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ABSTRACT

The in-situ elastic constants of a wood strand are affected by the physical changes that it experiences
during the manufacturing process of a wood-strand composite. The hot-pressing conditions and the
location in the mat govern the environmental conditions surrounding each strand, which in turn influence
the adhesive cure and final strand density. Few studies have examined systematically the changes in strand
elastic constants as influenced by strand density, location, and/or resin content. Understanding these
interactions is important to determine the role of pressing variables on altering strand properties and to
accurately model structure-property relationships in wood-strand composites. The following presentation
will discuss the results of a study conducted to investigate the influence of strand location and resin
content on changes in strand density and elastic properties within a pressed panel. In-situ properties of the
strands were evaluated after isolating the strands from resinated hot-pressed oriented strandboards. Re-
sponse models based on mixture design, considering the hot-pressing effects, were developed to predict
the in-situ elastic constants of strands. Addition of resin positively influenced the strand stiffness and
decreased strand’s Poisson’s ratio. Strand stiffness greatly increased with increasing resin content in
regions of higher densification.
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INTRODUCTION

The in-situ elastic constants of a strand in an
oriented strand composite are affected by the
physical changes that it experiences during the
manufacturing process. These physical changes
occur during cutting of strands and during hot-
pressing. During hot-pressing, the strands un-
dergo considerable densification. The environ-
mental conditions in the vicinity of a strand, de-
termined by the pressing conditions and strand’s
location in the mat, influence the adhesive cure
and final strand density. When assembled into
the composite, the strand properties and the

bond quality connecting the strands dictate the
physical and mechanical properties of the result-
ing composite (Kamke and Casey 1988). Several
studies (Price 1976; Mahoney 1980; Jahan-
Latibari 1982a, 1982b; Geimer et al. 1985; Ca-
sey 1987) have examined the influence of pro-
cessing variables on strand properties.

Despite several studies addressing strand
properties, few have systematically examined
the changes in elastic constants due to strand
density, location, and/or resin content. The fol-
lowing paper reports the results of a study in-
vestigating the effects of hot-pressing on in-situ
elastic properties of aspen strands in an oriented
strand composite. These data are paramount to
systematically study the role of pressing vari-† Member of SWST.

Wood and Fiber Science, 38(4), 2006, pp. 742 – 750
© 2006 by the Society of Wood Science and Technology



ables on altering strand properties and to accu-
rately model structure-property relationships in
wood strand composites.

OBJECTIVES

The goal of this study is to characterize the
elastic properties of strands used in manufactur-
ing oriented strand composites and to determine
the effects of hot-pressing on these properties.
Specifically, the objectives leading towards this
goal are to:

1. Determine the in-plane elastic constants of
strands prior to the hot-pressing process,

2. Investigate the influence of strand location
and resin content on changes in strand den-
sity and elastic properties within a pressed
panel,

3. Develop a response model to predict the in-
situ elastic constants of strands.

MATERIALS AND METHODOLOGY

Strands for this study were produced from
65–70 year-old quaking aspen (Populus tremu-
loides Mich.) trees harvested locally. A total of
114 strands were conditioned to mean moisture
content of 7.4% with a coefficient of variation
(COV) of 7%. After testing the strands, which
will be discussed later, all strands were oven-
dried to determine their moisture content (MC)
and density (�) according to ASTM D2395,
Method A (ASTM 2001). Three sets of 27
strands were randomly selected from the entire
set of strands to investigate the effects of hot-
pressing on their elastic properties and density.
These strands were then conditioned to equili-
brate to 3% MC, which was the moisture content
of furnish used for the hot-pressing effects
study. A technique to isolate strands from a
pressed mat using thin perforated Teflon� sheets
as discussed by Jahan-Latibari et al. (1984) was
employed in this study.

Three oriented strand test panels, each with
three different target resin contents (0%, 4%,
and 6% based on dry weight of furnish), were
hot-pressed under similar manufacturing condi-

tions as the test panels made for an experimental
study conducted by Meyers (2001). A predeter-
mined mass of liquid phenol-formaldehyde (PF)
resin (GP� 130C44, 45% solids) was sprayed on
each face of test strands using an air-brush op-
erated with 1290 mmHg of air pressure. Strands
were weighed immediately prior to and after
spraying to determine the actual percentage of
resin applied. Twenty-seven test strands were
embedded in each test panel through their thick-
ness at three different locations as shown in Fig.
1 (see Yadama 2002 for details). All panels were
pressed to a thickness of 19 mm and a target
density of 593 kg/m3.

