983;
Fereshtehkhou 1982). These reductions may
be attributed to the partial delignification of
the dead wood caused by the fungi (Atack et
al. 1985). It is interesting to note that the frac-
ture at high temperature occurs in the lignin-
rich compound middle lamella region (Koran
1968, 1970). Consequently, even a small re-
duction in lignin content would tend to facil-

itate the defibration process and thus account
for the reduction in specific energy.
Fiber characteristics

Table 1 shows that the reject content in the
pulp decreased by 73% 3 years after the death

YEARS SINCE DEATH

A [o] YEAR
A 1 YEAR
Q 3 YEAR

SPECIFIC ENERGY, mJ/kg
[
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CSF, mil
FiG.2. Specific energy versus Canadian Standard Free-
ness for chemithermomechanical pulp (CTMP) of balsam-
fir trees harvested one (1) and three (3) years after they
were killed by the spruce budworm infestation. Sample
zero (0) is a healthy tree.
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of the tree. This implies that the defibering
process is facilitated by the partial decay of
wood. As a result, there is a more complete
defibration, thus leaving fewer fiber bundles in
the pulp.

However, this positive effect was accom-
panied by a significant reduction (19%) in fiber
length at all levels of CSF (Fig. 3). This is a
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Fic. 4. Opacity of paper versus Canadian Standard
Freeness for CTMP. Symbols are same as in Fig. 2.
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19% decrease after 3 years (Table 1), which is
due to a reduction in the intrinsic tensile
strength of fibers caused by the attack of fungi.

The reduction in fiber length corresponds to
a significant decrease in the long fiber fraction
(28 + 48) of the Bauer-McNett fiber classifi-
cation, e.g., 23% after 1 year and 36% after 3
years (Table 1). These reductions are accom-
panied by the production of high quantities of
fines in the pulp: 56% after 1 year and 108%
after 3 years. An increase in fine content, in
turn, is known to affect both the optical and
strength properties of paper.

Optical properties of paper

The scattering coefficient, for example, in-
creased by 10%, which was accompanied by a
5% increase in the opacity of paper after 3 years
(Fig. 4 and Table 1). These increases can be
attributed to the 108% increase in the fines
content of the pulp (Table 1). Even a 5% in-
crease in opacity results in an important im-
provement in the printing quality of paper.

Unlike opacity, the brightness of paper was
reduced by 4% (Fig. S and Table 1). However,
this is an important reduction in paper quality,
which is caused by a visible discoloration of
wood during decay (Fig. 1). An additional stage
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FiG. 6. The tear strength of paper versus Canadian

Standard Freeness of handsheet prepared from the CTMP
of budworm-killed balsam-fir trees harvested one (1) and
three (3) years after they were killed by the budworm in-
sect. Sample zero (0) is a healthy tree.

of bleaching may be necessary in order to
achieve brightness of paper equal to that made
of soundwood.

Strength properties of paper

Figure 6 shows a 51% lossin the tear strength
of paper that was produced from the bud-
wormb-killed trees 3 years after their death (Ta-
ble 1). The latter is similar to the 47% decrease
obtained for TMP (Fereshtehkhou 1982; Ima-
da et al. 1983), but higher than the values re-
ported for RMP (32%; Robitaille 1985), PGW
(31%; Atack et al. 1985), and for SGW (24%;
Robitaille 1985). These differences are most
likely due to the effect of the sodium sulfite
treatment and to the various differences in the
defibering conditions. On the other hand, the
decrease in tear strength (Fig. 6) can be attrib-
uted mostly to a significant reduction in fiber
length, as observed in Fig. 3 and Table 1.

In contrast to tear, the tensile strength of
paper was reduced only by 25% after 3 years.
The corresponding reductions were 22% for
SGW (Robitaille 1985), 19% for TMP (Fer-
eshtehkhou 1982; Imada et al. 1983), 17% for
PGW (Atack et al. 1985) and 15% for RMP
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(Robitaille 1985). These reductions are illus-
trated in Fig. 9 where the CTMP shows the
steepest slope (25%), followed by SGW (22%),
TMP (19%), PGW (17%), and RMP (15%) at
the lowest end of the scale. Thus, the relative
slope of each line is a measure of the effect of
the spruce budworm infestation on the tensile
strength of paper.
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FiG. 8. The breaking length of paper versus Canadian

Standard Freeness for CTMP. Symbols are same as in
Fig. 6.
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F1G. 9. Breaking length of handsheets made from trees
that were harvested one (1) and three (3) years after they
were killed by the spruce budworm in chemithermome-
chanical pulping (CTMP: present study), in thermome-
chanical (TMP) pulping (Fereshtehkhou 1982; Imada et
al. 1983), in refiner mechanical (RMP) pulping (Robitaille
1985), in pressurized (PGW) groundwood (Atack et al.
1985), and in the conventional stone groundwood (SGW)
process (Robitaille 1985). Sample zero (0) represents a
healthy tree.

It is evident that the reduction in the BL
(25%) 1s only half of the value (51%) obtained
for the tear strength of CTMP. Although the
reduction in fiber length (Fig. 3 and Table 1)
is an important cause for the decrease in break-
ing length, it was partially compensated by a
significant increase (108%) in the fines content
of the pulp. The presence of fines is known to
improve fiber-to-fiber bonding in paper, thus
accounting for the smaller separations between
the curves of Figs. 7 and 8, in comparison with
those of Fig. 6.

Since in practice the spruce budworm-killed
wood is always used in some blends along with
soundwood, the reduction in the strength
properties of paper is directly proportional to
the relative proportions of each type of wood
in a chip furnish. Thus, in a 75/25 blend of
soundwood/budworm-killed wood, for ex-
ample, the burst strength is reduced by only
6%, instead of 24%; but at the same time the
advantages are also reduced by 75% of their
initial values.
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Time of harvest of the budworm-killed trees

Table 1 shows that if the trees are harvested
only 1 year after their death, the tear strength
of paper is little affected, but 2 additional years
of exposure to the elements produce a fourfold
(51%) reduction in the same property. A fourth
year of exposure of the dead tree would be
expected to reduce the tear strength by 75%
and other properties by proportionally similar
degrees.

However, if the trees are harvested 2 years
after their death, the various pulp and paper
properties would be affected to considerably
lesser degrees, but still more than within 1 year.
Thus, the economic outcome of the spruce
budworm damage hinges around an efficient
program of salvage of the budworm-killed
trees—the sooner, the better.

CONCLUSIONS

The budwormd-killed trees produced impor-
tant changes in wood quality, as well as in the
physical properties of pulp and paper. Already
3 years after death, the wood density was re-
duced by 30%, along with a significant reduc-
tion (39%) in the 1% NaOH solubility of wood.
Among the various pulp properties, the fines
content was doubled (108%), which was ac-
companied by significant increases in scatter-
ing coefficient (10%) and in opacity (5%). On
the other hand, significant reductions were ob-
tained in pulp rejects (73%), long fiber fraction
(36%), fiber length (19%), brightness (4%), tear
index (51%), breaking length (25%), and in the
burst index (24%).

The positive results include increases in fines,
scattering coefficient and in opacity, coupled
with significant decreases in pulp rejects and
in the specific energy of refining. All of the
other changes represent negative effects on the
final properties of pulp and paper.
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ABSTRACT

During processing, wood-based composites are pressed using extreme heat and pressure for varying
lengths of time. Evidence exists that the environmental conditions under which the wood densifies
can alter the properties of both the solid wood and the composite product. Given the larger number
and extreme nature of variables that exist during composite manufacture, it is imperative that the
deformation process be understood from a fundamental standpoint. The objective of this research
was 1o determine the applicability of basic materials engineering theory to the viscoelastic deformation
of wood in transverse compression under a variety of temperatures and moisture contents.

Theories of cellular solids were used to model the nonlinear compression behavior of small wood
elements. For low-density woods, it was determined that cellular collapse can result from elastic
buckling of the cell wall. The dependence of inelastic behavior of the gross wood on the elastic properties
of the cell wall allows the time, temperature, and moisture dependence to be modeled with classical
linear viscoelastic theory of amorphous polymers. Time-temperature-moisture superposition was shown
to be applicable to stress relaxation data collected for temperatures between 39 and 99 C and moisture
contents between 3 and 16%. The shift factors derived were described using free volume and entropy-
based equations. This research demonstrates that wood behaves similarly under those conditions to
the general class of cellular amorphous polymers. This conclusion opens many possibilities for ex-
perimentally and mathematically modeling the pressing of wood-based composites.

Keywords: Viscoelasticity, cellular metering, free volume, composites pressing.
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INTRODUCTION

One advantage of composites over tradi-
tional materials is the ability to tailor the ma-
terial properties to meet structural design re-
quirements. The properties of the composite
will be a function of the raw material prop-
erties in situ and the geometry in which the
components are arranged. Scientists and en-
gineers have been more successful in designing
synthetic fiber-reinforced composites than
wood-based composites, mainly because of the
microstructural complexity and variability of
the latter. However, proficiency in designing
wood-based composites is necessary if these
products are to compete with other materials
in future markets. The research presented here
is aimed at improving our fundamental un-
derstanding of material behavior during the
processing of wood-based composites. This
improvement can be accomplished through
mathematical and experimental modeling of
the pressing cycle. These models can be useful
as a tool to understand complex behavior that
is not immediately intuitive.

For many non-veneered wood-based com-
posites, the focal point of manufacturing is a
highly automated process in which wood and
adhesive components are flat-pressed, using
extreme heat and pressure. During pressing, a
simultaneous heat and mass transfer results in
transient temperature and humidity gradients
in the mat (Suchsland 1962; Humphrey 1979;
Kamke and Casey 1988a). When force is ap-
plied to consolidate the mat, the wood com-
ponents deform in bending and compression.
The densification resulting from compression
alters the physical and mechanical properties
of the wood component. Changes in the
strength, stiffness, sorption, and swelling of
wood were found to be strongly influenced by
the environment in which the densification oc-
curred (Casey 1987; Geimer et al. 1985; Price
1976; Koch 1964; Kunesh 1961; Seborg and
Stamm 1941). Environmental conditions also
significantly influence the degree of damage to
cell walls (Geimer et al. 1985). Significant ev-
idence exists that these changes in wood prop-
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erties can be manifested in the composite
product (Hsu 1987; Geimer et al. 1985; Hu-
janen 1973; Heebink and Hefty 1969; Suchs-
land and Enlow 1968).

Clearly, the interaction of time, tempera-
ture, and moisture with nonlinear mechanical
properties presents tremendous complexities
to this problem. Empirical research for wood-
based composites will be determined by our
ability to simultaneously control the vast array
of interacting variables, many of which are
governed by inflexible laws of nature. Even-
tually, a thorough understanding of this com-
plex system will depend on theories founded
on fundamental principles. The necessity to
develop theories will arise from two distinct
needs: (1) a means to eliminate and narrow the
focus of parameters in experiments, and 2)a
framework to interpret experimental results.
The objective of this research is to demon-
strate the applicability of materials engineering
theory to wood deformation, as it pertains to
the pressing of wood-based composites. Dem-
onstrating that wood behavior is governed by
the same physical laws as other less complex
materials will allow a significant step forward
in the engineering design of wood-based com-
posites.

In general, wood can be classified as a poly-
meric cellular material. The properties of cel-
lular materials are governed by the cellular ge-
ometry and properties of the solid cell wall.
Temperature and moisture are not likely to
significantly alter the cellular structure; there-
fore, the influence of these factors must be pri-
marily restricted to the cell-wall material. For
polymers, the dependence of mechanical prop-
erties on time, temperature, and moisture is
unified through the viscoelastic properties. The
primary thesis of this paper is that the inter-
action of time, temperature, and moisture on
the nonlinear mechanical properties of wood
in transverse compression can be described us-
ing fundamental theories of cellular materials
and viscoelasticity of polymers. An underlying
assumption of this approach is two-part: (1)
nonlinear behavior arises solely from collapse

of the wood cellular structure, and (2) the ma-
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terial behavior of the cell-wall material can be
described using linear viscoelastic theory.
These assumptions are also used by Gibson
and Ashby (1988) in deriving the linear vis-
coelastic behavior of honeycomb structures.

Theories of cellular materials

A characteristic mechanical response for cel-
lular materials in compression is shown in Fig.
1. The material begins deforming in a linear
elastic manner. A yield point is exhibited at
the onset of cellular collapse. The material con-
tinues to deform at nearly a constant stress
level. When a majority of the cells have col-
lapsed, densification begins. During densifi-
cation, stress rapidly increases as the collapsed
cell walls consolidate.

Many micromechanics models have been
developed to predict linear elastic and yielding
properties of cellular materials from cell ge-
ometry and mechanical properties of the cell-
wall material (Warren and Kraynik 1987,
Gibson et al. 1982; Gibson and Ashby 1982;
Meinecke and Clark 1973; Leaderman 1971;
Whittaker 1971; Chan and Nakamura 1969;
Ko 1965; Gent and Thomas 1959). Recently,
Gibson and Ashby have produced a compre-
hensive set of theories that address the linear,
nonlinear, and failure properties for elastic,
plastic, and brittle cellular materials (Gibson
and Ashby 1988:; Gibson et al. 1982, 1988:
Gibson and Ashby 1982; Ashby 1983; Maiti
et al. 1984). The primary difference between
Gibson and Ashby’s original work and that of
their predecessors is that they correctly as-
sumed that cell-wall bending rather than ex-
tension governed deformation. These theories
have been applied to a number of natural ma-
terials including wood (Ashby et al. 1985; Mai-
tietal. 1984; Easterling et al. 1982), cork (Gib-
son et al. 1981), bone (Gibson and Ashby
1988), and the iris leaf (Gibson et al. 1988).

The major shortcoming of utilizing the cur-
rent applications of Gibson and Ashby’s the-
ories to wood is that nonlinear behavior is
assumed to be a function of plastic yielding or
fracture of the cell wall. These failure-oriented
cell-wall properties are difficult to measure and
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will most certainly vary tremendously with en-
vironmental conditions. The variable nature
of cell-wall collapse is evidenced in Fig. 2.

Viscoelastic behavior of
amorphous polymers

Amorphous polymers are termed viscoelas-
tic because they can exhibit a range of prop-
erties from viscous fluids to linear elastic solids
depending on the time scale, temperature, dil-
uent concentration (i.e., moisture content) of
the test (Fig. 3) (Ward 1983). In relative terms,
at short times, low temperatures, and low dil-
uent concentrations, the polymer exhibits
glassy behavior, which can be characterized as
stiff and brittle. At long times, high tempera-
tures, and high diluent concentrations, the
polymer exhibits rubbery behavior that is
characterized as compliant and elastic. Be-
tween these two distinct regions is termed the
transition phase; the temperature associated
with the phase change is typically called the
glass transition temperature (T,). At extremely
high times, temperatures, and diluent concen-
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FiG. 2. Cross-sectional views of Douglas-fir flakes re-
covered from a pressed panel showing (a) elastic collapse
and (b) fractures in the cell walls.

trations, some polymers (i.e., thermoplastics)
exhibit viscous flow. However, unmodified
wood undergoes thermal degradation before
this phase is reached.

The analogous behavior of polymers with
different loading time, temperatures, and dil-
uent concentrations is exhibited best in ther-
morheologically simple systems (Christensen
1982). In these polymer systems, the time-de-
pendent mechanical responses at different
temperatures and diluent concentrations are
related by a change in the time scale only. From
this equivalence, the long-term behavior of
mechanical properties can be derived using

time-temperature Superposition. With thig

i
i
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Fic. 3. Typical variation of relaxation modulus [E(t)]
for an amorphous polymer with time, temperature, and
diluent concentration. The master curve denotes the spe-
cific viscoelastic regions of polymer behavior.

tests at different temperatures as shown on the
left in Fig. 3. These curves are then shifted
along the log time axis to form a smooth, con-
tiguous curve similar to that shown on the right
in Fig. 3. The horizontal shift needed at each
temperature is recorded as the shift factor
shown in the upper right of Fig. 3. Once the
time-dependent response of a polymer is de-
termined over a large range of times (termed
a master curve), the effect of a temperature
change is equivalent to a horizontal shift of the
master curve via a time multiplier (the shift
factor) (Fig. 3). This relation is expressed
mathematically as reduced time (') by the re-

lation:
oo [
o a[T]

t' = reduced time

(1)

where;

t = time
a[T] = temperature shift factor
At a

constant temperature and diluent con-
centration, Eq. [1] will reduce to: t' = t/a(T,M),
where a(T,M) is the shift factor for temperature
and moisture content,

The i)ower

fqrw ',‘

=N
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but also in the ramifications of the behavior
as defined by the Williams-Landel-Ferry (WLF)
equation (Ferry 1980). The WLF equation in-
dicates that for temperatures above T,, the shift
factor for time-temperature superposition is
similar for all amorphous polymers. Although
this observation was originally empirical, a
fundamental basis for the equation has been
provided using free volume theories. Free vol-
ume can be defined as the difference between
the occupied volume and specific volume of a
polymer (Billmeyer 1984). Occupied volume
is defined as the volume occupied by the actual
mass of molecule plus any volume it occupies
from thermal vibrations that exclude other
molecules from its domain (Adamson 1980).
The influence of temperature on the viscoelas-
tic properties of polymers results from the lin-
ear increase of free volume with temperature
above T,. Simply stated, viscoelasticity can be
viewed as a self-diffusion of polymer mole-
cules in response to a mechanical perturbation.
Therefore, the mobility of polymer molecules
is related to the amount of free volume at any
given condition (Ferry 1980). This leads to the
conclusion that increased states of free volume
result in an increase in the rate of deformation.
A thorough mathematical derivation of these
concepts is beyond the scope of this paper but
is presented elsewhere (LeFebvre et al. 1989;
Knauss and Emri 1981; Ferry 1980).

The WLF equation has been shown to hold
for temperatures in the range of T, to T, +
100 C for most amorphous polymers (Ward
1983). Salmen (1984) showed that shift factors
determined for water-saturated wood are con-
sistent with the WLF equation for tempera-
tures in the range of T, to T, + 55 C. Kelley
et al. (1987) determined that the WLF equa-
tion is valid between T, and T, + 85 C for
wood plasticized with formamide. These
agreements with the WLF equation lend cred-
ibility to the concept that the viscoelastic be-
havior of wood is a direct function of the vis-
coelastic response of the amorphous
constituent polymers (i.e., lignin, hemicellu-
loses, and amorphous cellulose).
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Objectives

In an effort to provide a fundamental basis
for understanding the deformation processes
of wood during hot-pressing, the specific ob-
jectives of this work are:

1. To formulate a methodology for describing
the nonlinear transverse compression be-
havior of wood using theories of cellular
materials in a manner that can be integrated
with the viscoelastic response of cell-wall
polymers.

2. To describe the interaction of time, tem-
perature, and moisture with the mechanical
properties of the cell wall using viscoelas-
ticity theories of amorphous polymers.

EXPERIMENTAL METHODS

The experimental portion of this research
involved determining the nonlinear compres-
sion and viscoelastic properties of wood in the
transverse directions under a variety of tem-
perature and moisture conditions. These ex-
periments were intended to provide data for
the analysis of theories presented above, not
to provide a comprehensive description of the
behavior of wood at these conditions.

Specimen preparation

Green yellow-poplar (Liriodendron tulipi-
fera) blocks were split into large sections to aid
in grain orientation. In preparing compression
samples, the sections were conditioned to a
nominal 8% moisture content, planed to 20
mm thick, and then cut to 20- X 20- mm
square cross section. In addition to cubes, wood
flakes were produced with a tangential face on
a laboratory scale disk flaker from green blocks.
The flakes were approximately 0.9 mm thick
with a 20- x 20- mm square cross section. For
stress relaxation tests, prismatic tension spec-
imens were machined from the large sections.
The parallel-sided tension specimens mea-
sured 20 X 8 mm in cross section and were
155 mm long. The radial direction was ori-
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FiG. 4. Assembled test apparatus for the nonlinear compression tests.

ented with the long axis of the specimen. All
specimens were loaded in the radial direction.

Nonlinear compression tests

Specimens were compressed at 6% strain per
minute on a universal hydraulic testing ma-
chine equipped with heated platens rigidly at-
tached to the crosshead and base (Fig. 4). Both
aluminum loading blocks were machined flat
and parallel to 0.25 mm. Each block was heat-
ed with four cartridge heaters that were in-
serted near the block surface remote to the
specimen. A thermocouple was placed near
each loading surface to provide feedback for a
temperature controller. A steel block separated
the loading block from the cooling manifold.
Water was passed through the cooling mani-
fold to maintain an acceptance temperature at
the load cell and base. Deflection was mea-

sured with the linear variable displacement
transformer (LVDT) attached to the crosshead
with a stiff aluminum arm. The load-deflection
relationship of the test apparatus was mea-
sured and compensated for in the test data.
Both load and deflection were acquired in real
time by computer and immediately converted
into stress and strain.

Moisture content and temperature condi-
tions below 100 C were maintained during the
test by sealing the specimens prior to heating
and compressing. The 20-mm cubes were heat-
sealed in poly(vinylidene chloride) (SARAN
Wrap 560, 0.15-mm-thick) envelopes. Flakes
were sealed in three layers of aluminum foil
(0.05 mm thick) because the deformation of
the polymer film was significant compared to
the deformation of the wood specimen. Pres-
sures exceeding one atmosphere were needed
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to maintain saturated conditions at 120 C and
140 C. For these conditions, the compression
apparatus was fit with a bellows-style rein-
forced rubber boot that was clamped around
the cylindrical loading blocks (Fig. 4). A chan-
nel machined near the perimeter of the lower
platen was filled with water. The temperature
of the blocks was increased after sealing the
apparatus with the test specimen inside. Gas
pressure inside the sealed apparatus was mon-
itored using an electronic pressure transducer
to assure that a saturated environment was
achieved.

Stress relaxation tests

Relaxation modulus was determined using
a single specimen tested at a series of different
temperatures and moisture contents with a
universal servohydraulic testing machine
equipped with an environmental chamber. The
test specimen was held at each end between
two serrated steel plates that were bolted to-
gether. The gripped length of the specimen was
40 mm at each end. The total gage length be-
tween the grips was 75 mm. The plates were
fastened to the test machine by steel pins. This
gripping arrangement allowed the specimen to
be unfastened from the test machine at the
pinned ends without removing the specimen
from the grips.

The stress relaxation tests were conducted
by imposing a step increase in strain of 0.005
and maintaining this strain for approximately
600 seconds. The specimen was then returned
to zero strain for an equal recovery period.
Strain was measured using an extensometer
(25.4-mm gage length) attached to the speci-
men with metallic coil springs. The load and
strain data were acquired in real time by a
computer.

Each group of stress relaxation tests was con-
ducted at a constant nominal moisture content
between 3% and 16% in a single day. In gen-
eral, tests were conducted at temperatures be-
tween 39 C and 99 C at 3 C intervals. The
actual temperatures deviated from this range
at low and high moisture contents because of
equipment limitations. The actual moisture
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TaBLE 1. Environment conditions used in stress relaxa-
tion tests to construct relaxation modulus master curves.
Tests were conducted at 3 C intervals.

Moisture content (%) Temperature range (deg C)

Nominal Actual Low High
3 3.1 57 99

6 5.6 39 99

10 9.3 39 99
12 12.0 39 90
16 16.6 39 75

content and temperatures are listed in Table
1. The relative humidity needed to achieve a
target moisture content at each temperature
was calculated using an inverted form of the
one-hydrate Hailwood-Horobin equation as
presented by Simpson (1973). The moisture
content of the test specimen was estimated us-
ing control samples that remained in the test
chamber at all times except during weighing.
The moisture content of the control samples
was measured at the beginning and end of each
day’s tests. Moisture content was found to vary
less than 1.5% between the beginning and end
of the day, however, the variation between
these times is unknown.

RESULTS AND DISCUSSION
Nonlinear compression behavior

Elastic versus plastic collapse mecha-
nisms. —It has been shown that micromechan-
ical models developed for honeycomb and
closed cell foams can be applied to wood (Maiti
et al. 1984; Easterling et al. 1982). These re-
searchers assume that the nonlinear mechan-
ical response of wood results from the plastic
yielding and fracture of the cell walls. Without
doubt, the cell walls of wood are damaged dur-
ing transverse compression to large strains.
However, the question arises whether the elas-
tic buckling of cell walls contributes to the col-
lapse mechanisms and can be used to ade-
quately model the nonlinear mechanical
behavior. To answer this question, experi-
mental evidence is evaluated using the theories
developed by Gibson and Ashby (1988).
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The Young’s modulus (E) of a closed cellular
solid can be written as:

E = C,E. 8 )

where:

C, = constant
E. cell wall modulus
b relative density (ratio of the cellular
density to the cell wall density)

Il

This equation is derived from classical plate
theory and applies to elastomeric and rigid
plastic cellular materials.

The vyield stress (o,) of cellular materials is
influenced by the collapse mechanism of the
cell wall. Yielding in elastomeric foams results
from elastic buckling of the cell walls. The yield
point can be calculated by:

o, = C;E,8 3)

where:
C,; = constant

For rigid plastic cell-wall materials that exhibit
a yield point, yielding in the cellular solid re-
sults from the formation of plastic hinges. Yield
stress in the cellular material can be deter-
mined from the fully plastic moment in the
cell wall:

o, = Cy0,,07 (4)

where:

C, constant
Oyw cell wall yield stress

I

Given Hooke’s Law (E = o/¢), C; in Eq. [3]
is equivalent to the yield strain (¢,). Therefore,
¢, should be independent of density for cellular
materials that deform nonlinearly from elastic
buckling of the cell wall. However, it can be
shown from Egs. [2] and [4] that this relation
does not hold for rigid plastic foams. Inspec-
tion of data presented by Easterling et al. (1982)
showed that ¢, did not vary significantly for
balsa (Ochroma lagopus) with density ranging
from 0.078 to 0.218 g/cm?3. Mechanical tests
conducted by Kasal (1989), using balsa, yel-
low-poplar, and maple (Acer rubrum) at a range
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of moisture contents and temperatures, showed
that ¢, consistently equalled approximately
0.015. This agrees closely with the value of
0.014 determined by Maiti et al. (1984) and
0.012 from Easterling et al. (1982). These re-
sults can be reconciled if elastic buckling oc-
curred prior to developing a fully plastic mo-
ment in the cell wall. The cell wall could then
be damaged after collapse. This concept is pro-
posed by Gibson and Ashby (1988) to explain
the shape of failure envelopes for multiaxial
loading.

To illustrate the argument presented above,
¢, and o, were calculated for wood, assuming
both elastic and plastic collapse. The results
are presented in Figs. 5 and 6. Because E,, and
o4 are unknown, they were calculated from
the measured modulus and o, using Egs. [2]
and [4] respectively. For 20-mm cubes con-
ditioned to 8% moisture content and 30 C, E,,
= 12 GPa and o, = 49 MPa.

For low relative densities, the difference be-
tween the predicted values of ¢, assuming elas-
tic and plastic collapse mechanisms is small.
However, large differences exist between the
predicted values of ¢,. For higher relative den-
sities when plastic collapse may actually occur,
the error introduced to the predicted o, by as-
suming elastic collapse is not serious for rel-
ative densities less than 0.35. Comparing these
results with those observed experimentally, it
seems likely that the cell walls collapse from
elastic buckling at low relative densities. It is
important to realize that this conclusion does
not exclude the possibility that the cell walls
yield or fracture after collapse has occurred.

Modeling the structural nonlinearity of the
cell wall. —Clearly, the characteristic shape of
the stress-strain diagram is a direct result of
the geometric nonlinearity resulting from the
response of the cellular structure. Rusch (1969)
first proposed the separation of the structural
and cell-wall material response through a

modification of Hooke’s Law:
o = Eeg(e) &)

The nonlinear strain function, ¢(e), is a func-
tion of the applied strain that governs the geo-
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calculated assuming elastic and plastic collapse mecha-
nisms.

metric nonlinearities. It can be derived exper-
imentally from the observed plastic strain in
the stress-strain diagram (Rusch 1969). Maiti
et al. (1984) derived a relation to describe the
plateau and densification region of the stress-
strain diagram. The longest cell walls were as-
sumed to buckle first, resulting in the yield
point. They then postulated that the length of
the cell walls that will buckle with increasing
compression strain could be described as a
function of the longest cell-wall length and the
increasing elative density with strain (8(¢)).
These equations can be rewritten allowing ¢(e)
to be described for strains greater than ¢, (Wol-
cott et al. 1989a):

3
el 1 —6
w9 = ?L - 5(6)1/3}

For strains less than ¢,, ¢(e) is equal to unity.
If 8(e) is calculated from the plastic strain, then
¢(¢) 1s equal to unity when ¢ = €.

Dijatation (volume change) results from cel-
lular collapse even in uniaxial loading. There-
fore, d(¢) is a monitor of the cellular collapse.

(6)
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Little or no lateral expansion occurs in an elas-
tomeric foam specimen within the nonlinear
region of the stress-strain relationship. For this
case, 6(e) = 8/(1 — ¢). However, lateral expan-
sion has been noted for wood (Wolcott et al.
1989a). When the loaded surfaces are re-
strained from frictional forces, the specimen
exhibits barrelling and 8(¢) can be determined
by (Kasal 1989):

—1
2
6(e) =8|1 — ¢, + 5“61’ - /.Lef,:| @)

where: ¢, = plastic strain = ¢ — ¢,

The expansion coeflicient (u) is defined as the
ratio of the lateral strain to compressive strain
in the nonlinear stress-strain region. This pa-
rameter is influenced by specimen height be-
cause the surfaces are restrained by frictional
forces between the test samples and compres-
sion platens. Characteristic values of u for yel-
low-poplar at 30 C and 12% moisture content
were between 0.1 and 0.15 for 20-mm cubes
and approximately 0.05 for 0.9-mm-thick
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flakes. A thorough discussion of this is pre-
sented elsewhere (Kasal 1989).

Whereas ¢, was found to be relatively in-
variant with material variables such as species,
density, moisture content, and temperature, it
has been found to be affected significantly by
specimen geometry (Wolcott et al. 1989b;
Menges and Knipschild 1982; Kunesh 1968:
Bodig 1963). It has been found that the ap-
parent E increases nonlinearly with specimen
height, while ¢, varies with the reciprocal of E.
A conclusive explanation of this behavior is
lacking. However, the phenomenon has been
related experimentally (Menges and Knip-
schild 1982) and theoretically (Wolcott et al.
1989b) to the excessive deformation of the
loaded surfaces. Wolcott et al. (1989a) showed
that surface asperities as small as 0.25 mm
could significantly influence the measured E in
wood. The relationship described above can
be modeled through C, in Eq. [2] and should

be viewed purely as a specimen effec
t (Wol
et al. 1989a). (Woleo

W Xl)érzmental ol The o

N
-
—
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whether the nonlinear response of wood in
transverse compression can be modeled using
theories of cellular materials assuming elastic
collapse mechanisms. To remove the vari-
ability introduced by the unknown cell-wall
modulus, Young’s modulus and ¢, for the ra-
dial direction were determined for every spec-
imen. These values, along with the measured
density, were used in Egs. [5], [6], and [7] to
calculate the predicted nonlinear response.

A comparison of experimental and predict-
ed behavior for the plateau and densification
regions was made using two distinct points:
€4en> €u- 1 heESE points were chosen as a measure
to test the theoretical behavior with experi-
mental results because they can be easily iden-
tified both mathematically and visually through
the nonlinear strain function: ¢(e) (Fig. 7). The
€4en 18 defined here as the beginning of the den-
sification region, which is denoted by a min-
imum in ¢(e). The point where ¢(¢) equals unity
after reaching ¢4, is defined here as .

Experimental and predicted values for the
stress and strain at ¢4, and ¢, were used to
quantitatively determine how well ¢(¢) pre-
dicted the collapse and densification regions
of the stress-strain relation for flakes. Typical
predicted and experimental curves are pre-
sented in Fig. 8. On average, predicted values
of €4, and ¢, are less than those measured ex-
perimentally. The mean errors in predicting
€aen are€ 11.1% for stress and 8.2% for strain.
For predicting ¢,, the mean errors were 9.5%
for stress and 9.9% for strain. Given these
results, the theories regarding the nonlinear
behavior of cellular materials presented here
appear to represent wood in transverse
compression.

Interaction of time, temperature, and moisture

Analytical development. — An important as-
pect o_f classical viscoelasticity theory in poly-
METs 18 time-temperature equivalence. Origi-

nally, time-temperature superposition wag qu

I i : imerequiredtod e

>
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the advent of free volume theories and their
relation to the WLF equation. Ferry (1980)
notes that criteria other than the smooth shift-
ing of curves should be used to substantiate
the validity of experimentally determined shift
factors. Theory such as the WLF equation can
be used to substantiate validity of the time-
temperature equivalence when prior experi-
ence does not exist for shifting. Successful ap-
plication of these theories also indicates that
a material behaves viscoelastically, like other
amorphous polymers. For wood, this conclu-
sion has important implications both theoret-
ically and experimentally.

This research involves the interaction of both
temperature and moisture with time-depen-
dent properties of wood. An equivalent ap-
proach to time-temperature superposition has
been used with moisture (Maksimov et al.
1975, 1976). In time-temperature-moisture
superposition, time-dependent properties are
determined at different temperatures and
moisture contents. These curves are then shift-
ed along the log time axis to form the master
curve in a manner analogous to time-temper-
ature superposition. The shift factor for tem-
perature and moisture (a[T,M]) is then defined
using reduced time:

ve [

o a[T, M]

Knauss and Emri (1981) proposed a free vol-
ume theory that accounts for changes in tem-
perature, diluent concentration, and hydro-
static stress to predict nonlinear viscoelastic
properties. Their model assumes that a change
in free volume of a polymer depends on the
dilatation from these three variables. The free
volume of a polymer can then be expressed as:

®)

f=1f, + (T — T,) + B(C — C,) + o5 (9)

where:

f = fractional free volume
T temperature

C = diluent concentration
o = hydrostatic stress

Il
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a, B, 6 are free volume expansion coeflicients.
Subscript o refers to the reference condition

The shift factor can be defined in terms of
fractional free volume through the Dolittle
equation (Ferry 1980):
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B 1 1
log a = m[¥ - ?0] (19

where B = constant.
Combining Egs. (9) and (10):
log a[T, C, o] =

B AT = Tg) + BIC — Cy) + b0
2.303|f, + T — To) + B(C — Cy) + b0

a1

Equation [11] defines the behavior of the
shift factor for amorphous polymers above the
glass transition temperature. It is likely that a
majority of the stress relaxation tests con-
ducted under the conditions outlined in Table
1 will correspond with the glassy region of lig-
nin. At temperatures below T,, free volume
does not expand in a linear manner. In the
glassy region, the shift factor can be described
using an Arrhenius-type equation [10], which
is derived from entropy-based arguments
(LeFebvre et al. 1989). Substituting this tem-
perature dependence while neglecting stress ef-
fects that are difficult to evaluate on a cell-wall
level, temperature and moisture dependence
can be described through the shift factor as:

AH,

log a[T, M] = o= =0
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FiG. 10. Relaxation modulus (E(t")) plotted against re-
duced time (t' = t/a[T,M]). The master curve was devel-
oped by shifting the temperature-compensated curves in
Fig. 9 to a reference moisture content of 3.1%.

B [(B/2.303f0)(C - co)] (12)
/8 + (C = Cyp)
where:
AH, = apparent activation energy

o
I

universal gas constant

Experimental results

The relaxation modulus (E[t]) determined
for different temperatures at a common mois-
ture content was shifted along the log time axis
to a reference temperature of 60 C (Fig. 9). The
temperature-compensated curves were then
shifted along the time axis to construct a mas-
ter curve for both temperature and moisture
content (Fig. 10). This shifting process resulted
in a smooth curve possessing a shape consis-
tent with those displayed by amorphous poly-
mers. The recorded shift factors were then
evaluated using Eq. [12]. To solve for the four
unknowns (AH,, B, f,, ), a two-step procedure
was utilized. First, the temperature depen-
dence of the relation was determined by dif-
ferentiating Eq. [12] with respect to 1/T:

d(log a[T, M]) _ _AH,
d(1/T) 2.303R

(13)

Using Eq. [13], a linear regression of d(log
a[T,M]) versus d(1/T) will yield a slope value
equal to AH,/2.303R. The differential values
of log a[T,M] and 1/T are calculated from a
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FiG. 11. Linear regression results of d(log a[T,M]) ver-

sus (1/T — 1/To). The reference temperature (To) equals
333.15 K. The r2 = 0.83 for the regression analysis.

reference value of 60 C (333 K). In the second
step, the values of (B/2.303f,) and (f,/8) were
determined using a nonlinear regression tech-
nique. The model used was:

AH,
log a[T, M] = 520 R

_|®8/2:3036)(C — Cy)
(fo/ 6) + (C - Co)

(14)

The results of this two-stage procedure are pre-
sented graphically in Figs. 11 and 12.

The linear regression analysis used to solve
for the temperature dependence of the shift
factor yielded the slope shown in Fig. 11. The
intercept was not significant at the 0.05 level.
This result is expected because the shift factor
will equal zero at the reference temperature.
The apparent activation energy calculated from
the slope of this regression is found to be 171
kJ/mole. This value is nearly identical to the
172 kJ/mole determined by Caulfield (1984)
for the viscoelastically dominated rate of load-
ing and duration of loading effects for strength
properties of wood. Van de Put (1987) deter-
mined an activation energy for short-term re-
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Fig. 12. Nonlinear regression results to determine
moisture dependence at a[T,M].

laxation properties of wood as 209 kJ/mole.
As Caulfield recognized, these apparent acti-
vation energies are approximately equivalent
to that required to break nine hydrogen bonds.
Nissan (1977) has developed a theory for creep
of hydrogen-bonded materials that involves
the simultaneous breaking of hydrogen bonds.

The results of the nonlinear regression anal-
ysis are shown in Fig. 12. To evaluate the
meaning of these coefficients, they must be re-
duced to the fundamental variables of f, and
8. The constant B from the Dolittle equation
is typically assumed to equal unity from pre-
vious experimental results (Ferry 1980). With
this relation, the identity for (B/2.303f,) = 15.4
and (f,/8) = 0.083 can be solved simultaneous-
ly to yield f, = 0.028 and 8 = 0.33.

The universal value for f, is 0.025 at T, (Fer-
ry 1980). This value is remarkably consistent
with 0.023 determined by Salmen (1984) and
0.0245 by Kelley et al. (1987) at T,. Fractional
free volume can be viewed as the fraction of
micro-voids in the cell wall that is often re-
ferred to in the wood/moisture literature (Skaar
1972; Stamm 1964). Stamm (1964) calculated
that the fraction of micro-voids in mercerized
cellulose was equal to 0.023 using the differ-



Wolcott et al. —WOOD DEFORMATION DURING PRESSING

ence between swelling volume and the volume
of water adsorbed. This same technique was
used independently by Adamson (1987) in de-
termining a fractional free volume of 0.025 for
neat epoxy. Certainly, the agreement of the
results presented here with that of various re-
searchers lends credibility to the general nature
of free volume concepts.

Little experimental evidence is available to
evaluate the expansion coefficient 3. However,
a mathematical relation is given for the frac-
tional free volume of polymer/diluent systems
by McKenna (1989):

f=v,f, + vofy — kv,vy

(15)

where:
f = fractional free volume
v = volume fraction
k = interaction parameter (ca. 1032)

subscripts p and d denote polymer and dil-
uent, respectively

The free volume expansion coeflicient, 83, is
equivalent to the first derivative of Eq. [15]
with respect to C. Because of the difficulty in
converting from weight fraction (C) to volume
fraction, this differential was evaluated nu-
merically. For moisture contents ranging from
3% to 16%, the average value for df/dC = 0.33
for a f; = 0.28. This value is within the range
of 0.1 to 0.3 given for small-molecule diluents
far above T, (McKenna 1989). Given these
agreements, the parameters determined for Eq.
[12] are certainly within the range predicted
by theory and determined experimentally for
the general class of amorphous polymers.

CONCLUSIONS

Theories of mechanical properties of cellular
materials and viscoelastic properties of amor-
phous polymers were presented and compared
to the experimental behavior of wood. The
objective of this research was to evaluate the
conformity of wood behavior to these theories
to provide a fundamental basis for under-
standing the deformation processes of wood
during the pressing cycle of wood-based com-
posites.
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Wood was observed to display a stress-strain
relationship in transverse compression that is
characteristic of cellular materials. Compari-
son was made between the theoretical and ex-
perimental yield points assuming both plastic
and elastic collapse mechanisms. It was con-
cluded the cell walls in low density species of
wood are likely to undergo elastic collapse. Only
small errors are introduced by assuming elastic
collapse for high density woods. An analysis
of the collapse and densification regions of the
stress-strain relationship for yellow-poplar
flakes was found to be adequately predicted by
theory assuming elastic collapse mechanisms.

The viscoelastic behavior of wood was com-
pared to free volume theories for amorphous
polymers. Specifically, the interactions of
temperature and moisture content with the
transverse relaxation modulus of wood were
studied through time-temperature-diluent con-
centration superposition. Shift factors were
evaluated using a modified version of the free
volume theory presented by Knauss and Emri
(1981). The analysis showed that temperature
dependence is controlled by an Arrhenius-type
behavior with an apparent activation energy
of 171 kJ/mole. This value is consistent with
findings by other researchers with wood. Mois-
ture dependence was found to be controlled by
changes in free volume with moisture content.
The fractional free volume for the glassy region
was determined to be 0.028. This value is re-
markably consistent with the “universal” fig-
ure 0of 0.025 for amorphous polymers. The free
volume expansion coefficient for moisture
changes was calculated to be 0.33. This value
is within the range predicted by theory.

There is a certain appeal to the fundamental
materials engineering models, presented here,
which can unify the interactions of time, tem-
perature, and moisture with the nonlinear re-
sponse of wood in compression. The polymers
and cellular structure that dictate responses
under these conditions are common to all spe-
cies of wood. In addition, fiber and flake-based
mats of wood-based composites can also be
viewed as a cellular material. The conformity
of wood with these general materials theories
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opens many avenues for research aimed at ful-
ly engineered wood-based composites. For in-
stance, the predictive nature of these theories
can be used to understand wood behavior un-
der environmental conditions indicative of the
pressing cycle that are extremely difficult to
control experimentally. Also, wood mats can
be experimentally modeled using mats com-
posed of synthetic polymer fibers and films.
These systems could provide stepping stones
in our understanding of more complicated
wood-based systems by eliminating experi-
mental parameters such as moisture and nat-
ural variability. Finally, the demonstration that
wood behavior can be studied as a function of
the governing polymer behavior, coupled with
the structural geometry of the cellular anato-
my, has implications far beyond the scope of
this particular problem.
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ABSTRACT

Based on 342 Chinese timber species separated into five distinct categories, relationships of various
wood mechanical properties (S) with specific gravity (G) were examined at: 1) species rank; 2) generic
rank; 3) the category rank as well as in all the softwoods or hardwoods as a whole. The curvilinear
equation (S = aG?) was compared with the linear one (S = a + bG) in terms of the goodness at
predicting mechanical properties through specific gravity. The results indicate that the mechanical
property-specific gravity relationship varies remarkably with the taxonomic rank, the wood category,
and wood mechanical property. Further, the goodness of the two equations in terms of the coefficient
of determination also varies appreciably with the rank, the wood category, and wood mechanical
property. As a whole, however, the curvilinear equation appears to be better than the linear one at
predicting most mechanical properties, particularly at species rank and in terms of the regression
coeflicients.

Keywords: Specific gravity, mechanical properties, wood categories, Chinese woods, regression equa-

tions, relationships.

INTRODUCTION

Wood mechanical properties (S) in relation
to specific gravity (G) were examined by New-
lin and Wilson (1919) based on American
woods, and the equation S = «G® was first
established for describing the relationships be-
tween specific gravity and mechanical prop-
erties of clear, straight-grained, and defect-free
wood. The Wood Handbook (Forest Products
Laboratory 1987) gave the regression equa-
tions based on the average specific gravity and
mechanical property values for the commer-
cially important 43 softwoods and 66 hard-
woods grown in the United States. Armstrong
et al. (1984) verified the equation with world-
wide data on modulus of rupture, modulus of
elasticity in static bending, and maximum
crushing strength in compression parallel to
the grain. The results show that grouping tim-
bers by genera or by gross anatomical cate-
gories for developing mechanical property-
specific gravity regressions may be preferable
to grouping species on a geographical basis.
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Furthermore, Walton and Armstrong (1986)
found significant differences in the mechanical
property-specific gravity relationship between
most generic groupings and between most pore
arrangement groupings. On the other hand,
however, it was stated by Liska (1965) and
Forest Products Laboratory (1987) that me-
chanical properties within a species are linearly
related to specific gravity, and thus could be
better predicted by the linear equation S = a
+ bG. As a matter of fact, this linear equation
has been widely used over the years for de-
scribing mechanical properties in relation to
specific gravity in a species.

When one reviews the relationships between
wood mechanical properties and specific grav-
ity, it is natural to ask: 1) Do the relationships
of wood mechanical properties with specific
gravity change appreciably at different taxo-
nomic ranks (viz. at species, generic and higher
ranks)? 2) Between the curvilinear and linear
equations, which is better at describing the me-
chanical property-specific gravity relation-
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ship? Is the linear equation better at species
rank, but poorer at generic and higher ranks?
3) How about the regression coefficients of the
two equations? Do they also change with the
rank? Are they significant statistically? 4) Is
the curvilinear equation good at describing
various mechanical properties in relation to
specific gravity? How about the goodness of
the equations at predicting different mechan-
ical properties? The present study aims at an-
swering these questions. Various mechanical
properties of major Chinese woods in relation
to specific gravity were analyzed in the present
study. The data on physico-mechanical prop-
erties of major Chinese woods (Anon. 1982)
were considered as a unique population able
to serve the present study: 1) The population
includes a large number of timber species. 2)
These species comprise different kinds of soft-
woods and hardwoods. 3) These species cover
tropical, subtropical, and temperate elements.
4) The determination of wood mechanical
properties for all the species studied followed
one testing standard. 5) Various wood me-
chanical properties were determined.

MATERIALS AND METHODS

In total, 342 species comprising 74 soft-
woods and 268 hardwoods were included in
the present study. These species include major
commercial Chinese woods (Anon. 1982). In
consideration of the obvious differences in
macroscopic wood structure among the 342
species of softwoods and hardwoods, the fol-
lowing five distinct wood categories were rec-
ognized:

1) First softwood category (FSC): the soft-
woods with gradual transition from early-
wood to latewood (e.g., Abies and Picea),

2) Second softwood category (SSC): the soft-
woods with abrupt transition from early-
wood to latewood (e.g., Larix and hard
pines);

3) Ring-porous wood category (RPC) (e.g.,
Castanopsis and Quercus);

4) Diffuse-porous wood category (DPC) (e.g.,
Eucalyptus and Populus);
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5) Semi-ring-porous wood category (SPC) (e.g.,
Fagus and Juglans).

Among the 342 species studied, 37 species be-
long to the first softwood category, 37 species
to the second softwood category, 58 species to
the ring-porous wood category, 136 species to
the diffuse-porous wood category, and 74 spe-
cies to the semi-ring-porous wood category ac-
cording to Cheng et al. (1979) and Cheng et
al. (1992). Descriptive statistics for various
mechanical properties of the five distinct wood
categories were given by Zhang (1994b).

For those species that were distributed in
limited regions or that were commercially less
important, only one test was conducted for
each of those species based on the trees sam-
pled from one locality. For some important
and widely distributed species, however, more
than one (up to 16) tests were performed for
individual species, and each test was based on
the trees sampled from one of a wide range of
localities throughout the distribution areas. In
total, 557 tests were completed for the 342
species. For each test, normally at least 5 trees
were collected from a locality, and at least 30
small clear specimens were prepared and test-
ed for each mechanical property according to
the Chinese National Standard (NSB 1980).
Mechanical properties tested include:

A. Modulus of rupture in static bending

(MOR);

B. Modulus of elasticity in static bending

(MOE);

C. Maximum crushing strength in compres-
sion parallel to the grain (Cmax);

D. Maximum compression strength perpen-
dicular to the grain (MCS):

1) MCSp—The loading on the partial sur-
face of the specimen (based on the av-
erage of the radial and tangential tests);

2) MCSe—The loading on the entire sur-
face of the specimen (based on the av-
erage of the radial and tangential tests);

E. Maximum shearing strength parallel to the
grain (MSS) (based on the average of the

radial and tangential tests);
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F. Maximum tensile strength parallel to the
grain (MTY);

Toughness (T),

Hardness (H): 1) Hx (transverse); 2) Hrt
(based on the average of the radial and tan-
gential tests);

=¥

Mechanical property values were adjusted to
the air-dry condition, which is considered to
be 15% moisture content in China. Wood spe-
cific gravity was based on the oven-dry weight/
air-dry volume.

The relationships of mechanical properties
with specific gravity in this study were ex-
plored at the following taxonomic ranks: 1)
species rank; 2) generic rank; 3) category rank.
In addition, the mechanical property-specific
gravity relationship was also examined when
all the softwoods or hardwoods studied were
considered as a whole. When the relationship
was examined at generic or higher rank, the
intraspecific variation was not taken into ac-
count (viz. based on the average of all tests for
individual species). The relationship at species
rank, however, was based on the “species-lo-
calities” averages or shipment averages (cf.
Newlin and Wilson 1919; Liska 1965). In the
present study, the relationship at generic rank
as well as at species rank was based on two
common and important taxa selected from each
wood category (except SPC). At generic rank,
Abies (10 species) and Picea (9 species) were
selected from FSC, Larix (7 species) and Pinus
(hard pines only, 20 species) from SSC, Eu-
calyptus (11 species) and Populus (20 species)
from DPC, and Castanopsis (15 species) and
Quercus (12 species) from RPC. At species
rank, the “species-localities” averages in a few
cases (see Table 3) were from more than one
species due to the limited number of the tests
for individual species. Regression analysis was
performed in the present study. Regression
equation was presented for each mechanical
property at different ranks and tested by anal-
ysis of variance, and the coeflicient of deter-
mination (R?) was given for the curvilinear and
linear equations as a major index of the ability
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to predict mechanical properties through spe-
cific gravity.

RESULTS

Mechanical property-specific gravity
relationship at the category rank as
well as in all the softwoods or
hardwood as a whole

For most mechanical properties (except
MOR, MOE, and MTS) of the first softwood
category (FSC), the linear equation (S = a +
bG) has a slightly higher coefficient of deter-
mination (R?) than the curvilinear one (S =
aG#), as shown in Table 1. It indicates that the
linear equation is able to explain a higher per-
centage of the variation in most mechanical
properties except static bending properties and
tensile strength. For SSC, however, the reverse
holds true: in terms of the coefficient of deter-
mination, the curvilinear equation is better
than the linear one at predicting most me-
chanical properties. If all the softwoods stud-
ied were considered as a whole (SW), the cur-
vilinear equation is better at predicting most
mechanical properties studied. Only the static
bending properties are predicted slightly better
by the linear equation. As shown in Fig. 1,
however, the two prediction equations for
MOR (MOR = 149G°%! and MOR = 3.7 +
148G) are actually quite close to each other,
and the same, to a lesser extent, applies to
MOE (Fig. 2). For RPC, the linear equation
appears to be more or less better than the cur-
vilinear one at predicting all the mechanical
properties (except MTS) in terms of the coef-
ficient of determination (see Table 1). For DPC,
however, the curvilinear equation is better at
predicting all the mechanical properties (ex-
cept the static bending properties). For SPC,
no remarkable differences in the coefficient of
determination can be recognized between the
two equations. When all the hardwoods stud-
ied were considered as a whole (HW), the cur-
vilinear equation is able to better predict most
mechanical properties, as found in the soft-
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woods as a whole (SW). Further, the intercept
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cients (o« and B) of the curvilinear equation are
both significant in almost all cases (Table 1).
Moreover, the linear relationship using the in-
tercept other than zero has no physical mean-
ing (viz. it predicts a positive or negative prop-
erty at zero specific gravity), while the
curvilinear relationship can degenerate into a
linear one when the exponent equals 1. As a
whole, therefore, the curvilinear equation ap-
pears better than the linear one at predicting
mechanical properties at the category or higher
rank.
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two softwood categories. But mechanical prop-
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to specific gravity than in FSC, and large dif-
ferences in the relationships of T, MOE, and
MTS with specific gravity can be recognized
between the two softwood categories. As shown
in Table 1, all the mechanical properties stud-

fed in SSC are significantly related to specifi

12-
104
T 7
a © 8
Z 8
- o
w 3
o 64
t 3 - .
44 — -
.
MOE=14900G ~ 0.503
21 :c;-:qw;nsoou
03 035 04 045 05 055 06 065 07
Specific gravity
Fic. 2.  MOE in relation to specific gravity in the soft-

woods as a whole (SW) and the comparison of the cur-
vilinear and linear equations.

gravity, while MOE in FSC is not significantly
related to specific gravity. In the hardwoods
as a whole (HW), as in the softwoods as a whole
(SW), H, MOR and Cmax are most closely
related to specific gravity (see Fig. 3 for MOR
as an example), while T and MTS are the least
related to specific gravity. This largely applies
to the individual hardwood categories. In gen-
eral, the mechanical properties in RPC are re-
markably less related to specific gravity than
in DPC and SPC (Table 1), as demonstrated
with MOE in Figs. 4 and 5. All the mechanical
properties in RPC, however, are still signifi-
cantly related to specific gravity, and about
half of the variation in the mechanical prop-
erties can be explained by specific gravity. For
DPC as well as SPC, over half (up to 95%) of
the variation can be explained. Compared with
the softwoods as a whole, it appears that all
the mechanical properties in the hardwoods as
a whole (HW) are appreciably more closely
related to specific gravity (Table 1). For in-
stance, MOE is poorly related to specific grav-
ity in the softwoods as a whole, but closely
related to specific gravity in the hardwoods as
a whole (see Figs. 2 and 6). In general, specific
gravity in the softwoods as a whole is able to
account for about half of the variation in the

mechantcal properties, wiil over half up 1
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TABLE 1. The regression coefficients and the coefficient of determination (%) of the curvilinear equation (a, 8 and R2—
the first row of each mechanical property) and linear equation (a, b, and r2—the second row) at the category rank (viz.
RPC. DPC, SPC, ESC and SSC) as well as in all the softwoods (SW) or hardwoods as a whole (H w).l

RPC DPC SPC
: PR : PR : I
MOR 130 0.687 53 150 1.095 80 149 1.037 92
27.7 107 58 =79 157 82 -1.2 149 93
MOE 147 0.586 38 165 0.861 74 169 0.852 87
(x100) 43.1 111 39 14.7 153 75 16.7 154 87
Cmax 58.5 0.618 45 73.1 1.035 92 70.1 0.969 88
13.8 48.1 51 —-0.7 73.5 81 2.0 68.4 89
MCSp 13.1 1.133 51 16.3 1.633 80 16.6 1.674 90
—2.8 17.3 52 —4.2 19.4 76 —5.4 21.9 82
MCSe 8.9 1.080 53 11.9 1.718 78 11.1 1.597 88
—2.1 11.7 55 -29 13.6 74 -2.8 13.5 89
MSS 16.1 0.772 47 17.3 1.078 74 17.2 1.084 83
2.2 14.7 52 —-0.1 17.2 69 —-1.0 18.5 84
MTS 145 0.570 32 158 0.841 55 164 0.893 72
53.0 94.8 29 22.8 136 52 17.1 145 80
T 130 1.213 47 124 1.466 51 142 1.433 76
—20.4 1.595 48 -31.9 1.612 45 —31.4 1.787 79
Hx 96 1.166 64 121 1.633 8s 115 1.606 91
-17.2 120 71 —42.5 161 84 —35.5 151 91
Hrt 90 1.429 68 15 2.027 92 116 2.025 95
-27.0 120 75 —56.1 165 88 —48.7 161 93

1 Underlined R? (r2) and a (a) or/and 8 (b) indicate that the regression (tested by ANOVA) and the regression coefficient(s) are not significant at the 90%
confidence level, respectively; the bold R? (or r2) is relatively larger than the other one; all mechanical properties (except Tougness in N-M/m2, x1,000) in

MPa (the same applies to Tables 2 and 3).

almost 90%, of the variation can be explained
by specific gravity in the hardwoods as a whole.

As shown in Table 1, the regression coeffi-
cients a of the curvilinear equations for MOR

——

MOR=145G ~ 0.995
—~—
MOR=0.9+145G__ |

MOR (MPa)

T

02 03 04 05 06 07 08 09 1 11 12
Specific gravity
Fic. 3. MOR in relation to specific gravity in the hard-
woods as a whole (HW) and the comparison of the cur-
vilinear and linear equations.

in most wood categories (except RPC) are close
to each other, and the same applies to another
regression coefficient (8). It indicates that the
prediction curves for most of the different soft-

20
-
184 -
16
144
E ) 124
z 5
£ 3 0]
w 3
]
E Iy
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-
o - f:f-|41000"0.500
MOE-“H‘M“‘IOOG_
2
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Specific gravity
Fic. 4. MOE in relation to specific gravity in the ring-
porous wood category (RPC) and the comparison of the
curvilinear and linear equations.
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TABLE 1. Extended.

HW FSC SSC SwW

. 5K R ¢ K a ¢ & . g
145 0.995 81 146 ) 0.925 53 151 0979 61 149 0.951 61
08 145 82 8.7 137 52 =03 115 62 3.7 148 62
162 0.802 73 126 0.389 8 161 0.692 28 149 0.593 21
20.6 146 73 69.6 & § _2__9._4 141 33 43.1 115 23
68.8 0932 178 78.3 1.001 52 63.4 0.717 49 68.3 0.826 53
2.7 67.2 79 L3 76.1 55 M 55.6 46 7.4 62.7 52
15.8 1.571 80 25.7 2.072 51 10.8 1.137 56 13.2 1.317 41
4.5 200 74 ~-8.8 310 52 —0.7 11.4 48 —2.4 15.7 31
11.0 1.562 80 14.7 1.905 43 9.1 1.432 61 9.7 1.451 46
—2.7 13.2 73 —4.3 17.1 48 i 10.3 51 -1.9 11.1 41
17.2 1.037 74 21.9 1.517 42 15.3 1.068 65 17.0 1.209 50
-0.2 174 73 3.2 221 43 0.5 13.5 39 -1.0 16.9 46
158 0.816 60 144 0.583 21 182 0.969 45 161 0.756 36
24.7 134 59 45.0 103 18 _7_._?: 174 40 26.5 140 34
127 1.360 58 @ 0.758 18 2 1.335 67 §§ 1.070 45
—28.3 1.636 56 ﬂ 0.743 21 —11.1 1.040 60 _—~2_.§ 0.893 42
115 1.552 85 123 1.687 54 69 1.047 48 79 1.180 46
-353 149 85 -26.5 132 56 =29 74 44 —6.5 85 43
110 1.921 90 106 1.991 60 79 1.676 77 85 1.740 68
—47.4 153 87 —254 106 61 —17.6 86 70 —18.3 89 65

wood and hardwood categories (except RPC) may be comparable (viz. a comparable weight-
would be close to each other (see Fig. 7), name-  strength ratio). But RPC is appreciably differ-
ly, the predicted MOR values for the different ent from the other categories: when specific
wood categories of the same specific gravity gravities are within the range of about 0.600,

25 25
;3;-1 8500G ~ 0.861 - ;&-152000 ~0.802
20 —— - 20 —— L] -
MOE= 1470+ 15300G MOE = 2080+ 14800G ‘
F 35 735
53 ij
w 2 w 3
o <]
3 £ 10 2 £ 10
54 54
0 : . . T : . : r - 0 T T r . : - ; —
02 03 04 05 06 07 08 09 1 11 12 02 03 04 05 06 07 08 09 1 11 12
Specific gravity Specific gravity
Fic. 5. MOE in relation to specific gravity in the dif- FiGg. 6. MOE in relation to specific gravity in the hard-

fuse-porous wood category (DPC) and the comparison of  woods as a whole (HW) and the comparison of the cur-
the curvilinear and linear equations. vilinear and linear equations.
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Specific gravity
Fic. 7. The predicted MOR for the distinct wood cat-
egories.

the predicted MOR value for RPC is generally
higher than those for the other categories of
the same specific gravity; beyond that range it
becomes lower (see Fig. 7). For MOE, the pre-
diction curves for the individual wood cate-
gories are appreciably different. As shown in
Table 1 and Fig. 8, the prediction equation for
the first softwood category (MOE =
12,600G°38%) differs remarkably from SSC
(MOE = 16,100G%%2) in both « and . To a
lesser extent, this holds true in two hardwood
categories: RPC and DPC. Furthermore, as we
noticed in MOR for RPC, the predicted MOE
for a category is also related to the range of
specific gravity in terms of the comparison with
other categories of the same specific gravity.
For instance, the predicted MOE for FSC is
larger than those for the other categories within
the range of 0.6000, but beyond that range
MOE for this category does not increase as
much as for other categories and thus becomes
smaller than for other categories of the same
specific gravity. Similar cases were also noticed
in other mechanical properties (e¢.g., Cmax,
MTS, MSS, MCSp, and MCSe) (figures not
shown), and greater or lesser differences in the
prediction curve between the individual wood
categories exist. Moreover, the exponent (§) of
the curvilinear equation for MOR in all the
categories (except the RPC) is very close to 1
(ranging from 0.951 to 1.095), as shown in
Table 1. It indicates that MOR at the category
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a T HW=16200G ~ 0.802
E 5 —hee

o g SW=14900G ~ 0.583
[]
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Specific gravity

Fic. 8. The predicted MOE for the distinct wood cat-
egories.

rank generally shows an almost linear relation
with specific gravity (see Figs. 7 and 9). To a
lesser extent, this also applies to MSS and Cmax
(see Table 1 and Fig. 9); but H, MCS, and MOE
have an appreciable curvilinear relation with
specific gravity (see Fig. 9). As shown in Table
1, the exponents (3) of the curvilinear equa-
tions for MOE (0.389t0 0.861)and MTS (0.570
10 0.969) in all the wood categories are smaller
than 1.000, while those for MCSp (1.133 to
2.072), MCSe (1.080 to 1.905), Hx (1.047 to
1.687), and Hrt (1.429 to 2.027) and T (except
in FSC) are larger than 1.000. It implies that
the latter mechanical properties may vary with
specific gravity at a higher rate than MOE and
MTS. In general, H and MCS vary with specific
gravity at the highest rate among the various
mechanical properties studied, next is T, fol-
lowed by MSS, MOR, and Cmax, while MOE
varies with specific gravity at the lowest rate,
as demonstrated in Fig. 9. It should be noticed
that both the changing rate and the linearity
of a mechanical property with specific gravity
in terms of the exponent (3) could be appre-
ciably different between the wood categories,
since the exponent (3) of the curvilinear equa-
tion for most mechanical properties is more
or less different from category to category. Both
MOR and Cmax in RPC, for instance, show
an obvious curvilinear relation with specific
gravity (3 = 0.687, 0.618, respectively) al-
though they have near linearity in other cat-
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egories, and they vary with specific gravity at
a slower rate (see Table 1 and Fig. 7 for MOR
as an example). On the contrary, MCSe shows
an appreciable curvilinear relation with spe-
cific gravity in most categories (8 ranges from
1.432 to 1.905), but in RPC it tends to be
linearly related to specific gravity (8 = 1.080),
and varies with specific gravity at a slower rate
than in other categories. Table 1 also shows
that compared with the two regression coeffi-
cients (« and 8) of the curvilinear equation,
those (a and b) of the linear equation show
remarkably larger variation among the wood
categories, and the intercept (a) appears to have
a relatively wider range than the slope (b).

Mechanical property-specific gravity
relationship at generic rank

As in FSC, the linear equation in Abies, a
genus belonging to FSC (a FSC genus), also has
a slightly higher coefficient of determination
than the curvilinear one (see Table 2); but it
is not the case in Picea, another FSC genus
where the curvilinear equation is able to ex-
plain a higher percentage of the variation in
some mechanical properties (viz. MOE, MTS,
T, and Hx). In Larix, a SSC genus, the cur-
vilinear equation is better at predicting most
mechanical properties, as found in SSC; but it
does not hold true in Pinus (only including
hard pines which belong to SSC), as shown in
Table 2. The linear equation in the ring-porous
genus Castanopsis, as in RPC, also has a more
or less higher coefficient of determination for
most mechanical properties; but it is not the
case in the ring-porous genus Quercus. In Eu-
calyptus, a DPC genus, the curvilinear equa-
tion is able to explain more variation in some
mechanical properties. In the diffuse-porous
genus Populus, however, the linear equation
appears to be able to explain more variation
in most mechanical properties. If the two gen-
era from each of the four categories studied
were considered as a whole, it appears that the
curvilinear equation vs. linear equation ap-
plied to the generic rank partly follows the case
at the category rank. Furthermore, as we no-
ticed at the category rank, the intercept (a) of
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FiG. 9. The comparison of the prediction curves G (8
based on the average of the softwoods and hardwoods) for
various mechanical properties showing the changing rate
and the linearity of individual mechanical properties with
specific gravity.

the linear equation at generic rank is not sig-
nificant in most cases as well (not shown), and
this, to a lesser extent, applies to the regression
coefficient b. However, it happens much less
frequently to the two regression coefficients of
the curvilinear equation, especially to o (see
Table 2).

The relationships of mechanical properties
with specific gravity at the generic rank, to
some extent, vary with the genus under study
(Table 2). In the diffuse-porous genus Euca-
lyptus, for instance, all the mechanical prop-
erties studied are remarkably more closely
related to specific gravity than in the diffuse-
porous genus Populus. But more often some
properties in a genus are remarkably more
closely related to specific gravity than in an-
other genus of the same category, as shown in
Table 2. If two genera from each category were
considered as a whole, the mechanical prop-
erties in the SSC genera, unlike at the category
rank, do not appear to be more closely related
to specific gravity than in the FSC genera, and
the mechanical properties in the two DPC gen-
era are not remarkably more closely related to
specific gravity than in the two RPC genera,
either. But it appears to be true that most me-
chanical properties in the hardwood genera are
slightly more closely related to specific gravity
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than in the softwood genera (Table 2), as we
found at the category rank. Comparing Table
2 with Table 1, it appears that the relationships
of most mechanical properties with specific
gravity in the SSC genera and DPC genera are
not as close as those in the respective catego-
ries, but it does not apply to other genera. As
a whole, H, MOR, and Cmax at generic rank
appear most closely related to specific gravity,
while MSS at the softwood generic rank and
MTS at the hardwood generic rank are the least
related to specific gravity.

As shown in Table 2, the two regression co-
efficients (« and 8) of the curvilinear equation
for individual wood mechanical properties at
generic rank show an appreciably wider range
than at the category rank. For instance, the
regression coefficients « and 8 for MOR at ge-
neric rank range from 86 to 225, and 0.370 to
1.414, respectively. This indicates that the pre-
dicted mechanical property values for the gen-
era of the same specific gravity from different
wood categories may be more different than at
the category rank. Even for genera of the same
category, they may still be appreciably differ-
ent, as indicated by distinct regression coeffi-
cients (Table 2). The exponent (8) of the cur-
vilinear equation for Cmax in most genera
studied is still close to 1.000, but this does not
apply to MOR and MSS. As shown in Table
2, the exponent (3) for MSS is smaller than
1.000 in most genera, and for MOR it could
be smaller than 1.000 in some genera (e.g.,
Abies, Castanopsis, Populus, and Quercus), but
it could be larger than 1.000 in other genera
(¢.8., Eucalyptus and Picea). This case also ap-
plies to other mechanical properties studied.
Therefore, the relationships of most mechan-
ical properties with specific gravity at generic
rank vary in terms of the linearity, depending
on the taxon under study.

Mechanical property-specific gravity
relationship at species rank
For the species from FSC (FSC species), the
linear equation is not better at all even in terms
of the coefficient of determination (Table 3).
On the contrary, the curvilinear equation is

521

significantly better at predicting most mechan-
ical properties, which is obviously different
from the case at the category and generic ranks.
The same applies to the SSC species where
almost all the mechanical properties are better
predicted by the curvilinear equation. At the
RPC species rank, unlike at higher ranks, the
curvilinear equation also appears to be better
at predicting most mechanical properties, and
this, to a lesser extent, applies to the DPC spe-
cies rank. Therefore, at species rank the cur-
vilinear equation is generally better than the
linear one at predicting mechanical properties
in terms of the coefficient of determination.
Furthermore, we also noticed that the intercept
(a) of the linear equation at species rank was
not significant in most cases as well, and this,
to a lesser extent, applies to the regression co-
efficient b (not shown). It, however, happens
appreciably less frequently to the two regres-
ston coefficients (o and ) of the curvilinear
equation.

As shown in Table 3, the relationships of
mechanical properties with specific gravity at
species rank also vary with the taxon under
study, as noticed at the generic rank. For in-
stance, most mechanical properties in one SSC
species (Cunninghamia lanceolata) are obvi-
ously more closely related to specific gravity
than in another SSC species (Pinus masson-
lana). A similar case also exists in the FSC
species. As a whole, the mechanical properties
at the SSC species rank do not appear to be
more related to specific gravity than at the FSC
species rank. However, the relationships of
mechanical properties with specific gravity at
the DPC species rank are appreciably closer
than at the RPC species rank, and they are
more or less comparable with those at the ge-
neric or higher ranks. But the relationships at
the RPC species rank are remarkably lower
than those at higher ranks. A similar case exists
at the softwood species rank where some me-
chanical properties are poorly related to spe-
cific gravity. But it still holds true that the
mechanical properties at the hardwood species
rank are generally more closely related to spe-

cific gravity than at the softwood species rank,
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As a whole, H, MOR, and Cmax appear most
closely related to specific gravity at the species
rank, while MSS at the softwood species rank
and MTS at the hardwood species rank are the
least related to specific gravity, as we noticed
at the generic rank.

Comparing Table 3 with Tables 1 and 2, the
two regression coefficients (¢ and G) of the cur-
vilinear equation for individual mechanical
properties at the species rank also show an
appreciably wider range than at the category
rank, and they are usually (more or less) dif-
ferent from those at the generic rank as well.
As shown in Table 3, the differences in the two
coeflicients of the regression equations for some
mechanical properties between some species
are quite large. It implies that the predicted
weight-strength ratios for some species may be
quite different. However, the regression coef-
ficients of different species from the same cat-
egory generally appear closer than those of the
species from different categories although the
differences in the two regression coefficients of
different species from the same category still
could be large. Furthermore, the relationships
of mechanical properties with specific gravity
in terms of the linearity also vary with indi-
vidual mechanical properties as well as the
species under study. For instance, MOR, Cmax,
and MOE are almost linearly related to specific
gravity only at the DPC species rank, but the
linear relationship does not exist in other me-
chanical properties (e.g., T and Hrt). More-
over, the exponent (8) of the curvilinear equa-
tion 1s appreciably more frequently not
significant than the regression coefficient «, as
we noticed at the generic rank.

DISCUSSION

The curvilinear equation established by
Newlin and Wilson (1919) was based on the
results of tests on mixed softwoods and hard-
woods. Liska (1965) followed the same treat-
ment, but he found that the curvilinear equa-
tion does not differ appreciably in the goodness
from the linear one. However, the present study
indicates that the differences in the mechanical
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property-specific gravity relationship among
the five wood categories are quite remarkabile,
and the goodness of the curvilinear and linear
equations at describing the relationships in the
individual categories is also appreciably dif-
ferent. Therefore, grouping timbers by the wood
categories for developing mechanical proper-
ty-specific gravity regressions appears to be
preferable. A similar statement was also made
by Armstrong et al. (1984), and they even sug-
gest grouping timbers by genera. This is largely
supported by the present study.

The present study clearly indicates that the
curvilinear equation is better than the linear
one at predicting mechanical properties at spe-
cies rank in terms of both the coefficient of
determination and the regression coefficients.
Liska (1965) and Forest Products Laboratory
(1987) believed that specific gravity and me-
chanical properties within a species show a
linear relationship rather than a curvilinear one;
and a significant linear relationship was re-
ported in many studies (Kellogg and Ifju 1962;
Liska 1965; Ifju 1969; Pearson and Gilmore
1971; Manwiller 1972; Bendtsen and Ething-
ton 1972; Schniewind and Gammon 1983,
Pearson 1988; Shepard and Shottafer 1992;
Zhang and Zhong 1992). But a poor linear re-
lationship between specific gravity and some
mechanical properties was also noticed by some
authors (McAlister 1976; Leclercq 1980;
Schniewind and Gammon 1983; Hunt et al.
1989). In general, very few studies have com-
pared the linear equation with the curvilinear
one in terms of the goodness at predicting me-
chanical properties through specific gravity.
Liska (1965) reported that a straight-line re-
lationship between specific gravity and four
mechanical properties in Douglas-fir was jus-
tified; but a few studies (Biblis 1969a, b; Biblis
and Fitzgerald 1970) also found that a curvi-
linear equation was better than the linear one
at describing the relationships of mechanical
properties with specific gravity. It should be
remembered that the relationships at species
rank presented in this study, unlike most stud-
ies reported before, were established on the
basis of the shipment averages rather than the
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results of individual specimens. We thus won-
der whether there are appreciable differences
in the mechanical property-specific gravity re-
lationship at species rank based on the two
different data sources, which will be explored
in a subsequent study (Zhang 1994a). In ad-
dition, more species should be investigated in
order to get a general conclusion on the me-
chanical property-specific gravity relationship
at species rank because the present study in-
dicates that the relationships at species rank,
to some extent, vary with the species under
study.

It appears difficult to understand a closer
mechanical property-specific gravity relation-
ship in the hardwoods as a whole (HW) than
in the softwoods (SW) if the more complex
structure of hardwoods is considered. How-
ever, aremarkably wider range of specific grav-
ities in the hardwoods (roughly ranging from
0.2 to 1.2, see Fig. 3) than in the softwoods
(roughly from 0.3 to 0.7, see Fig. 1) may be
one contributing factor. In addition, the large
variation in the amount of resin among the
softwoods studied might be another factor be-
cause it, like extractives, adds weight (or spe-
cific gravity), but does not modify mechanical
strength appreciably (Zhang and Zhong 1992).
A closer mechanical property-specific gravity
relationship in the diffuse-porous wood cate-
gory than in the ring-porous wood category
appears reasonable in the sense of the more
uniform structure in the diffuse-porous woods.
However, the appreciable differences in the re-
lationship between the two softwood catego-
ries remain to be explored. An appreciably
poorer relationship at species rank probably
results from the fact that in the present study
the mechanical property-specific gravity rela-
tionship in individual species was based on the
shipment averages, and each test was based on
the trees from one of a wide range of the lo-
calities throughout the distribution areas. If
the study had been based on the results of in-
dividual specimens from the same locality, a
closer relationship at species rank would have
been expected.
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CONCLUSIONS

In light of this study on the 342 Chinese
woods, it is rational to conclude:

1. The relationships of mechanical properties
with specific gravity vary remarkably with
the taxonomic rank, the wood category, and
wood mechanical property.

a) In general, most mechanical properties
at species rank are appreciably less re-
lated to specific gravity than at higher
ranks. However, the relationships of
mechanical properties with specific
gravity at generic rank are partly com-
parable with those at higher ranks.

b) Most mechanical properties in the sec-
ond softwood category appear to be more
closely related to specific gravity than in
the first softwood category, but this does
not hold true at lower ranks. In the ring-
porous wood category, they are gener-
ally less related to specific gravity than
in the diffuse-porous wood category, and
this holds true at species rank, but not
at generic rank. If the softwoods studied
were considered as a whole, mechanical
properties in the hardwoods as a whole
are generally more closely related to spe-
cific gravity, and this applies more or
less to the lower ranks as well.

¢) Among various mechanical properties
studied, H, MOR, and Cmax at all ranks
studied appear most closely related to
specific gravity; but MOE and MTS in
the softwoods as a whole and T and MTS
in the hardwoods as a whole are the least
related to specific gravity. This holds true
at the category rank, but not at lower
ranks where MSS (softwoods) and MTS
(hardwoods) appear least related to spe-
cific gravity.

2. The goodness of the curvilinear equation
and linear equation in terms of the coeffi-
cient of determination also varies appre-
ciably with the taxonomic rank, the wood
category, and wood mechanical properties.
As a whole, however, the curvilinear equa-
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tion appears better at predicting most me-
chanical properties, particularly at species
rank.

3. Prediction curves (or the predicted weight-
strength ratios) for the distinct wood cate-
gories are usually (except for MOR) differ-
ent more or less, and this applies to the
lower ranks. Further, the predicted weight-
strength ratio for a wood category in terms
of the comparison with other categories is
related to the range of specific gravity (with
a turning point at about 0.6000). Moreover,
the prediction equation for MOR, MSS, and
Cmax at the category or higher rank tends
to be linear, but this does not apply to other
mechanical properties and lower ranks. In
general, H and MCS at the category or high-
er rank vary with specific gravity at the
highest rate among the mechanical prop-
erties studied, next is T, followed by MSS,
MOR, and Cmax, while MOE varies with
specific gravity at the lowest rate. This,
however, does not appear to be true at lower
ranks. Between the two regression coeffi-
cients (o and 3), the exponent (3) appears
to be more frequently not significant at spe-
cies and generic ranks, but both of them are
remarkably less frequently not significant
as compared with those of the linear equa-
tion.
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ABSTRACT

This study was initiated to investigate the effect of presteaming on drying stresses of red oak (Quercus
sp.) using the coating and bending method. Besides the presteaming effect, a directional effect on
drying stresses was also tested. Four blocks were randomly selected. Each block was divided into two
pairs (four samples). One pair was randomly assigned to steaming while the other was assigned to
control. A statistical split-plot model was used to analyze the results. Presteaming increased drying
stress by up 1o 36% and decreased drying time by 23% when red oak was dried at 75% relative humidity
and 44 C from average moisture content of 80 to 16%. The maximum drying stress of the steamed
samples occurred before that of the unsteamed samples due to faster moisture loss from the sample.
This study indicated that the coating and bending method could be used to study drying stresses of
red oak. The statistical model revealed the differences between steaming and control and between
inner and outer directions. Drying stresses were different in two opposite directions (outward and
inward), regardless of whether the wood was steamed or not.

Key Words: Coating and bending method, drying deflection, drying stress, modulus of elasticity,

presteaming, slicing method.

INTRODUCTION

Presteaming and steaming of wood have been
practiced in Europe since the middle of the
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18th century to prepare for drying, to sterilize
wood, to darken some species, and to relieve
drying stresses (Campbell 1961). They have
been in use in Australia for 30 years, but in
the United States these processes have not been
commercially adopted. One reason is that in
this country there is a greater concern for qual-
ity than for shorter drying time. Presteaming
of wood has been reported to increase the dry-
ing rate of heartwood of many wood species
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(Campbell 1961; Simpson 1975; Alexiou et al.
1990a, b). Campbell (1961) reported a reduc-
tion in drying time of 20-35% for Eucalyptus
obliqgua. Alexiou et al. (1990a) reported that
presteaming increased the drying rate of Eu-
calyptus pilularis by 7-16%.

The reason that presteaming can reduce dry-
ing time is not completely clear. Some re-
searchers (Haslett and Kininmonth 1986;
Choong and Achmadi 1989) postulated that
steaming changes the nature of polyphenolic
extractives that line cell walls, lumina, and pit
areas. Before steaming, these extractives form
a continuous layer. After steaming, the layer
appears cracked, blistered, and generally dis-
continuous; therefore, the cell walls become
more accessible to water, and moisture move-
ment is enhanced. Alexiou et al. (1990a)
thought that the increase in drying rate is due
to the mobilization and partial removal of
heartwood extractives, which allow greater ac-
cess of water molecules to the cell walls. Mi-
croscopic investigation (Kubinsky 1971) of
steamed northern red oak showed a reduced
fiber lumen size, indicating an increased in-
ternal swelling that is caused by disruption of
the warty layer that lines the lumen walls. The
resultant effect is an increase in accessibility
of the cell wall to moisture. Transmission elec-
tron micrographs of pit membranes of the
steamed wood indicate hydrolysis of the mem-
branes, which weakens both the membrane and
the bond between the torus and the border,
resulting in deaspiration of the pits (Siau 1984).
Extraction by hot water and chemical solvents
tends to have the same effects on permeability
as steaming in softwoods (Fogg 1969) and in
tropical woods (Choong and Achmadi 1989).

Drying stresses in wood are closely related
to drying rate and they affect drying quality.
Several papers (Schniewind 1960, 1963; Kue-
bler 1960) have described in detail the nature
of these stresses. The technique often used to
detect the stress in wood is the slicing method
(McMillen 1955, 1968; Simpson 1975; Rice
1988), which requires cutting a drying sample
into slices. There is a change in dimensions
soon after cutting, i.e., an elastic strain in the
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Fic. 1. Sample preparation and dimensions.

sample is indicated. This strain causes stress
in the wood and results in honeycombs and
checks if the stress is greater than the strength
of the sample. This phenomenon can also be
found if the sample is cut along the neutral
plane (Fig. 1).

The slicing method to analyze drying stress
was first used by McMillen (1955). Youngs and
Norris (1958, 1959) further refined this meth-
od to calculate the internal stress in drying
wood. The information derived by their tech-
nique gives a clear insight into the stress be-
havior during drying of wood, although the
stress values apply to only one stage of drying
of one sample under one set of drying condi-
tions. This method, however, is difficult to use.
When wood is sliced, the slices are affected by
either a knife or a saw, and by temperature and
relative humidity at the slicing site, which cause
large variations in the data. Also, attention
must be given to the techniques used for gath-
ering data on strain recovery of the slices.
McMillen (1968) reported irregular distribu-
tions of surface checks in some specimens and
this phenomenon discourages any attempt to
analyze all of the specimens for actual drying
stresses. Rice (1988) reported that because of
limitations in the slicing technique, the stresses
that occur at the surface cannot be predicted.
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=drying deflection

Fic. 2. Deflected shape of sample during drying.

Alexiou et al. (1990b) stated that direct mea-
surement of internal stresses in wood is not
possible; but drying stresses can be estimated
by measuring the strains. Because information
on the mechanical properties of blackbutt (Eu-
calyptus pilularis) across the grain is lacking,
Alexiou et al. (1990b) could use instantaneous
strain recovery only as an indicator of stress
development. Also due to the highly variable
magnitudes, the trends were not statistically
significant. In addition, it is not possible to get
the exact strain at the time of checking. There-
fore, this slicing method can be used only dur-
ing the first several days of drying. For these
reasons, a new method needs to be developed
to test and analyze drying stress.

EXPERIMENTAL AND ANALYTICAL METHOD

The main objective of this study was to de-
velop a new method to determine the effect of
presteaming on drying time and occurrence of
drying stresses in wood. In order to accomplish
the research objective, a coating and bending
method was developed to replace the slicing
method. Simplified assumptions for this meth-
od were: (1) water in wood between two op-
posite surfaces moves to the nearest surface,
1.e., if a neutral plane is assumed between the
two opposite surfaces, then water would not
traverse the neutral plane; (2) drying stresses
and strains vary linearly from the surface of
the wood to the neutral plane; (3) strain and
stress distributions are symmetrical with re-
spect to the neutral plane; (4) slicing the wood
into two halves along the neutral plane will not
affect the moisture movement if the cut surface
is coated. It is pertinent to point out that a
sliced sample would develop a bend that is
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FiG. 3. Mid-span loading to determine the modulus of
elasticity E of the sample.

concave to the uncoated surface (Fig. 1) during
the first phase of drying because the uncoated
surface shrinks first.

As drying continues into the second phase,
moisture close to the coated surface begins to
shrink, and the bending will be convex with
respect to the uncoated surface. The bending
will release the drying stresses. If a force, F, is
exerted on the sample (Fig. 2) to straighten it
(bend backward), then the bending stress in-
duced by this force is equal to the drying stress
in the uncut sample. This force, F, can be ob-
tained experimentally. Knowing F, the drying
stress, o, can be determined by elementary the-
ory of bending as:

M  Fl/4 3<Fl>

)

=S b6 2\pa

where M is the mid-span moment due to F
and equal to F//4, lis the distance between two
supports (Fig. 2), S is section modulus of the
cross section with respect to the x axis, d (Fig.
1) is the distance from the coated surface to
the uncoated surface (i.e., depth of sample),
and b is the width of the sample.

A potential problem with this procedure is
that when the force is applied to the sample,
the sample may crack before it straightens. If
too small a force is used, the sample will not
straighten completely. To solve this problem,
it is possible to use another approach by first
determining the modulus of elasticity, E, and
then calculating the drying stress from ele-
mentary bending theory as follows:

E(d/2)
5 = 2N92)
p

()

where ris the radius of curvature of the sample,
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and equal to

2 8A )
in which A is the midspan deflection of the
sample after drying (Fig. 2).

The modulus of elasticity, E, of the sample
can be determined from the relationship:

s FP
48E1

C))

where 6 is the deflection due to a concentrated
load, F, applied at mid-span (Fig. 3), and I =
bd3/12 is the moment of inertia of the cross
section with respect to the x-axis. Substituting
the value of E into Eq. 2, yields the drying
stress, ¢. Because r/d > 10, the straight bar
formula for maximum stress is used here (Ti-
moshenko 1955).

MATERIALS

A green red oak (Quercus sp.) heartwood
board was randomly selected for this study.
The original moisture content (MC) of the
board was 80%. The dimensions were 5 cm
thick, 20 cm wide, and 240 cm long. Four clear
blocks were randomly selected from the board
(Fig. 4). In order to decrease the variance of
the wood, each block was divided into two
pairs, of which one was assigned to the control
group and the other to the steaming group.
Then ecach pair was split into two samples ac-
cording to their structural positions with re-
spect to the tree stem. The inner part that was
nearer to the pith was labeled “inner,” while
the outer part that was nearer to the bark was
called “‘outer” wood. The dimensions of each
sample were about 20 mm in the radial (R)
direction, 23 mm in the longitudinal (L) di-
rection, and 140 mm in the tangential (T) di-
rection. The sample was cut so that the rings
were symmetrically oriented with respect to
the center of the / dimension (T direction).

PROCEDURE

Block numbers were properly marked on the
randomly selected board, indicating four ran-
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Fic. 4. Method of cutting sample blocks.

domly selected blocks. The blocks were cut as
shown in Fig. 4. Then each block was cut into
two pieces (a pair) (Figs. 1 and 4). The two
pieces were randomly assigned to the control
group and the steaming group. Each piece was
marked by letters and numbers to identify its
block, group, and positions-directions. Then
each piece was cut into two samples of inner
and outer positions.

After cutting, the samples of the presteaming
group were put inside a steamer for 2 h at
atmospheric pressure and 100 C. Presteaming,
however, causes some water to come out of
the sample. In order for steamed samples to
have the same moisture content as that in the
control group, the presteamed samples were
put into water in a flask, and the flask was
vacuumed for 20 min every 6 h during 24 h.
Then all the samples, in both control and pre-
steaming groups, were coated as shown in Fig.
1. All the surfaces, except the top surface of
the outer sample and the bottom surface of the
inner sample, were coated with saran resin di-
luted in methyl ethyl ketone. Each sample was
coated three times. Thus the inner and outer
samples dried in the inward and outward di-
rection, respectively.

In order to calculate the bending stress, the
modulus of elasticity, E, was experimentally
evaluated at 12 h and at the end of drying
(about 800 h) on an Instron universal testing
machine. All samples were placed inside a Blue
M environmental chamber to dry, at a dry bulb
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Fi6. 5. Relationship between stress and drying time.

temperature of 44 C, and a wet bulb temper-
ature of 39.5 C (nominal 75% RH). The first
measurement was made after 12 h, then sub-
sequent measurements were made every 24 h.
After 132 h, the measurement intervals were
increased to 72 h or more. At each observa-
tion, five variables were measured: namely, the
three dimensions of a sample, the weight, and
the drying deflection. The drying deflection
caused bending of the tangential (L-T) face (Fig.
1). The bending was assumed to be uniform
for a sample, and the tangential face formed
an arch. The chord length was measured and
the radius of the arch was then calculated using
the chord length, /, and the drying deflection,
A (the height of the arch) in Eq. 3.

@

clri-outer

stm-inner

Drying deflection (mm), A

100 200 300
Time (hours)

Fic. 6. Relationship between deflection and drying
time.

The MC profile was measured with extra
samples in both the steaming and the control
groups. One sample was cut into four slices
along the tangential direction. The average MC
of the slice was measured. These data were
used to determine the MC at the mid-point of
the slice. The four measuring points in the
sample were at 2.5 mm, 7.5 mm, 12.5 mm,
and 17.5 mm from the uncoated surface. Be-
cause of symmetry, these data were also used
to estimate the MC of the paired sample.

From the data, the maximum stresses, the
maximum deflections, the times correspond-
ing to these stresses and deflections, and the
times at MC of 30% and 16% were determined.
In the first phase of drying, the surface layer

TaBLE 1. Summary of experimental results comparing treatment and control,

N\m}ber Control Steaming
Variable san?ples Mean! SD Mean! SD F value Pr>F
o, (psi) 8 1,748.5 178.9 2,321.3 549.6 19.74 0.0212
ac, (psi) 8 —3,106.7 789.9 —4,212.5 1,171.1 33.92 0.0101
Aj (in.) 8 0.184 0.019 0.222 0.035 28.74 0.0127
Az (in.) 8 —-0.291 0.088 —0.345 0.061 9.21 0.0561
ty (h) 8 168.0 18.1 81.0 20.0 841.00 0.0001
0417 (h) 8 98.6 22.2 83.6 8.7 4.66 0.1197
ty (h) 8 266.6 37.1 164.6 22.7 112.73 0.0018
047_3 (h) 8 3334 57.0 3454 49.7 0.28 0.6359
t3 (h) 8 600.0 61.5 510.0 65.1 10.07 0.0503
t4 (h) 8 596.8 127.1 490.5 443 8.35 0.0630
ts (h) 8 2443 30.7 188.4 25.0 40.36 0.0079
E ((psi; 8 80,757.4 11,975.3 86,403.9 11,010.1 0.97 0.3972
psi 6 1,713.0
! Average of inner and o : 8 1,721 '3 I 16'0 0‘02 0‘9]08
uter samples.
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TABLE 2. Summary of experimental results comparing directions of moisture movement.

Nug}ber Inner Outer
Variable samples Mean! SD Mean! SD F value Pr>F
oT, (pSi) 8 2,209.2 620.3 1,860.6 260.1 3.77 0.1002
ac, (psi) 8 —4,354.0 789.9 —2,965.2 983.9 12.90 0.0115
Aq (in.) 8 0.216 0.041 0.190 0.020 4.19 0.0867
Az (in.) 8 -0.372 0.032 —0.265 0.073 27.10 0.0020
t; (h) 8 111.0 50.4 138.0 45.8 22.09 0.0033
0412 (h) 8 82.1 13.8 100.1 17.9 7.15 0.0369
t; (h) 8 193.1 53.5 238.1 61.8 19.04 0.0048
BOy2.3 (h) 8 340.9 46.1 337.9 60.6 0.01 0.9187
t3 (h) 8 534.0 80.9 576.0 71.4 1.43 0.2773
t4 (h) 8 506.8 58.4 580.5 134.4 3.23 0.1225
ts (h) 8 199.0 30.6 233.6 41.5 10.04 0.0193
E (psi) 8 83,919.7 10,362.2 83,241.6 13,236.7 0.01 0.9126
R (psi) 6 1,740.2 111.9 1,694.0 142.8 0.36 0.5812

! Average of control and steaming samples.

(uncoated surface) was stretched, i.e., under
maximum tension stress or,, and the core
(coated surface) was under maximum com-
pressive stress gc,. Corresponding to or, are
the drying deflection A,, and time t, (Phase 1).
At time t,, the sample became straight, i.e.,
there was no drying deflection. Further drying
(Phase 2) resulted in a reversal of curvature,
and at time t;, the maximum compressive stress
oc,, occurred on the uncoated surface and the
corresponding drying deflection was A,. Times
t, and t; occurred when the average MC reached
30% and 16%, respectively. The time interval
©,,_, was the difference between t, and t,; and
0,,_; was the difference between t; and t,. The
purpose of determining these two time inter-
vals was to establish whether steaming had an
affect on drying time at the maximum tension
stress or,.

When the drying was completed, all samples
were again tested on the Instron machine to
determine the modulus of elasticity, E, fol-
lowed by a bending strength test. Finally, all
samples were oven-dried at 104 C for three
days, and then weighed. The data were used
to calculate the MC’s during the drying period.

RESULTS

Maximum stresses

The maximum surface stresses differed sig-
nificantly between the steamed and control

samples. In the first phase, the maximum ten-
sion stress o, of the control group was about
% of that of the steaming group (P = 0.02).
The difference between stresses due to direc-
tions was not significant (P = 0.10). If the blocks
were divided into four parts, the stress for the
inner direction in the steaming group was about
1.5 times as large as that of other groups (Figs.
5 and 6). Tension stress o, of the inner sample
was less than that of the outer sample in the
control group, but in the steaming group they
were reversed.

Significant differences in compressive stress
oc, on the uncoated surface during the second
drying phase were found for both methods
(control and steaming) and directions (inner
and outer wood), as shown in Tables 1 and 2.
The steamed stress was about 4,213 psi and
the unsteamed 3,107 psi, while the outer stress
was 2,965 psi and the inner stress 4,354 psi.

Maximum deflections

The deflections A, for steaming and control,
shown in Table 1, were significantly different
(P = 0.0127) during the first phase; but in the
second phase, the P value for A; was 0.0561
(Table 1), which was slightly over the critical
value 0.05. From the SAS data, the steamed-
inner A, (Fig. 6) was the highest, which indi-
cated a trend similar to that observed for or,.
The deflection of steamed-outer (Fig. 6) was
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Fig. 7. Relationship between moisture content and

drying time.

the second highest, while the outer and inner
in the control group were almost the same in
the first period.

Times and intervals

Time was recorded in hours from the be-
ginning of the drying. Time t; was significantly
different for both methods and directions (Ta-
bles 1 and 2). The steamed samples took 81
h, and the control samples 168 h to reach t,.
The inner samples took an average of 111 h,
and outer samples 138 h. Time t, had the same
trend as Time t,. The steamed samples took
165 h, and the control samples 267 h; while
the inner samples took 193 h, and the outer
samples 238 h. Time t, for the control samples
was approximately 20% higher than that for
the steamed samples. However, the difference
in t, between the inner and outer samples was
only 8%.

The intervals 0,, _, and 0,,_; were not sig-
nificant between steaming and control samples
(Table 1). The interval, ©,,_,, was different for
inner and outer samples but ©,,_; was not (Ta-
ble 2). The O,,_, for inner and outer samples
was 82 h and 100 h, respectively, while 0,,_,
for these samples was 341 h and 338 h, re-
spectively.

The relationship between time and average
MC is shown in Fig. 6. Time t,, which was the
time at which the average MC reached 30%,
shows no significant difference between the
control and steaming samples (Table 1), and
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between outer and inner samples (Table 2).
However, time ts, at which the average MC
was 16%, shows a significant difference be-
tween steaming and control samples and be-
tween outer and inner samples.

Others

The modulus of elasticity and the bending
strength showed no significant difference be-
tween the various types of samples, i.e., the
test method and the sample location had no
influence.

DISCUSSION

Steaming increased drying stress by up to
36%, while drying time decreased by 23% in
red oak dried at 75% RH and 44 C from an
average MC of 80% to 16%. Since moisture
moved outward from the interior, the surface
dried below the fiber saturation point (FSP),
but was restrained from shrinking due to the
adjacent interior which was still above FSP.
As a result of this phenomenon, the wood on
the surface layers was stretched, i.e., under ten-
sion, whereas the inner core was under com-
pression. The moisture content of the steamed
samples dropped faster than for the unsteamed
samples; therefore the surface of the steamed
samples shrank faster than the unsteamed. The
greater the shrinkage difference between the
surface and the interior of wood, the larger the
stress. Casehardening occurs when the interior
of the wood loses moisture as drying progress-
es, which begins to shrink when the moisture
content gets below the FSP, causing a stress
reversal if the surface layer has “set.”

Normally, the maximum tension strength of
southern red oak is about 480-510 psi (U.S.
Forest Products Laboratory 1974). If the stress
is greater than this amount, checks will occur.
Figure 5 indicates that drying stresses of some
samples were over 500 psi in the first 12 h,
which was why some checks occurred on the
surfaces of the samples.

The data show that casehardening occurred
due to the loss of moisture on the surface of
the wood. When a sample was placed inside



534

the drying chamber, its coated and uncoated
surfaces were at the same temperature. Case-
hardening occurred only on the uncoated sur-
faces, due to drastic change in moisture below
30% MC. It occurred during the first interval
(from the beginning to t,;), when the uncoated
surface was under tension stress. During the
second period, casehardening restrained the
inner wood from shrinking, thus giving a ten-
sion stress to the inner wood. A higher tension
stress on the surface caused greater casehard-
ening, as a result of which tension stress de-
veloped in the inner wood. For this reason, the
compressive stress was about 4,213 psi in the
steamed wood and 3,107 psi in the unsteamed.
The stress values obtained here should be
somewhat less than the actual values. In fact,
under constant stress, creep develops, which
may decrease the stress. If stress is over a crit-
ical value (i.e., the maximum tensile strength
perpendicular to the grain), the wood will crack.
Therefore, the coating and bending method
gives an indication that the wood may be de-
stroyed if the value calculated from the data
is large enough.

Bending stress is expressed in terms of E and
r (Eq. 2). The statistical analysis indicated that
there was a significant difference in drying de-
flection, but no significant difference in E be-
tween the control and the steaming groups.
This means that the drying deflection can be
used to indicate whether there is significant
difference in drying stress. Figures 5 and 6 in-
dicate parallel trends in the stress and deflec-
tion of the samples.

The two maximum stresses in the steamed
samples occurred earlier than in the un-
steamed samples. The first maximum stress of
the inner direction occurred earlier than that
of the outer. However, the time t; associated
with the maximum compressive stress oc; was
not significant. In addition, there was no dif-
ference for the interval ©,,_, and 0,,_; among
the groups. This means that the time interval
between the two maximum stresses was almost
the same for the steamed and control samples,
and for the inner and outer samples. The faster
moisture loss at the beginning of the drying
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was a key factor for the development of drying
stresses (Fig. 7).

This study shows that the coating and bend-
ing method may be used to study drying stress-
es. With this method, the effect of presteaming
on drying stresses can be analyzed. Also, the
drying stresses in inner and outer samples can
be distinguished. Furthermore, this method can
be used to analyze drying stresses at various
drying conditions in different wood species.
The advantages of the method presented here
are: (1) the entire stress development within a
sample can be observed and the drying stress
can be determined whenever necessary; (2) the
variances caused by cutting, which affect mois-
ture distribution in the sample and result in
deformation of the sample, can be eliminated;
(3) the effect of environment in the testing room
is avoided; and (4) measuring times are short-
ened. For further study, other methods may
be used to determine the E values without re-
quiring force application on the sample. The
curved beam model may be used to determine
the maximum stress during the first phase of
the drying to obtain more accurate results. A
method that utilizes image analysis to measure
and analyze the drying checks and to relate
checks to stresses may be used to improve this
method.

CONCLUSIONS

Presteaming increased drying stress and de-
creased drying time in red oak when dried at
75% RH and 44 C from an average MC of 80%
to 16%. The maximum drying stress of the
steamed samples occurred earlier than that of
the unsteamed samples due to faster moisture
loss. Casehardening occurred on the surface
due to a sharp change of moisture content when
it was dried below the FSP. Steaming could be
used to decrease drying time if drying stress,
as well as the other accompanying defects such
as checks, are of no consequence. Drying
stresses were different in two directions (outer
and inner), whether wood was steamed or not.

This study indicated that the coating and
bending method was convenient to use for
evaluating drying stresses in red oak. With this
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method and a split-plot statistical model, the
differences between steaming and control and
between outer and inner two directions can be
readily distinguished.
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ABSTRACT

Two test methods were used to assess type, location, and degree of internal stem damage to standing
pine poletimber (5.0-8.9 in. diameter at breast height, DBH) caused by Hurricane Hugo. A total of
sixty trees [15 from each of the four Forest Inventory Analysis (FIA) damage classes] were taken from
three sites in the Francis Marion National Forest. Internal damage was expected in the form of ring
shake and compression failure. Five stem sections (A through E) were taken from each tree at different
heights. From each section, specimens were cut from four quadrants (Tension, Compression, Left,
and Right) relative to the wind direction during the storm for toughness and tension perpendicular to
the grain testing. A total of 2,147 toughness specimens were tested. A total of 273 specimens were
tested in tension perpendicular to the grain. The dependent variables analyzed were toughness, tension
strength, and specific gravity with FIA damage class as the whole plot factor.

Although there was an increasing trend in toughness from Damage Class 1 through 4, analysis of
variance showed damage class not to be a significant effect on toughness. Stem section and quadrant
were found to be significant on toughness. Much of the variation in toughness due to stem section
may be attributed to the effects of juvenile wood differences with tree height. Also a high occurrence
of reaction wood in Quadrant C (side of the tree away from the wind) would contribute to lower
toughness strength. Similarly, specific gravity (SG) values showed an overall increase from Damage
Class 1 through 4. Specific gravity of Damage Classes 1 and 4 was found to be significantly different.
Statistical analysis showed no apparent relationship between damage class and tension strength per-
pendicular to the grain.

The lack of evidence for internal damage is relatively unimportant compared to the evidence of
change in the wood properties from the formation of reaction wood. In leaning stems (FIA Damage
Classes 2, 3, 4), reaction wood should continue to form. In straight trees, reaction wood formed in
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the two growth seasons following the storm, but it is unclear whether it will continue to form. The
results lead to the conclusion that stands with leaning stems should be harvested and replanted.

Keywords:
INTRODUCTION

On September 22, 1989, Hurricane Hugo
struck the South Carolina coast with sustained
winds of 135 mph and gusts up to 175 mph.
In the fall of 1989 the Forest Inventory and
Analysis (FIA) Research Work Unit at the
Southeastern Forest Experiment Station began
a special inventory of the areas damaged by
Hugo. A classification system was needed that
would assign hurricane-damaged trees to dis-
crete categories based on the amount of inflict-
ed damage. The objective was to “provide a
reasonable description of damage severity” and
estimate the probability of mortality in the
near future (Sheffield and Thompson 1992).
The criteria for damage class were empirically
derived, and a system of four damage classes
emerged (Table 1).

Hugo caused extensive immediate damage
to the Francis Marion National Forest with an

TABLE 1. Summary of study variables.

Storm damage, poletimber, toughness, tension strength, FIA damage class.

estimated 75% of all marketable trees (DBH
> 5.0) on the ground (Ehinger 1990). The FIA
damage class system was devised and imple-
mented in an effort to quantify the damage
inflicted on the forest resource and to help for-
esters decide on the proper management strat-
egies for the remaining stands. However, there
were questions still unanswered. What possi-
ble long-range effects did Hugo have on the
remaining 25%? In the case of poletimber (5.0~
8.9 DBH), a question that naturally arose was
“Should storm damaged poletimber be al-
lowed to mature into sawtimber?” Internal
damage to the stem in the form of ring shake
and compression failures could reduce the util-
ity of these trees for high-value products such
as structural lumber. Such damage may not be
evident until processing of the lumber is com-
pleted, adding further to the costs of utilizing
these trees. Also, if stems with internal damage
do enter the market, a significant liability risk

Variable

Levels

Wind Damage Class (FIA)

1 —High risk of mortality in the near future. Tree lean is greater than 45°.

2—Moderate risk of mortality, damage may degrade value for use as sawlogs
or plylogs. Tree lean 15° to 44°,

3—High probability of survival, risk of reduced growth and value degrade is
minimal. Tree lean is less than 15°

4—No obvious wind damage. Tree is essentially straight.

Quadrant

T —Side of tree facing the wind during the storm (under tension stress).

C-Side of tree opposite the wind direction (under compression stress).
L—Left side of tree facing the wind (under shear stress).
R —Right side of tree facing the wind (under shear stress).

Section (tree height) A —Breast height

B—3 feet below critical stress point
C—Critical stress point (CSP)

D-—3 feet above critical stress point
E—One foot below base of crown

Replicates

Response variable

15 trees per damage class

Procedure

Mechanical Testing

Toughness (ASTM D143-93)

Tension perpendicular to the grain (ASTM D143-93)

Reaction Wood Present or absent
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Section

Base of crown
-1 foot

CSP + 3 feet

Critical Stress
Point (CSP)

CSP - 3 feet

Breast height

FiG. 1.

due to increased failure rates will occur. Thus,
sawtimber from internally damaged stems
should be sold for pulp chips, a lower value
product.

Traditionally storm damage has been clas-
sified in terms of visual damage such as snap-
ping of the trunk, uprooting, and bending
(Webb 1988). Similarly, Mayer (1988) defined
four types of storm damage as: stem breakage,
stock (base of stem) breakage, root breakage,
and tree throw. There have been other studies
that differentiate only between tree throw and
stem breakage. Although it is apparent that
high winds could cause internal damage to tree
stems, little information is available on the
subject. The FIA damage class system that
provides tree classification in terms of appar-
ent storm damage and potential mortality al-
lows only for conjecture as to the degree of
internal stem damage. Although the FIA dam-
age class system is only approximate, it is a
very practical classification system, which
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Poletimber (5.0 - 8.9 " DBH)

4 g
s £ )
- S
. o .
y ;

Toughliness

Location of sections within the tree stem.

brings us a step closer to understanding the
nature of storm-damaged timber. What is
needed is correlation between this visual dam-
age classification system and actual internal
damage as measured by mechanical testing and
visual observation.

OBJECTIVE

The objective of this study was to assess
type, location, and degree of internal stem
damage to standing pine poletimber and to
relate this damage to the FIA damage classes.
Internal damage in the form of compression
failures, ring shake, and reaction wood were
examined by toughness tests, tension perpen-
dicular to the grain tests, and visual observa-
tion of reaction wood formation, respectively.
Wood specific gravity was measured at each
location within the tree and analyzed with the
mechanical properties. A summary of the study
variables is presented in Table 1.
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METHODS AND MATERIALS

A total of sixty poletimber-sized trees con-
sisting of longleaf pine (Prnus palustris, Dim.)
and loblolly pine (Pinus taeda, L.) was taken
from natural stands in the Francis Marion Na-
tional Forest near McClellanville, South Car-
olina, in August of 1991. To avoid the possi-
bility of site bias, the trees were taken from
three different sites. A member of the FIA re-
search work unit helped to select the trees for
the study, which consisted of 15 trees in each
FIA damage class. Five stem sections were cut
from each selected tree, as described below,
and brought to the laboratory for further pro-
cessing. In an attempt to obtain the best group
of samples from each stem, it was first nec-
essary to determine the point along the stem
most likely to sustain wind damage —the crit-
ical stress point (CSP). Observations in the
field were used to determine the critical stress
point as the average height of broken poletim-
ber-sized stems in close proximity to the sam-
ple tree. Using this value of critical stress point,
the five 24-in. stem sections (Fig. 1) were cut
on center at:

A~ Dbreast height

B— 3 feet below critical stress point
C— critical stress point (CSP)

D— 3 feet above critical stress point
E— one foot below base of crown

It was expected that internal damage to the
trees was in the form of compression failures,
ring shake, and reaction wood. Compression
failures would be indicated by toughness test-
ing as specified in ASTM D-143-93. Ring shake
would be indicated by tension perpendicular
to grain tests as specified in ASTM D-143-93,
while the presence of reaction wood was de-
termined by visual inspection of the outer 2
growth rings.

The five stem sections were cross-cut into
two 12-in, sections. Toughness specimens were
taken from one of these 12-in. sections and
tension perpendicular specimens from the oth-

|
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Wind Direction

b3 " >

Fic. 2. Orientation of Toughness specimens in the tree
stem.

the storm and the other 2 were consequently
perpendicular to the wind direction. The quad-
rants parallel to the wind direction experienced
the severest tension stress on the side of the
tree facing the wind and severest compression
stress on the side away from the wind. Tough-
ness and tension perpendicular specimens were
cut from each quadrant. Only straight-grained
specimens free of knots were kept for testing.
Reaction wood was present in many of the
Position 1 (specimen closest to cambium and
bark) toughness specimens. Care was taken
during processing to remove as little wood from
the bark side of the specimens as possible. Oc-
currence of reaction wood was visually ob-
served in the outer 2 growth rings and recorded
for each quadrant and section of each tree.
Toughness specimens were taken from Po-
sition 1 and 2, except in the higher sections of
some stems from smaller diameter trees, where
it was not possible to obtain both specimens
(see Fig. 2). The toughness testing was done
on 1,821 samples with a Wiedemann-Baldwin
Impact machine. Specific gravity was calcu-

m
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To test for ring shake, it was necessary to
stress the entire length of the tension perpen-
dicular to the grain specimen since the location
of the ring shake was unknown. The position
and orientation of the specimens are shown in
Fig. 3. Since the traditional throated tension
perpendicular specimen described by ASTM
D143 (ASTM 1993) does not stress the entire
length of the specimen, the specimen was mod-
ified by using high strength epoxy to bond hard
maple blocks to the bark and pith faces of the
tension perpendicular to the grain specimens.
Appropriate hardware was bolted to the maple
blocks and tested as per ASTM standards. Only
sections at DBH and critical stress point were
tested since there was a higher probability of
ring separation due to shear stress in these
specimens. The tension perpendicular testing
was done on 273 specimens with a Tinius Ol-
sen 5000 universal testing machine.

EXPERIMENTAL DESIGN

This study was analyzed as a split-plot de-
sign where the whole-plot factor was the four
tree damage classes each represented by a sub-
sample of trees. Whole-plot replication was by
means of blocks defined as the three sites. The
subplot factor was a factorial combination of
the five tree sections by four quadrants of each
tree. The design was unbalanced, which led to
a complicated analysis. At the whole-plot lev-
el, there were no trees in one damage class for
one of the sites. This resulted in a missing cell
and, hence, only 5 degrees of freedom for the
site by damage class effect instead of the typical
2 x 3 = 6. In addition, the number of trees
sub-sampled in each site by damage class was
unequal. At the subplot level, there were sev-
eral missing observations at various section by
quadrant treatment combinations. Due to the
unbalanced nature of this study, approximate
F-tests were performed in the typical split-plot
design fashion using the whole-plot and sub-
plot error terms. The expected mean squares
obtained from SAS (SAS Institute Inc. 1988)
indicated that these tests were close 1o those
in the typical balanced situation. Mean sepa-
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ration tests were performed on the main factor
effects with Tukey’s test. General mean com-
parisons were not performed since they would
require synthesized error terms using Satterth-
waite’s procedure, which was not attempted
because of the complexity of the design.

RESULTS AND DISCUSSION
Toughness and specific gravity analysis

Results from the analysis of variance on
toughness and specific gravity are shown in
Table 2, while treatment means and Tukey’s
multiple comparisons for all main effects are
shown in Table 3. The analysis was performed
on the Position 1 and Position 2 specimens
both separately and combined.

The effect of juvenile wood is evidenced by
the lower values of toughness and specific
gravity of the Position 2 specimens as com-
pared to the Position 1 specimens. The Posi-
tion 2 specimens should exhibit more juvenile
properties of lower toughness and specific
gravity because of their closer proximity to the
pith.

FIA4 damage class effects.— The damage class
factor was not quite significant for toughness
(P=0.07). Generally, toughness decreased with
increasing damage (i.e., highly damaged trees
had lower toughness). Similarly, Tukey’s com-
parison tests showed a trend of decreasing spe-
cific gravity with increasing degree of damage.
Damage class effects on specific gravity were
significant at the 0.05 level. This trend sup-
ports the conclusion that trees with higher spe-
cific gravity and hence higher strength were
better able to survive the effects of the storm.
Perhaps this trend is due to the development
of root systems. A better root system provides
better support for the tree stem and is impor-
tant in resisting windthrow and root upheaval.
It seems logical that they develop denser wood
tissue, since better developed root systems
provide more nutrient and moisture uptake.

The interaction of damage class quadrant
and also had a significant effect on toughness
(P = 0.02). Figure 4 illustrates this interaction.
The highest toughness values are concentrated
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TABLE 2. Results from the analysis of variance (P-values)! based on a split-plot design.

Positions 1 and 2 Position | Position 2

Source df? Toughness SG df Toughness SG df Toughness SG
Site 2 -3 — 2 - — 2 - -
Damage Class (DC) 3 0.07 0.05 3 0.08 0.07 3 0.17 0.14
Site x DC 5 — — 5 - - 5 - -
Tree (Site x DC) 49 - - 49 - - 49 - -
Sect 4 0.00 0.00 4 0.00 0.00 3 0.00 0.00
Quad 3 0.00 0.00 3 0.00 0.00 3 0.00 0.26
Sect x Quad 12 0.42 0.06 12 0.07 0.66 9 0.06 0.95
DC x Sect 12 0.55 0.31 12 0.11 0.00 9 0.78 0.77
DC x Quad 9 0.02 0.59 9 0.00 0.11 9 0.98 0.04
DC x Sect x Quad 36 0.90 0.93 36 0.88 0.57 27 0.80 0.94
Error (b) 1,015 — — 1,011 - - 554 — —

Total (corrected) 1,150 1,146 673

! Probability that main effect or interaction has no effect on the measured response.

2 Degrees of freedom.
3 _Not of interest or cannot be calculated.

near the tension (T) quadrant, the lowest val-
ues near the compression quadrant, and in-
termediate values are predominantly associ-
ated with the left and right quadrants. The
trend is increasing toughness from Damage
Class 1 to 4. The tension quadrant at Damage
Class 4 caused the interaction effect by not
having higher toughness than the other quad-
rants. This may be explained by the low oc-
currence of reaction wood and higher specific
gravity in this combination of damage class
and quadrant.

The purpose of the toughness test was to
detect compression failures occurring on the
transverse axis of the wood. While a trend in
toughness with damage class was observed, it
was probably due to the significant trend in
specific gravity rather than the detection of
internal damage. Compression failures were
observed in several samples that were tested.
However, these compression failures were ex-
tremely localized and their effects lost in the
large sample of specimens.

Section and quadrant effects. —The section

TABLE 3. Means for toughness and specific gravity with Tukey’s mean separation.!

Positions 1 and 2 Position 1 Position 2
Toughness Toughness Toughness

Factor (in-1b) SG (in-1b) SG (in-1b) SG
Damage 1 278a 0.526b 295a 0.556b 246a 0.471a
Class 2 313a 0.557ab 322a 0.582ab 296a 0.518a
3 306a 0.560ab 322a 0.586ab 286a 0.517a
4 321a 0.589a 329a 0.605a 307a 0.565a
Section A 347a 0.599a 358a 0.630a 331a 0.551a
B 305b 0.574b 323b 0.604b 280b 0.524b
C 301bc 0.558¢ 314bc 0.588¢ 275b 0.507¢
D 284cd 0.537d 304c¢ 0.566d 242¢ 0.485d

E 283d 0.516¢ 283d 0.516¢ - -
Quadrant T 354a 0.547¢ 383a 0.577¢ 315a 0.512b
L 308b 0.569a 314b 0.584ab 296ab 0.531a
R 296b 0.562b 301b 0.579bc 281b 0.526a
C 261c 0.556b 270c 0.590a 251c¢ 0.515b

! Means in the same Factor for a given variable not followed by the same letter are significantly different at the « = 0.05 level using Tukey’s test.



542

A .
Wind Direction 120 - -
P N I
/ ‘ . R N

&—— variable =
L

@

N AT ~ N
‘ 1

Mid-section remaved to third growth increment

Fic. 3. Orientation of tension perpendicular speci-
mens in the tree stem.

variable reflects tree height and shows signif-
icant effects on toughness as expected (P =
0.00). The lower toughness associated with ju-
venile wood is evidenced by decreasing tough-
ness with increasing section height. Toughness
specimens become closer to the pith and tree
crown higher up the stem. These specimens
have wood tissue with more juvenile charac-
teristics. The trend is identical for specific
gravity, which is a primary measure of juve-
nility.

Quadrant had a significant effect on tough-
ness and specific gravity (P = 0.00). Quadrant
indicates the location of the specimen around
the tree stem relative to the wind direction
during the storm. The windward side of the
stem (T) shows the highest toughness, while
the side of the stem undergoing compression
(C) showed the lowest toughness. The L and
R quadrants were always intermediate in
toughness and closest in actual value. This ob-
servation is logical since the L and R quadrants
experienced similar stresses. The trends are
more complex for specific gravity with quad-
rant. It would be logical that specific gravity
would be constant around the tree stem at a
specific tree height. Therefore, we would not
expect the quadrant to have a significant effect
on specific gravity. The T quadrant of the sec-
tion was significantly lower in specific gravity
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than the other quadrants at Position 1 and 2.
This is contrary to accepted relationships be-
tween wood strength and specific gravity.
However the occurrence of reaction wood of-
fers some explanation of why this trend occurs.
Reaction wood has higher specific gravity but
lower strength.

Occurrence of reaction wood

Low average toughness values of the com-
pression side specimens may be attributed to
the high occurrence of reaction wood. Figure
5 illustrates the frequency of reaction wood
occurrence in damage class by quadrant. The
C quadrant had highest occurrence of reaction
wood as would be expected. However, exten-
sive reaction wood was occurring on Damage
Class 4 trees, which were standing straight.
Residual stress from the storm must have trig-
gered reaction wood formation in the following
growing season. Considering toughness values
with quadrant as a factor, compression side
toughness values were considerably lower than
all others due to partial rings of reaction wood,
which in many cases had been growing since
the storm. In some cases reaction wood ex-
tended into the left and right quadrants. The
overall effect of reaction wood in the left and
right quadrants, however, was less pronounced
for two reasons. There were fewer occurrences
of reaction wood in these quadrants since the
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reaction wood bands did not always extend
into the left and right quadrants. Secondly, the
reaction wood bands generally became thinner
as they proceeded away from the compression
quadrant, so the strength reduction due to the
reaction wood band was diminished in the left
and right quadrants.

Perhaps more importantly, reaction wood
was observed in trees of all four damage class-
es. This is significant since even trees appear-
ing to have no wind damage (i.e., not leaning),
those of Damage Class 4, have a frequency of
reaction wood as high as Damage Class 1. Stress
from the wind has caused formation of reac-
tion wood in the two growing seasons after the
storm even in trees that are straight and have
no visible damage. The formation of reaction
wood in leaning stems should continue until
harvesting; however it is unknown how long
reaction wood will continue to form in Dam-
age Class 4 trees that are essentially straight.
The formation of reaction wood occurred al-

TABLE4. Mean tension strength values for Damage Class
by stem section.
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most uniformly over all tree heights as shown
in Fig. 6.

Evidence of ring shake

Observations of failures in tension perpen-
dicular to the grain showed no evidence of ring
shake, which was confirmed by the test results
of tension strength perpendicular to the grain.
There were no significant differences found in
tension strength for damage class or quadrant.
The section variable was significant with Sec-
tion A significantly higher in tensile strength
than Section C (see Table 4). This trend is
consistent with observations of decreasing
toughness with tree height. Table 5 shows ten-
sion strength means for damage class by quad-
rant. It is noted that these average tension
strength values are consistent with the litera-
ture (Wood Handbook 1987).

TABLE 5. Mean tension strength values for Damage Class
by Quadrant.

Section b . 5
cl
Damage class A C me;nslass Quadrant g]l;x:sge
D ge class C T L R means
1 500.9 480.6 488.8
5 518.4 514.9 516.3 1 505.9 509.9 487.7 456.3 488.8
3 519.9 457.4 485.4 2 491.7 5034 557.0 511.8 5163
4 504.5 490.8 496.8 3 471.2 499.2 488.0 483.3 4854
Section means?  511.5 485.5 496.5 4 499.4 490.3 517.4 486.5 4968
Quadrant means! 490.7 500.2 512.1 483.1 496.5

! Damage class means were not significantly different at the 0.05 level.
2 Section means were significantly different at the 0.05 level.

! Quadrant means were not significantly different at the 0.05 level.
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SUMMARY AND CONCLUSIONS

The results of the study offer inconclusive
evidence that the FIA damage classes are in-
dicative of internal damage to storm-stressed
trees. It was expected that compression failures
and micro-fractures would be found to have a
varying effect on toughness and that ring shake
would have a similar effect on tension perpen-
dicular to the grain in a manner consistent with
the FIA damage classes; but this relationship
was marginally significant for toughness
strength and nonexistent for tension strength
perpendicular to the grain. Several interesting
patterns did arise however. Specific gravity was
a factor in determining the extent of damage.
The specific gravity measurements made on
the toughness specimens do offer some expla-
nation as to the nature of wind damage. In
particular, with damage class as the whole plot
factor, the specific gravity values of Position
1 specimens fall into a pattern. Here again we
consider only the Position 1 specimens to avoid
the highly variable juvenile wood present in
most Position 2 specimens. Moving from
Damage Class 1 to 4 specific gravity shows an
increasing trend and significantly different
means between Damage Classes 1 and 4 at the
0.05 level using Tukey’s test. The trees most
resistant to wind damage, those classified in
Damage Class 4, were found to have the high-
est average specific gravity. Thus there is a
negative relationship between wind damage,
as defined by the FIA damage class system,
and wood density. Other studies (Foster 1988
and Studholme 1989 for instance) have shown
this negative relationship between sustained
wind damage and specific gravity. The varia-
tion of toughness and specific gravity could be
explained in part by the occurrence and extent
of reaction wood observed. The relatively
higher specific gravity and lower strength of
reaction wood will impact the utilization of
these trees.

In conclusion, with dwindling timber re-
sources, it will become more important to cor-
rectly determine the short-term as well as
long-term effects of catastrophic storms on our
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timber resources. While the FIA visual dam-
age classification system was developed to pre-
dict risk of mortality, it has been shown not
to be an indicator of internal damage as mea-
sured by loss of mechanical properties. FIA
damage class was a good indicator of the wood
quality in the tree as measured by specific grav-
ity.

The high occurrence of reaction wood as
measured in this study indicates that residual
stress from the storm caused reaction wood in
all damage classes. It is likely that reaction
wood formation will continue in leaning stems
(Damage Classes 1 to 3). Further study is need-
ed to determine if non-leaning trees will con-
tinue reaction wood formation. The formation
of reaction wood appears to be the major dam-
age to trees still standing after the storm.
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ABSTRACT

Advances in three-dimensional scanning techniques and computer optimization permit real time
solution and implementation of optimal log rotation before it is fed into the chipper heads. A random
sample of 834 S-P-F logs from the interior of British Columbia were examined using simulation to
determine the effects of log rotation strategies on value recovery for a small log Chip and Saw. Both
log sweep and cross-sectional eccentricity are shown to cause significant reductions in value recovery.
Eight rotation placements from 0° to 315° were studied to determine if a single rotational placement
could be found that performs best. On average, the “horns up” position (0° rotation) was found to
significantly outperform all others in maximizing value recovery. The ability to rotate each log into
the optimal position produced significant benefits. The benefits were more highly related to the degree
of cross-sectional eccentricity present in the log rather than the degree of sweep present in the log.

Keywords: Sawmilling, sawing optimization, lumber manufacturing, computer-aided manufacturing.

INTRODUCTION

Loss of value recovery in sawlog conversion
to lumber can be attributed to several geo-
metric factors. Diameter, log roundness, sweep
and crook, taper and length all play an im-
portant part in determining the positioning of
the log in relation to the saws to obtain the
highest value recovery. Modern setworks with
double-length infeeds in Chip and Saw (CNS)
sawmills are capable of scanning the logs, de-
termining the optimal set position, and exe-
cuting the optimal decision in seconds. In the
past, sawing optimization systems have set the
log in relation to the saws without regard to
rotating the log into the optimal position. This
paper explores the costs and benefits from de-
termining and setting the correct rotation po-
sition in a small log CNS mill.
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BACKGROUND

Early sawing optimization systems focused
solely on log diameter, length, and taper as
principal components in determining the log
set (Hallock and Lewis 1971; Shi et al. 1990).
The main assumptions in this type of analysis
are that the shape of the log cross section is
the same at all points along the log (and usually
circular), and that the log exhibits no sweep,
or deviation from a straight line along the log’s
length. When these assumptions are made, the
rotation of the log can have no effect on the
yield whatsoever. Steele et al. (1987) found
that when using these assumptions, the com-
plex three-dimension analysis can be replaced
by a much simpler and faster method that pre-
dicts the optimal Best Opening Face position
well.
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However, it is well known in the sawmill
that the sweep of the log and its cross-sectional
shape play a very important part in determin-
ing the optimal set position. It is also known
that these factors have a particularly important
negative impact on value recovery with small-
er diameter logs (Wang et al. 1992). Simplified
methods that predict the optimal BOF posi-
tion may not perform well in the sawmill, par-
ticularly with decreasing log size.

Currently there are three methods for deal-
ing with log sweep at a CNS. The most tech-
nologically advanced method involves curve
sawing, in which a two-sided cant is sawn par-
allel to curve in the log (Hasenwinkle et al.
1987; Lindstrom 1979). Curve sawn logs are
generally sawn “horns down” to produce a two-
sided cant, and then the cant is sawn with a
variable curve linebar.

A second, less expensive method, involves
choosing a rotation position in which, on av-
erage, the highest value yield can be obtained
from sweepy logs. While opinions differ on this
ideal position, generally the log is sawn either
“horns up” (concave-up or 0 degree rotation),
“horns down” (180°) or “horns up 45 (45°).
For illustration, Fig. 1 shows a side view of
both “horns up” and “horns down” cant saw-
ing. Of these positions, machinery designers
favor the “horns down” position as the most
accurate and simplest mechanism to hold the
log in place as it is being sawn. Once the ideal
position is chosen, all logs are rotated at the
infeed of the machine to this position prior to
sawing.

Both of the above methods select the rota-
tional position based primarily on sweep rath-
er than the cross-sectional eccentricity of the
log. A third sawing method would involve op-
timizing setworks that calculate the correct ro-
tation for each log and automatically set it into
this position as it is being sawn. The advantage
of this setworks system is that both sweep and
cross-sectional eccentricity can be taken into
account when determining the sawing posi-
tion. This method is now possible due to two
new technological advances in the sawmilling
industry: 1) the availability of real shape scan-
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FiG. 1.
sawing position for log with asymmetrical sweep pattern.

“Horns up” (top) and ‘“horns down” (bottom)

ning devices at the headsaw; and, 2) the enor-
mous increases in computer power that enable
real time solution of complex real-shape logs.

The majority of lumber production from
CNS mills is sawn using method 2. The tech-
nology currently exists to implement method
3, but uncertainty concerning the economic
benefits of such a system may impede its wide-
spread implementation. Therefore, objectives
of this study are:

1. determine if an ideal rotation position ex-
ists which on average maximizes the value
recovery from a population of small di-
ameter logs from a typical CNS sawmill;
and,

2. estimate the economic benefits from cal-
culating the optimal rotation and setting the
log accordingly prior to sawing.

METHODOLOGY
Sawing simulation

To determine the actual optimal rotation for
a sawlog it would be necessary to saw the log
in many different rotations and calculate the
value recovery from each position. Since this
is impossible, another solution is to use com-
puter simulation to saw the log. To satisfy the
objectives of this study, the simulation pack-
age used must be able to look at the three-
dimensional geometry of actual scanned logs,
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TaBLE . Summary statistics on the 834 logs used in the
study.

Mini-

Variable mum Maximum Mean SD
Dia—Small end diameter 3.40 12.95 8.40 2.49
Len—Log length 8.20 20.60 15.46 3.55
Tpr—Log taper 0.02 4.17 1.11 0.61
Swp—Log sweep 0.15 203 0.56 0.34
Ecc—Log eccentricity 0.01 570 0.48 0.62

perform sawing cuts with realistic constraints
imposed by the CNS sawing system, and allow
carefully controlled positioning of the log in
relation to the saws. For these reasons, the
sawing simulator SAWSIM was chosen to de-
termine the value recovery from each set po-
sition.

The logs used in this study were randomly
chosen from a log database maintained at the
University of British Columbia containing two-
axis scan data from thousands of logs taken in
interior British Columbia (BC) small log saw-
mills. Two-axis scanning is the scanning meth-
od used when logs are modeled as elliptical in
cross section. Although it is understood that
this type of log modeling results in inaccuracies
(Mongeau et al. 1993), it was the best method
of modeling applied in the industry available
to provide data for the purpose of this study.
The sampling procedure was stratified to cover
log diameters in the range of 3 in. sed (small
end diameter) to 13 in. sed, and log lengths
from 8 ft to 20 ft. The sample was not stratified
with respect to taper and sweep. Summary sta-

TABLE 2. Log diameter ranges and assigned profiles.
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tistics for the 834 logs used in the study are
shown in Table 1.

A set of cross-sectional cant profiles was cre-
ated to mimic the possible set of profiles avail-
able to a four-side chipping profiling machine
without band saws (no side boards) for the
purpose of producing dimension lumber. It was
assumed that the system would use a 0.5- by
1-in. “multispline” combination to guide the
log through the machine center. This assump-
tion reflects the trend towards this practice as
opposed to the use of a 2 X 4 spline board.

Each profile represents a stack of lumber
separated by saw kerfs. Profile widths ranged
from 4 to 12 in. nominally. Profile heights start
with the combination of the heights of one
2-in. board up to the height of seven 2-in.
boards, with the top board of each profile al-
ternating between a 1-in. and a 2-in. board as
the profile heights increase. It was assumed
that 1-in. boards would be recovered in 4- and
6-in. widths only.

Up to eight possible profile patterns were
created for each of four log diameter ranges.
Table 2 lists the diameter ranges used and their
assigned profiles. The profile codes are inter-
preted as follows: the rightmost digit if equal
to 1 represents the existence of a 1-in. top board
in the stack, a zero indicates all 2-in. boards
in the stack; the second rightmost digit rep-
resents the number of 2-in. boards in the stack;
the remaining digits to the left indicate the
nominal width of the profile; cns is the name
given to the simulated machine center.

Diameter Assigned Diameter Assigned Diameter Assigned Diameter Assigned
Range 1 profiles Range 2 profiles Range 3 profiles Range 3 profiles

cns-411 cns-621 cns-831 cns-1051

cns-420 cns-630 cns-840 cns-1060

3.40" cns-421 6.50” cns-640 8.50" cns-841 11.50" cns-1061

to cns-430 to cns-830 to cns-1041 to ¢ns-1250

6.49" cns-621 8.49" cns-831 11.49” cns-1050 12.95" cns-1251

cns-630 cns-840 cns-1051 cns-1260

cns-640 cns-841 cns-1060 cns-1261

cns-1061 cns-1270

Profile codes are interpreted as follows: the right most digit if equal to onc indicaics the presence of a 1-in. top board in the stack, a zero indicates all 2-in.
boards in the stack; the second rightmost digit represents the number of 2 in. boards in the stack; the remaining digits to the left indicate the nominal width

of the profile; cns is the name given to the simulated machine center.
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The schematic in Fig. 2 illustrates an applied
profile, the CNS-831 profile. The dark shaded
region is the profile; the light shaded areas
within it are the sawing pattern. Below the cant
profile is the profile of the “multispline.” The
profile has one 1-in.-thick board and three 2-
in.-thick boards.

Sawing simulation was used to determine
which of the possible profiles was optimal for
each log in the study when rotated to each of
the angles of the set of rotation angles. To ac-
complish this, the sample logs were first ori-
ented to the same starting rotation angle of 0°—
“horns up.” The possible cant profiles respec-
tive of each log’s profile-group/diameter range
were applied, and the resulting sawing pattern
was determined. The sawing pattern that yield-
ed the greatest value for each log was recorded
as the optimal sawing pattern. The simulations
were repeated for rotation increments of 45°
until simulations for all the possible rotation
angles were complete. This resulted in an op-
timal sawing pattern for each rotation angle
and log combination.

Each log was sawn using the method known
as split taper log-full taper cant (Williston
1981), as shown in Fig. 2. The sawing patterns
were determined by finding the best combi-
nation of horizontal and vertical placements
for the log with respect to the saws and chip-
ping heads for each profile. The optimal com-
bination of horizontal and vertical placement
was found by exhaustive search iteration. Hor-
izontal placements of the log were considered
using 0.25-in. offsets from the center sawn po-
sition for both sides of center for a total of 10
offsets. For each horizontal placement of the
log, the best vertical placement was deter-
mined by simulating a gang edger with a vari-
able linebar. We assume that all boards from
the sawing pattern except the innermost board
can be edged to remove wane. This ensures
that the cant made in the simulation would
have two parallel planer faces, a requirement
assumed necessary for the proposed real ma-
chinery to firmly hold the log while processing.
Optimal board skewing at the edger was de-
termined by choosing from two possible skew-
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Large End
Diameter

Small End
Diameter

Spline
FiG. 2. The CNS-831 profile with a likely sawing pattern.

ing angles for each board. Gang sawing and
subsequent edging processes were iterated with
the linebar shifting left of the saws on 0.5-in.
increments for a total of 10 iterations. The
combination of profile and horizontal and ver-
tical placements resulting in the greatest value
was considered the optimal sawing pattern.
The horizontal and vertical placement in-
crements and rotation angle increments were
chosen to optimize a trade-off between simu-
lation accuracy in finding an optimal solution,
simulation processing time, and the volume of
resulting data. Horizontal and vertical place-
ments were in increments of 0.25 and 0.5 inch-
es respectively for 10 increments each. This
resulted in a trial of 100 placement positions,
an acceptable total. The increment for hori-
zontal placement was twice that of vertical
placement because the starting references for
each placement are different. For the vertical
placement, the cant is aligned with the simu-
lated gang-saw’s linebar and the point of ref-
erence is the linebar. The 0.5 in. was necessary
to cover the worst possible sweep situation.
These increments provided enough profile
coverage for 5 in. of sweep. In the case of the
horizontal placement, the point of reference is
the horizontal geometric center of the log. As
a result, there was less horizontal distance for
necessary profile coverage, which allowed the
finer increment. The 45° rotation increment
was chosen as small enough for accuracy and
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falls among those angles that are commonly
used in industry, namely: 0°, 45° and 180°.

The product values used for the simulation
are shown in Table 3. These reflect average
dimension lumber prices of early 1992, and
were taken from the publication Random
Lengths (Anon. 1992). Two-in. products were
assumed to be kiln-dried “Western Spruce-
Pine-Fir,” either Std.&Btr. Light Framing (2
x 4) or #2&Btr. Structural Light Framing (2
X 6,2 x 8 2 x 10, 2 x 12). The one-in.
boards were assumed to be kiln-dried “Engel-
mann Spruce,” #3 Common.

RESULTS AND DISCUSSION

Determination of ideal rotation

First, we wish to determine the effect of the
different log rotation classes on value recovery.
To accomplish this, we use the regression ap-
proach, analysis of covariance procedure (Ne-
ter et al. 1990). In this procedure, we employ
seven indicator variables taking on the values
of 1, —1, or O to represent the eight rotation
classes according to the following rule:

1 if from rotation class 1 (0°)
Rot, = —1 if from rotation class 8 (315°)

0 otherwise

1 if from rotation class 7 (270°)
Rot, = —1 if from rotation class 8 (315°)

0 otherwise

Thus there are seven treatment variables.! The
covariance model is expressed as:

Vrc = B, + 8,Dsq + B,Len + B;Tpr +
+ B,Swp + BsChp + B¢Ecc + 3,Rot, +

+ BeRot, + ...+ BsRot, + ¢ (2)

1 Only seven coefficients are estimated in the model.
The value of the coefficient for the eight rotation groups
(315°) is obtained as B3 = —B¢ — B, — ... — B See
Neter et al. (1990) Chapter 23 for a full discussion.
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TABLE 3. Product prices using in the sawing simulation.

Prices by product length

Product 8 10 12 14 16 18 20
1 x4 215 215 215 215 215 215 215
1 x6 235 235 235 235 235 235 235
2 x4 185 211 172 178 223 210 210
2x6 188 206 174 170 196 225 222
2 x8 190 172 187 173 204 240 240
2x10 190 190 256 268 250 235 235
2x12 190 190 256 268 250 235 235

Chip prices (3/ton)
Low Medium High

25 50 75

where

Vrc = value recovery of the log in $/cubic
meter (gross)
Dsq = square of the average small end di-
ameter of log in inches
Ecc = measure of maximum log cross sec-
tion eccentricity:
max(dia axis 1 — dia axis 2)*/Dsq
Len = log length in feet
Tpr = log taper (expressed in percent)
Swp = log sweep (expressed in percent)
Chp = chip price indicator:
1 high prices
0 moderate prices
—1 low prices

Equation (2) was estimated using the statistical
analysis system (SAS 1991) with all terms and
interaction terms for 8, — B¢. Model coeffi-
cients were eliminated using the partial F-test
procedure with an alpha value of 0.05 to re-
main in the model. Only one variable was
eliminated at each step. Once a variable was
eliminated, it was not considered for re-entry
into the model. Regression results showing re-
maining coefficients in the full model are pre-
sented in Table 4. All remaining variables in
the model are highly significant. All treatment
effects (Rot) are left in the full model as these
are the variables of interest.

The signs of the primary coefficients in Table
4 agree with intuition. Both diameter and length
have positive effect on value recovery. Increas-
ing taper has a positive effect on value recov-
ery. This is because diameters are measured
from the small end, and logs with larger taper
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TABLE 4. Statistical estimation of full model and Duncan’s Multiple Range Test on treatments.

Linear regression results

Source of

variation df SS MS F P-value
Model 802,306.9 2 53,487.1 1,182.0 0.0
Error 301.185.0 665 45.2
Total 1,103,491.9 667
R-square 0.727
Source of
variation Estimate t P-value SE of estimate
Intercept 38.929 42.6 0.0000 0.9125
Dsq 0.046 4.3 0.0001 0.0105
Len 0.050 9.8 0.0001 0.0506
Tpr 1.479 5.6 0.0001 0.2613
Swp —9.691 —35.9 0.0001 0.2693
Ecc —1.035 -7.2 0.0001 0.1427
ChipPrc 3.224 31.9 0.0001 0.1009
Dsq-Len 0.011 19.7 0.0001 0.0006
Dsq-Tpr —0.035 —12.6 0.0001 0.0028
0 1.222 5.6 0.0001 0.2179
45 0.705 3.2 0.0012 0.2179
90 -1.617 -7.4 0.0001 0.2179
135 0.155 .07 0.4740 0.2179
180 —-1.159 —-5.3 0.0001 0.2179
225 0.108 0.5 0.6173 0.2179
270 0.024 0.1 0.9102 0.2179
Duncan’s Multiple Range Test
Duncan grouping Mean Rotation
A 58.140 0
B A 57.624 45
B 57.478 315
B 57.074 135
B 57.027 225
B 56.943 270
C 55.748 180
C 55.300 90

Means with the same letter are not sigrificantly different.

have more volume. Sweep and cross-section
eccentricity have a negative impact on value
recovery. Increasing chip prices has a large
positive effect on value recovery.

The signs of the interaction terms in the
model are insightful. Dsg-Len (diameter
squared times length), a well-known predictor
oflog volume, is positively correlated with val-
ue recovery. The negative sign on Dsq- Tpr(di-
ameter squared times tapar) indicates that high
log taper will tend to recluce the expected in-
crease due to larger logs. This indicates that
value recovery would be higher on larger di-
ameter logs with low taper than the reverse.

The primary statistical test with this model

is whether or not the rotation class has any
effect in the model, and if so, which of the
various classes has the most beneficial effect.
The other variables are included in the model
only to account for the known effects of di-
ameter, length, and so on and reduce the error
variability. This test is similar to the fixed
treatment effects of analysis of variance mod-
els. The test hypothesis is:

Ho: 8, = B8s =
HA: Not Ho

.=0853=0
(3)

The test is carried out using the general linear
model test approach fitting full and reduced
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TaBLE 5. Statistical estimation of reduced model and Duncan’s Multiple Range Test on treatments.
Source of Linear regression results
variation SS df MS F P-value
Model 797,049.3 1 99,631.1 2,166.2 0.0
Error 306,442.6 665 45.9
Total 1,103,491.9 667
R-square 0.722
Source of SE of
variation Estimate t P-value estimate
Intercept 38.929 423 0.0000 0.9199
Dsq 0.046 43 0.0001 0.0106
Len 0.050 9.8 0.0001 0.0511
Tpr 1.479 5.6 0.0001 0.2634
Swp —-9.691 —35.6 0.0001 0.2714
Ecc —1.035 -7.2 0.0001 0.1439
ChipPrc 3.224 31.7 0.0001 0.1016
Dsq-Len 0.011 19.5 0.0001 .0006
Dsq-Tpr -0.035 -12.5 0.0001 0.0028

models. The full model is that presented in
Table 4. The reduced model is that of Table
5 with 35, Bs, ..., B3 removed. The appro-
priate test statistic 1s:

_ MSR(Xy, ..., X | X, ..
- MSE(Full)
_ SSE(Reduced) — SSE(Full) |
P—4q '
+ MSE(Full) =

F* L) X6)

306,442.65 — 301,185.07
_ 306, 265730,850 /45.25:

= 16.60 4)
F* is significant at the 0.001 level. The null
hypothesis is rejected. We conclude that log
rotation has a significant effect on value re-
covery.

Since treatment effects are found in the mod-
el, we next determine which, if any, log rota-

TABLE 6. Statistical estimation of model with zero and optimal rotation.

Source of

Linear regression results

variation SS df MS F P-value
Model 188,684.5 209,264.9 463.5 0.0
Error 74,986.5 165 45.2
Total 263,671.0 166
R-square 0.715
Source of SE of
variation Estimate t P-value estimate
Intercept 42.749 44.3 0.0000 0.9645
Len 0.393 6.5 0.0001 0.0600
Tpr 1.47 3.0 0.0021 0.4787
Swp -8.732 —-16.2 0.0001 0.5369
Ecc —0.457 —4.7 0.0001 0.0970
ChipPrc 3.051 15.1 0.0001 0.2017
Dsq-Len 0.013 30.8 0.0001 0.0004
Dsq-Tpr -0.036 -7.2 0.0001 0.0050
Opt 1.458 3.0 .0005 0.4167
Opt+Ecc 0.289 2.1 0.0298 0.1331
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tions perform superior to the others. This is
determined using Duncan’s Multiple Com-
parison procedure for treatment means for the
eight rotation classes. The results of this pro-
cedure, shown in Table 4, show clearly that
the “horns up” (0° rotation) position can be
distinguished from all other rotations except
the 45° position. However, the 45° rotation
itself cannot be statistically distinguished from
the large group of other middle performing
rotations (grouping B). The ‘“horns down”
(180°) and 90° positions are clearly sub-per-
formers (grouping C). Thus, the evidence sup-
ports the adoption of the “horns up” position
as performing best, on average, on the test group
of logs. The reason that “horns up” performs
better than “horns down™ can be seen in Fig.
1. Often sweep is more pronounced in the butt
end of the log (as in Fig. 1) rather than uniform
and symmetrical throughout the log. Recovery
is much higher in the “horns up” case when
saw lines are placed through such a log.

Value of optimal rotation setting

Next, we wish to determine the effect of im-
plementing the optimal rotation for each log
as it is being sawn in the CNS. To accomplish
this, we again use the regression approach anal-
ysis of covariance procedure. In this case we
employ a single dummyv variable, which in-
dicates the sawing position, as follows:

Opt = 1 if log is rotated to optimal
position before sawing
0 if log is sawn at the
“horns up” position (35)

The model to be estimated is:
Vrc = By + 8,Dsq + B,Len + B;Tpr +
+ B4Swp + BsChp + BsEcc +
+ 3,0pt + BsOpt-Swp +
+ BsOpt-Ecc -+ ¢ (6)

We calculate the model coefficients using all
834 logs sawn in the optimal rotation (the ex-
perimental group) and the same 834 logs sawn
in the “horns up” positicn (the control group).
The “horns up” position is chosen as the con-
trol group since this position was found to be
the “ideal log rotation” in the preceding sec-
tion.
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Equation (6) was estimated using the statis-
tical analysis system (SAS 1991) with all terms
and interaction terms for 8, — B, included.
Model coefficients were eliminated using the
same procedure as that described above. Re-
gression results showing the model statistics
are presented in Table 6. Signs on all model
coefficients are the same as the model dis-
cussed above. The major difference between
the estimation of Eq. 1 and Eq. 6 is that the
variable Dsq dropped out of Eq. 6.

A significant benefit to optimally rotating
logs prior to sawing would be indicated if the
coefficient for Opt is statistically significant.
The hypothesis is:

Ho: 8,=0
Ha: 8, # 0 ™

Confidence limits around 3, at the « = 0.05
level are:

B7 — std. eIT. "t nar < B7 =
= By + std. err.t,4¢
1.459 — 0.4167-1.961 < 8, <
=< 1.459 +
+ 0.4167-1.961
0.6413 < 3, <

= 2.2759 ®)

Thus, 8, is concluded to be statistically differ-
ent from zero since the 0.05 level confidence
interval does not contain zero.

To determine of rotation optimization sig-
nificantly mitigates the negative effects of sweep
and cross-sectional eccentricity, we examine
coefficients 3; and B,. Both coefficients have
positive signs indicating that benefits are ob-
tained from rotational optimization. Howev-
er, the coefficient on Opt-Swp (B5) was not
significantly different from zero using a partial
F-test (P-value = 0.76) and was dropped from
the final model. However, the coefficient on
Opt-Ecc (By) is significant with a P-value of
0.0298. Thus, indications are that the benefi-
cial effect of optimally rotating logs is more
related to cross-sectional eccentricity than to
sweep.

Using the same method as above, confi-
dence limits around 3, are:

A
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0.0284 = B, =< 0.5506 ®

Therefore, we conclude that estimated benefits
increase slightly with increasing eccentricity.

We use the confidence limits around 3, and
B, to determine the benefits from optimal ro-
tation. Assuming a CNS line sawing 200,000
cubic meters annually and an average eccen-
tricity of 0.48 (which we found in this study)
we obtain the following confidence limits on
the benefits to optimal rotation:

$320,000 + $189,000 (10)

The cost of implementing an automated log
turning device in a CNS is estimated to be
between $300,000 and $1 million.? Assuming
the highest implementation cost and the lowest
benefits, the internal rate of return for auto-
mated rotation equipment with a ten year life-
span would be approximately 5%. The mid-
range scenario gives an IRR of 48%. The best
case (lowest costs and highest benefits) IRR is
169%. The reader should note that these IRR
estimates do not take maintenance costs into
account.

SUMMARY AND CONCLUSIONS

Advances in three-dimensional scanning
techniques and computer optimization permit
real time solution and implementation of op-
timal log rotation before it is fed into the chip-
per heads. This study examined 834 S-P-F logs
obtained from the interior of BC using SAW-
SIM to determine the effects of log rotation
strategies on value recovery for a small log
CNS. Results show that log rotation plays an
important role in determining value recovery.
Both log sweep and cross-sectional eccentricity
are shown to cause significant reductions in
value recovery.

Eight rotation placements from 0° to 315°
were studied to determine if a single rotational
placement could be found that performs best
when the optimal log rotation cannot be im-
plemented. On average, the ‘“horns up” posi-
tion (0° rotation) was found to significantly
outperform all others in maximizing value re-
covery.

2 Based on personal communication with Bob Chap-
man, President, Optimil Machinery, Ltd.
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When compared to the “horns up” position,
the ability to rotate the log into the optimal
position produced significant benefits. These
benefits were found to be related to the degree
of cross-sectional eccentricity present in the log
more so than the degree of sweep present in
the log. Internal rate of return estimates for the
installation of automatic log turner systems
range from a low of 5% to a high of 169%. The
mid-range estimate was found to be 48%.

More research is required prior to conclud-
ing that automatic log rotation setting should
be implemented on a mass scale. This research
should include the study of installed equip-
ment at test sites and should concentrate on
the following factors:

1. The degree of accuracy in rotational place-
ment required to obtain the maximum fi-
nancial return. This study demonstrates
benefits using only 45° intervals. The ben-
efits could be much larger when a higher
accuracy in log placement is used.

2. The effect of full shape scanning informa-
tion. This study used information collected
from two-axis log scanning and assumes the
log cross-sectional shape is elliptical.
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ABSTRACT

Creep information for sawn lumber exposed to constant and cyclic humidity environments previ-
ously published by the authors is supplemented by this study using glued laminated material of about
the same size, tested on the same apparatus, and using the same general procedure.

For both sawn and glued laminated material, the relative creep was measured at about 55% of their
average ultimate strength. Relative creep was measured for specimens matched with respect to modulus
of elasticity (MOE) and exposed to a constant relative humidity (65 F and 65% RH) for about 1,000
hours, and a cyclic relative humidity (65 F and 90% RH for 82 hours followed by 65 F and 40% RH
for 82 hours). This 164-hour cycle was repeated six times for about 1,000 hours of cyclic exposure.
This is a more severe change in equilibrium moisture content of the environment than is likely to
occur in building structures.

The result showed relative creep of the glued laminated material increased by 40% to 72% as a
result of cycling. One very low MOE pair showed an increase of 167%. The increase for solid sawn
lumber previously reported was 200% to 400% due to cycling. Results also showed that the ratio of
relative creep for cycled to constant humidity exposure did not change appreciably as time under load
was increased. These differences are attributed to permeability differences between glued laminated
wood and sawn lumber. The gluelines are believed to retard water vapor movement and reduce the

moisture change rate and extremes of wood moisture content in any given cycle.

Keywords:

INTRODUCTION

Research results on the creep behavior of
nominal 4- by 4-inch Douglas fir beams from
two studies conducted at Washington State
University’s Department of Civil and Envi-
ronmental Engineering have been published in
this journal (Hoyle et al. 1985, 1986). The spe-
cies was Interior North Douglas fir (Pseudo-
tsuga menziesii) and the grade was No. 2 and
Better (Western Wood Products Association).

Wood and Fiber Science, 26(4), 1994, pp. 556-562
© 1994 by the Society of Wood Science and Techniology

Douglas fir, glued laminated, creep, humidity, cycled.

The first results (1985) were for exposure to
a constant relative humidity environment of
70 F and 65% RH for 400 hours. The second
results (1986) were obtained in cyclic humidity
environments, one of which was 70 F and 90%
RH for 84 hours, then at 70 F and 40% RH
for 84 hours; the 168-hour cycle repeated for
1,250 hours.

This paper reports test results for glued lam-
inated beams of the same species and of similar
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TABLE 1. Regression models.
Constant RH Cycled RH
A B C R2 A B C R?
Beam 10-3 Beam 103
Model 1: ég = A(1 — ¢-BT)
1A 0.2101 0.25009 * 0.977 2B 0.3796 0.00761 * 0.994
3A 0.1954 0.02263 * 0.980 3B 0.3552 0.01008 * 0.992
4A 0.2383 0.02565 * 0.975 4B 0.4903 0.00839 * 0.992
5A 0.1729 0.09492 * 0.988 5B 0.4348 0.01077 * 0.992
6A 0.1908 0.03921 * 0.980 6B 0.3125 0.01050 * 0.994
Group A 0.2002 0.03912 * 0.968 Group B 0.3940 0.00932 * 0.970
Model 2: 6g = A(1 — e BT) + Ct
1A 0.1660 0.1369 0.131 0.991 2B 0.2631 0.01549 0.185  0.998
3A 0.1495 0.0452 0.126 0.994 3B 0.2659 0.01864 0.154  0.997
4A 0.1722 0.0777 0.174  0.994 4B 0.3367 0.01837 0.253  0.998
5A 0.1518 0.1477 0.072  0.996 5B 0.3262 0.02047 0.191 0.997
6A 0.1488 0.0904 0.122  0.995 6B 0.2340 0.01946 0.138 0.999
Group A 0.1557 0.0992 0.128  0.998 Group B 0.2843 0.01862 0.186 0.975
Model 3: ég = AtB
1A 0.07716 0.1813 * 0.9997 2B 0.04349  0.3402 * 0.9969
3A 0.04656 0.2481 * 0.9999 3B 0.05305 0.3033 * 0.9940
4A 0.06159 0.2362 * 0.9998 4B 0.06153 0.3279 * 0.9963
SA 0.08051 0.1421 * 0.9978 5B 0.06873 0.2953 * 0.9940
6A 0.06115 0.2031 * 0.9992 6B 0.04614  0.3061 * 0.9938
Group A 0.06465 0.2017 * 0.9992 Group B 0.05446  0.3144 * 0.9723

* Not applicable.

size (3- by 3.75-inch versus 3.5- by 3.5-inch)
subjected to the same humidity cycle at 65 F,
and loaded to approximately the same stress
level. Each glued laminated beam consisted of
five %-inch laminations with gluelines ar-
ranged horizontally.

The object of this study was to compare the
creep behavior of glued laminated and solid
sawn beams under very similar conditions of
cyclic humidity environments.

LITERATURE REVIEW

The papers previously published provide a
discussion of the literature on creep. Those
discussions of the mathematical models for
creep will be of interest, since we have em-
ployed the same models (see Table 1) in the
analysis of results for the glued laminated
beams. Anderson’s thesis (1985) contains ta-
bles of relative creep for all the readings taken
in this study and may possibly be useful to

readers who wish to examine creep with a view
of testing other mathematical models.

MATERIAL TESTED

Six 12-foot-long glued laminated beams were
obtained from a laminator. Each beam con-
sisted of five laminations of nominal 1- by
8-inch Douglas fir lumber. The finished size
of the beams was 3.75 by 6.75 inches. All lam-
inations were visually graded to Western Wood
Products Association (WWPA) Rules 81 (1981)
for Stress Rated Boards (SRB). (Stress Rated
Boards of nominal 1 by 8 size are graded by
the same rules as Structural Joists and Planks.)
The outside laminations were No. 1 SRB (F,
= 1,350 psi), and the three interior laminations
were No. 2 SRB (F, = 875 psi). These grades
were selected so the lumber quality would be
similar to that of the previously tested No. 2
and Better solid sawn beams. The adhesive
used in their manufacture was phenol-resor-
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TABLE 2. Relative creep for cycled and uncycled Douglas fir glulam beams.*

Elastic modulus

Time under load (hours)

Beam (ksi) 400 600 800 1,000
S5A 1,590 0.1837 (0.1884) 0.1937 (0.1996) 0.1943 (0.2079) 0.2088 (0.2146)
4B 1,580 0.4037 (0.4337) 0.4854 (0.4885) 0.5348 (0.5391) 0.5580 (0.5897)
4B/5A 2,19 (2.30) 251 (2.45) 2.75 (2.59) 2.67 (2.75)
1A 1,740 0.2297 (0.2286) 0.2425 (0.2461) 0.2512 (0.2593) 0.2592 (0.2700)
3B 1,730 0.3192 (0.3275) 0.3519 (0.3583) 0.3840 (0.3893) 0.3974 (0.4202)
3B/1A 1.39  (1.43) 1.45 (1.46) 1.53 (1.50) 1.53 (1.56)
4A 1,730 0.2531 (0.2536) 0.2798 (0.2791) 0.2813 (0.2987) 0.3106 (0.3148)
5B 1,720 0.4226 (0.4025) 0.4562 (0.4409) 0.4568 (0.4791) 0.4840 (0.5173)
5B/4A 1.67 (1.58) 1.63  (1.58) 1.62 (1.60) 1.56 (1.64)
3A 1,820 0.2073 (0.2059) 0.2237 (0.2276) 0.2337 (0.2445) 0.2420 (0.2584)
2B 1,860 0.3432 (0.3356) 0.3753 (0.3730) 0.3940 (0.4100) 0.4171 (0.4476)
2B/3A 1.66 (1.63) 1.68 (1.64) 1.69 (1.68) 172 (1.73)
6A 2,300 0.1998 (0.2065) 0.2214 (0.2242) 0.2324 (0.2377) 0.2497 (0.2487)
6B 2,400 0.2894 (0.2891) 0.3158 (0.3168) 0.3403 (0.3444) 0.3506 (0.3720)
6B/6A 1.45  (1.40) 143 (1.41) 1.46 (1.45) 1.40 (1.50)

* Numbers in parentheses are from regression. Other numbers are from actual measured relative creep.

cinol resin, a common laminating adhesive for
glued laminated beams.

Each of the six beams was sawed longitu-
dinally, and the sawn edges were surfaced to
form two 3-inch-wide by 3.75-inch-deep piec-
es, which were marked 1 through 6, A and B,
it being assumed that the A and B pieces would
be reasonably well matched in terms of mod-
ulus of elasticity (MOE). This did not prove
to be the case when the pieces were statically
tested, so they were matched on the basis of
MOE into pairs, one for constant humidity
exposure (A); and the other for cyclic humidity
exposure (B). The MOE values of the speci-
mens as paired are given in Table 2. Two beams
were omitted in the reporting of test results
because the pins driven into those beams to
support the deflection measuring bridge were
accidentally disturbed during the creep tests,
creating errors that could not be reliably cor-
rected. Thus the test material consisted of five
pairs of beams, well matched on the basis of
MOE.

METHOD OF TESTING

Test material was stored at 65 F and 65%
RH for over 30 days prior to testing. This ma-

terial had been seasoned to 12% moisture con-
tent prior to laminating, and the storage con-
ditions were to maintain this moisture level.

The applied load was chosen to cause a
bending stress high enough to produce mea-
surable creep in a reasonable time, but below
a level that would cause rapid creep to failure.
Past experience has suggested that stress below
55% of the ultimate strength of the specimens
would not cause tertiary creep (i.e., deflection
at an accelerating rate, culminating in failure).
The ultimate strength of the material was de-
termined by reversing the procedure of deriv-
ing allowable stresses for design. Recognizing
the actual size and moisture content of the
glued laminated material and using the allow-
able bending stresses for the outer laminations
(1,350 psi), it was determined that 2,600 psi
would be about 53% of the average ultimate
strength of the glued laminated material. (This
glued laminated material is of a lower quality
and strength than that customarily used in the
manufacture of commercial glued laminated
beams). In this study, we purposely used a
quality level to match the solid sawn 4 by 4s
in the earlier creep studies.

All beams were loaded to the 2,600 psi stress
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level. Loads were applied at three equally
spaced locations along the 140-inch simple
span. The beams were supported on a knife
edge at one end and a rcller at the other. The
loads were at midspan and quarter-points.

Previous experience showed that upon ini-
tial loading there will be a period of rapid dial
gage motion during the first minute or two after
loading, which ceases within 2 minutes. It was
our practice to take as the initial deflection the
reading when that motion stopped, always in
less than 2 minutes afte the last of the three
loads was in place. The room conditions dur-
ing-this loading period were 65 F and 65% RH.
We allowed the loaded beam to remain at this
condition for 7 hours before beginning the ex-
posure regimes for constant humidity and for
cyclic humidity. The reason for this may be of
interest. It takes about 1 hour to load six beams,
and we wished to have the six beams in a given
set to have about equal time under load before
starting the test exposure. This technique made
the preliminary period 7 hours, to 7 hours and
50 minutes, rather than zero minute to 50 min-
utes had we started the test exposure imme-
diately after the sixth beam was loaded. There
was probably very little moisture absorption
or desorption during this period.

Following the 7-hour period, the relative hu-
midity was continued at 55% for the “A” spec-
imens, requiring about 10 minutes, and con-
tinued at this relative humidity and 65 F for
the entire period of 989 additional hours.

Following the 7-hour period, the relative hu-
midity for the “B” specimens was raised to
90% for 82 hours and then changed to 40% for
another 82 hours, all at 65 F. The equilibrium
moisture contents for these conditions were
21% and 8%, although, of course, the speci-
mens did not come to these moisture contents
during the 82-hour periods. (We had targeted
these periods to be 84 hours, but did not ac-
tually expose them exactly that long). The cycle
of 164 hours was repeated six times for a total
exposure of 993 hours, including the initial
7-hour period at 65 F and 65% RH. The time
required to reduce humidity was about 2 hours.
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RESULTS

Deflection data were used to compute the
relative creep for each reading taken on each
beam. Relative creep is the ratio of the con-
stant load deflection at any given reading time
to the initial deflection taken at 2 minutes after
the three loads had been applied to each beam.
Thus, 0.25 relative creep means that creep was
25% of the initial elastic deflection.

Three regression models for relative creep
versus time (hours) were fitted to the data.
These models are given in Table 1. We had
selected these models from the creep literature
and had gained experience with them in the
studies mentioned in the introduction. Con-
sistent with those studies, we employed the
same models for this one. We believe the creep
fundamentals do not change for the glued lam-
inated specimens, although the rates would be
expected to differ for sawn versus glued lam-
inated material, and the cycling would increase
the breaking of hydrogen bonds that is sup-
posed to aggravate creep. The regressions for
each of the three models were performed by
SAS NLIN (Statistical Analysis System
NonLinear) program using the D.U.D. meth-
od (Council and Helwig 1979). The fitted equa-
tions are given in Table 1.

Table 2 lists creep at periods of 400, 600,
800, and approximately 1,000 hours (actually
996 and 993 hours), actual measured values
and values from regression in parentheses. Ra-
tios of relative creep, cycled to constant rela-
tive humidity, are also tabulated for specimens
matched according to MOE. While the original
intent was to physically match specimens cut
from the same 3.75- by 6.75-inch beam, it was
found that there were great differences in the
MOE of members of these pairs. In retrospect,
we believe this is due to the fact that dividing
a graded member does not result in two mem-
bers of equal grade, a principle well recognized
by the grading agencies. The halves no longer
contain the same growth characteristics. Mod-
ulus of elasticity was measured on all speci-
mens before creep testing, so it was possible
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the constant humidity data, with little differ-
ence between models 2 and 3 for the cyclic
humidity data. Model 1 is a poorer fit in all
cases.

The information in Table 2 permits observ-
ing relative creep in terms of time and MOE.
This experiment was not designed to detect
the influence of MOE on creep and there is not
a sufficient range of MOE to permit any con-
clusions about its influence. The creep in the
low MOE specimens was more affected by hu-
midity variation than in the case of the higher
MOE beams. To learn more about the MOE
influences, it would be good to have more rep-
lications of beams at each of a wider range of
MOE levels. This noticeably different behav-
ior of the low MOE specimen could be just a
random variation in crezp behavior.

The particular finding that is of interest is
the ratio of relative creep of cycled (B) beams
to constant humidity beams (A). It seems clear
that cycling increases relative creep, a result
we had expected from the prior work on sawn

Relative creep vs. time for sawn and glued laminated wood beams.

lumber beams. This ratio does not appear to
increase or decrease very much with increasing
time under load.

The effect of cyclic humidity on the glued
laminated material was not as great as had
been seen for the solid sawn material. To com-
pare the creep of glued laminated wood and
sawn wood of the same general size, quality,
and at the same stress level, Fig. 3 is presented
using data from this study for the glued lam-
inated wood; for sawn wood at constant hu-
midity from the Hoyle et al. (1985) paper; and
for sawn wood in a cyclic humidity environ-
ment from the Hoyle et al. (1986) study.

The curves for the glued laminated wood
are the average relative creep for five speci-
mens each for the constant and cycled humid-
ity conditions at approximately 84-hour in-
tervals. Each plotted point is the average of
five (A) specimens for the constant humidity
condition and five (B) specimens for the cyclic
humidity conditions.

The regression relative creep values at the



562

same times are plotted for the sawn wood stud-
ies, using Model 3 regression equations. The
portion of the constant humidity curve for the
sawn wood shown as a dashed line is the part
at times exceeding 400 hours, and since that
study had a maximum duration of 400 hours,
this is an extrapolation.

All of the curves in Fig. 3 were for a constant
applied stress of 2,600 psi, with very similar
temperature and humidity conditions.

The cyclic fluctuation of relative creep is not
as evident as it actually was, because the re-
gressions were not fitted to a model that would
show these fluctuations, in the case of the sawn
material. For the glued laminated material,
there is a small fluctuation of points plotted
for the cycled glued laminated matenal. But
the important feature of Fig. 3 is the relative
position of the curves for the several condi-
tions, showing the large effect of the cyclic hu-
midity on solid sawn as opposed to the much
smaller effect on glued laminated material.

Laminated members benefit by the disper-
sion of growth characteristics and by seasoning
prior to gluing. This makes them more uni-
form in moisture content and less susceptible
to the development of drying stresses. The grain
deviation around knots is often supported by
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straighter grained adjacent laminations, which
would reinforce the areas of distorted grain and
reduce creep. The action of gluelines to impede
moisture migration in the glued laminated ma-
terial would be expected to restrain the de-
velopment of creep, since internal moisture
changes and creep are related directly. Thus
we believe the relative position of the curves
is logical, and the figure provides evidence of
the magnitude of this difference.
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SWST DISTINGUISHED SERVICE AWARD

The SWST Distinguished Service Award is
given in recognition of extraordinary contri-
butions to wood science and technology. Such
service may have been made in an educational,
technological, industrial, or scientific area in
furtherance of the objectives of the Society of
Wood Science and Technology, as outlined in
its Constitution and By-Laws.

Past recipients of the award have been as
follows:

1966 —Harry Tieman
1968 — Alfred Stamm
1980—Jim Bethel
1981 —George Garratt
1982 — Alexis Panshin
1983 —Fred Dickinson
—Fred Wangaard
—Frank Kaufert
—Herbert Fleischer
—Herbert McKean
—Alfred Stamm
1984 —George Marra
1985 —John Haygreen
1986 —Christen Skaar
1987 —Peter Koch
1988 —Stanley Suddarth
1989 —Robert Youngs
1990 —Wilfred Coté
1991 —Charles Berolzhe¢imer
1992 —Stephen Preston
1993 —Robert Kennedy

Dr. William T. Nearn is the recipient of the
award for 1994. Bill’s illustrious career has
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included a lifetime of service to both academia
and to industry. He served as SWST President
in 1967-68, and at that time, along with Ben
Jayne and Bob Hoyle, established Wood and
Fiber, the forerunner of this journal.

Bill’s academic background includes a B.S.
from New York State College of Forestry in
1943 and an M.F. and D. For. from Yale Uni-
versity School of Forestry, with the last two
completed after 3 years’ service in the U.S.
Army.

He then joined Pennsylvania State Univer-
sity for 13 years, finally leaving as an Associate
Professor to accept a position at the Weyer-
haeuser Company. There his tenure spanned
24 years and included time spent as a Senior
Scientist in the Pioneer Research Group, fol-
lowed by a series of management assignments
in Wood Science and Morphology, Scientific
Services, and Control Technology Research.

In 1984, Bill retired from Weyerhaeuser and
returned to academia as Associate Director of
the Mississippi Forest Products Laboratory and
Head of the Department of Wood Science and
Technology. In 1987, he returned to the Pacific
Northwest, where he has been engaged as a
consultant in Bellevue, Washington.

The SWST Distinguished Service Award was
presented to him at the annual meeting of
SWST in Portland, Maine, on June 26, 1994,
by the 1993-94 President, Paul Blankenhorn.
Bill then addressed the membership with
thoughts on the past and future pathway of
SWST. A written text of his remarks follows.



THANKS AND THOUGHTS

William T. Nearn

Consultant
1725 128th St SE
Bellevue, WA 98005-3911

It is difficult to convert what was said at the
annual SWST meeting into text and come close
to preserving the soul of the moment. In ac-
cepting The Distinguished Service Award, I
wanted first to thank my peers and friends for
this much-appreciated recognition and sec-
ond, to use the opportunity to express some
thoughts on the past and future pathway of
SWST.

As a warm-up for the latter, I shared my
view of the “Double Helix,” James Watson’s
account of the discovery of the structure of
DNA, one of the more far-reaching scientific
feats of the 20th century.

Although not intended as such, the “Double
Helix™ is a case study of what can be accom-
plished by a group of diverse and, at times,
adversarial scientists who had in hand parts
of the puzzle, but were bogged down in detail
or other more mundane interests.

Watson was the required catalyst. He want-
ed to work on ‘“‘something of value” and be-
lieved that understanding gene replication was
necessary for further progress in genetics. Nei-
ther chemist nor physicist, he was convinced
that the role of DNA had been neglected and
that building a molecular model was the key
to understanding its role in gene replication.
Crick, a physicist, “gadfly,” and laboratory
colleague, was finally persuaded to join the
search, followed by Wilkins, whose lab spe-
cialized in X-ray diffraction and who had an
earlier but suppressed interest in DNA. As the
model grew, crashed, and was revised, others
joined in the effort.

The results of the team were announced in
Nature, summed up in two brilliant under-
statements.

“We wish to suggest a structure for DNA,
this structure has novel features which are
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of considerable biological interest.” —*It
has not escaped our notice that the specific
pairing we have postulated immediately
suggests a possible copying mechanism for
the genetic material.”

Watson, Crick, and Wilkins were awarded a
Nobel prize; and you are all aware of the new
vistas that were opened up.

SWST AND THE FUTURE

Lately, I’ve come to the conclusion that
SWST as an organization spends too much
quality time examining its own navel. Over
the past 25 years, the membership has done a
remarkable job in moving from a suspect or-
ganization with shaky finances to a respected
professional group and publisher of a world-
class journal with a comfortable bank account.
Today and in the recent past, the more fre-
quently discussed issues have included:

® zero growth in membership;

® a rapid decline in the numbers of stu-
dents who choose wood science as a career and
the demise of wood science programs;

® afailure to develop a position on various
issues that are perceived as concerns to the
profession.

These discussions occur within the same
paradigm that existed 25 years ago. At the time,
a major objective was to introduce more “‘rig-
or” into training of wood scientists. It was
driven to some extent by those things that some
of the founders wished they had learned, by
individuals who believed clones of themselves
to be the ideal, by cavalier comments from
industry that it would be nice to have a chem-
ist, physicist, engincer, wood anatomist etc. in
one package, and by a subliminal need to le-
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gitimize wood science as a profession. Our fo-
cus was inward.

In order to survive and prosper in the short
and long term, the forest products industry at
a minimum must:

@ learn to operate synergistically with the
needs of the environmer:t;

® learn to manufacture a quality product at
competitive prices with an acceptable rate of
return using the forest raw material available
from plantations that are in the ground and
reaching rotation age on shore and abroad;

® learn to target quality, function, and ser-
vice to meet customers’ needs at home and
abroad.

While these statements may seem hack-
neyed, they are a formidable challenge. The
corporations, government agencies, and indi-
viduals who will participate, survive, and suc-
ceed in meeting these chzllenges are those who
are comfortable and effective working in mul-
tidisciplined teams.

SWST will contribute and prosper if it fos-
ters an environment that encourages the mem-
bership to focus on these needs. Once it begins
to apply its energies in this fashion, other issues
such as increased enrollment and membership
will become more tractable.

The most robust paths to new concepts or
solutions to current problems are based on first
principles. It may seem an oxymoron to sug-
gest that first principles exist on more than one
level. Nevertheless, within any profession,
there is a body of knowledge that has been
elucidated, challenged, monitored, and mod-
ified to a level that can be applied as “first
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principles” in addressing problems within a
given field. It goes without saying that these
“first principles” do not violate the laws of
thermodynamics etc. Wood science, at its best,
is a subset of “first principles.”” My vision of
the path of SWST toward survival and growth
through the 90s and beyond is to maintain a
professional focus that will:

e Evolve a new paradigm whose goal is to
identify places within the forest products in-
dustry where wood scientists can make a sub-
stantial difference. Team within and outside
the community to do so.

e Evolve a network to communicate the
linkages between “‘the first principles” of wood
science and the financial health of the forest
products industry, conservation of the forest
resource, and end user satisfaction. Provide
information in a form that is interactive and
reaches management and manufacturing as well
as R&D.

e Establish strong working alliances with
other professional and semiprofessional or-
ganizations that have tangent and overlapping
interests in technology transfer, science, ma-
terials, natural resources, and public policy
germane to these areas.

e Focus more time and resources toward
making a difference rather than nourishing the
profession per se. Let the quality of the product
speak for itself. Flogging the terms scientist and
basic research won’t do the job.

It is easier to pontificate than operate. I hope
that these thoughts will stimulate a dialogue
that is of value in helping SWST to grow, rather
than dribble, into the year 2000.



GEORGE MARRA AWARD

The George Marra Award is given in mem-
ory of George Marra by the Marra family in
recognition of George’s devotion to excellence
in writing. Every article in each issue of the
most recent volume of Wood and Fiber Science
is read and judged by a three-person commit-
tee—one each from academia, government, and
industry.

The first place winners of this year’s George
Marra Award are Chungping Dai and Paul
Steiner for their paper “Compressive behavior
of randomly formed wood flake mats,”” which
appeared in the October 1993 issue of Wood
and Fiber Science.

The second place winners are Jerrold Win-
andy and Jeffrey Morrell for their paper “Re-
lationship between incipient decay, strength,
and chemical composition of Douglas-fir
heartwood,” which was published in the July
1993 issue of Wood and Fiber Science.

Honorable mention is awarded to David
Ritter, Robert Kroll, and Roland Gertjejansen
for their paper “Zones of gelatinous fibers in
Populus balsamifera L.,”” which was published
in the April 1993 issue of Wood and Fiber
Science.

Previous winners of the award are:

1986 —Kirk C. Nadler, Elvin T. Choong, and
David M. Wetzel for ‘“Mathematical
modeling of the diffusion of water in
wood during drying.”

1987 —Michael B. Thurmond, Frank E.
Woeste, and David W. Green for
“Floor loads for reliability analysis of
lumber properties data.”

1988 — Leslie Groom and Anton Polensek for
“Nondestructive prediction of load-
deflection relations for lumber.”

1989 —Terrance E. Conners and Thomas E.
McLain for ‘“Modeling moisture gra-
dient effects on bending properties.”
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1990 —First place: Philip E. Humphrey and
Larry J. Ostman for “Bolted timber
connections. Part I. A wafer technique
to model wood deformation around
bolts.”” Second place: Irving B. Sachs,
Gary F. Leatham, and Gary C. Myers
for “Biomechanical pulping of aspen
chips by Phanerochaete chrysosporium:
Fungal growth pattern and effects on
wood cell walls.”

1991 —First place: M. P. Wolcott, F. A. Kamke,
and D. A. Dillard for “Fundamentals
of flakeboard manufacture: Viscoelas-
tic behavior of the wood component.”
Second place: William T. Simpson and
Yi-Fu Tang for “Empirical model to
correlate press drying time of lumber
to process and material variables.”

1992 —First place: David W. Green and David
E. Kretschmann for “Lumber property
relationships for engineering design
standards.” Second place: Steven E.
Taylor and Donald A. Bender for ““Sto-
chastic model of localized tensile
strength and modulus of elasticity in
lumber.” Honorable mention: Michael
L. Hoag and Robert L. Krahmer for
“Polychromatic X-ray attenuation
characteristics and wood density ap-
plications.”

1993 —First place: David E. Kretschmann and
B. Alan Bendtsen for “Ultimate tensile
stress and modulus of elasticity of fast-
grown plantation loblolly pine lum-
ber.” Second place: Charles B. Vick and
Thomas A. Kuster for “Mechanical in-
terlocking of adhesive bonds to CCA-
treated southern pine—A scanning
electron microscopic study.” Honora-
ble mention: Kelly La Fare and Rafik
Y. Itani for “Comprehensive load dis-
tribution model for wood truss root as-
semblies.”
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GUIDELINES AND PROCEDURES
FOR GEORGE MARRA AWARD

. Award recognizes excellence in research and writing.
. Papers considered are those published in the four quarterly issues of one volume of Wood

and Fiber Science.

. The first place award consists of the following:

a. $1000 to the author(s) (provided by the Marra family)

b. A plaque to the sponsoring firm or institution

c. Certificate(s) and plaque(s) to the author(s)

The second place award, if warranted, will consist of certificate(s) and plaque(s) to the
author(s) and a plaque to the sponsoring firm or institution. Up to two other papers may
be selected for honorable mention, for which the certificate(s) will be awarded.
Presentation of the awards will take place at the annual meeting.

. The selection committee will be appointed by the President.
. The selection committee will consist of at least three members, one of which will be des-

ignated the chair by the President. One member will be selected from each of the areas of
the private sector, industry, government, and academia. A committee member may not
have a paper considered for an award.

. Committee responsibilities are as follows:

a. Individually “score” all papers in the volume using George Marra’s judging criteria.
1) Research quality (30 points)
Complexity of the problem
Originality
Impact on present knowledge of the subject
2) Clarity and completeness of the introductory section (30 points)
Objective
Introduction
General procedures
3) Conclusion, recognition and literature (20 points)
Conclusion that speaks to objective
Recognition of important assistance received
Command of the literature
4) Clarity of exposition; i.e., understandable to those in other specialties (20 points)
b. Committee chair will rank papers based on average score obtained from combining each
member’s scores.
¢. Each member re-review and rank the four papers with the highest combined scores.
d. Combine reviews and select the first and second (if warranted) place papers and those
for honorable mention (if any).

- The chair will report the selection of the winning paper(s) to the President by 90 days prior

to the SWST Annual Meeting.
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SWST ACCREDITATION

SWST began accrediting schools for their Wood Science and Technology programs in 1984.
The following is a list of schools accredited thus far:

Program Reviewed Year Accredited
North Carolina State University, Raleigh 1984
University of Massachusetts, Amherst 1985
University of Washington, Seattle 1985
University of Minnesota, St. Paul 1985
Virginia Polytechnic Institute and State University, Blacksburg 1985
Mississippi State University, Mississippi State 1987
West Virginia State University, Morgantown 1989
Oregon State University, Corvallis 1991
Clemson University, Clemson 1992
Pennsylvania State University, University Park 1992

North Carolina State University, Raleigh 1994
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