Mechanical testing

Prior to embedding in the mats to fabricate
test panels, all strands were tested in tension
parallel to the longitudinal axis. Longitudinal
and transverse strains were measured at the mid-
section of each strand with a 12.7-mm-gage
length clip-on extensometer (measuring range of
±10% and linearity of 0.10% of full measuring
range). Load was applied such that the maxi-
mum stress applied was well within the lower
part of the elastic region of the stress-strain
curve. The longitudinal elastic modulus, Ex, and
Poisson’s ratio, vxy, were determined for each of
the strands before and after hot-pressing
(Yadama 2002). Immediately after isolating
from test panels, strands were weighed and their
cross-section dimensions were re-measured. Af-
ter testing the strands in tension, they were oven-
dried to calculate their moisture content and den-
sity.

The strands were then scribed with a needle to

FIG. 1. Distribution of test strands within a test panel to
study the effects of hot-pressing on strand properties.
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determine the in-plane fiber angle, �, within the
gage length. Based on testing prior to hot-
pressing, the Young’s modulus and Poisson’s
ratio of aspen strands that had grain angles clos-
est to zero (between 0 and 1 degrees) were av-
eraged to obtain an estimate for E1 and v12. The
remaining strands were grouped based on their
fiber angles, and their average Ex and vxy values
were computed. Considering a plane-stress state,
the engineering constants of an unidirectional
lamina when geometric and material axes are not
aligned with each other can be expressed as
functions of the off-axis angle, �, based on ten-
sor transformation rules as follows (Jones 1999):

1
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cos4 � + � 1

G12
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2v12
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Using the computed mean values of E1, v12,
Ex, vxy and �, transformation equations were si-
multaneously solved to determine the transverse
modulus, E2, and shear modulus, G12, for each
fiber angle category. Then E2 and G12 of all fiber
angle groups were averaged to represent the cor-
responding E2 and G12 of the strands prior to
being hot-pressed.

Besides the grain angle, the elastic properties
of these strands are also affected by the degree
of densification as well as the temperature and
moisture conditions they are exposed to depend-
ing on their relative location within a panel.
Therefore the transformation equations should
be applied with caution to determine the
changed E1 and v12 of these strands. Establishing
relationships describing effects of densification
during hot-pressing on these elastic constants
would involve extensive testing, which was not
feasible in this study. Moreover, because of lack
of any other published information on this effect
during hot-pressing, it was assumed in this study
that the relationships between E1 and E2 and E1

and G12 of the strands prior to being subjected to
hot-pressing would still be valid after the strands
were subjected to the hot-pressing process. With
this assumption, E2 and G12 can be replaced with
c1E1 and c2E1 in Eqs. (1) and (2), where c1 and
c2 are constants of proportionality relating E1 to
E2 and E1 to G12 (c1 � 1/21 and c2 � 1/24 as
shown later). Then, knowing Ex, vxy, and � of
the strands after hot-pressing, their E1 and v12

can be calculated using Eqs. (3) and (4).
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Response surface–simplex model

With the information generated regarding
strand elastic properties after hot-pressing, the
data were analyzed using the simplex method
(Cornell 1981; Breyfogle III 1992) to develop a
response model to predict E1 and v12 of strands
in a hot-pressed panel based on their constituent
ratios. To empirically model the properties of a
strand with varying levels of density and resin,
the system can be considered as mixture of three
ingredients: cell-wall material (C), void space
(V), and resin content (R).

Specific gravity, G, of the material that con-
stitutes the cell walls is a constant, about 1.5 on
the basis of oven-dry weight and volume (Bodig
and Jayne 1982). Therefore, for all strands in
this study, wood and void volume fractions were
determined using the measured density and as-
suming a specific gravity of 1.5 for the cell-wall
material. Past research (Johnson and Kamke
1992) indicates that PF resin typically used in
manufacturing of composite panels penetrates
primarily into the cell lumens and vessel ele-
ments. Thus, assuming that the resin primarily
occupies void space in the strands, the percent
void volume was adjusted by subtracting the
corresponding percent resin added. The ternary
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plot for the three components (C, V, and R),
relevant to this study is shown in Fig. 2. The
partial region, depicted in the plot, is determined
by the volume fraction limits of the components
of the mixture. A general form of regression
function that can be fit to the data collected at
the points of a {q,m} simplex lattice (q compo-
nents and m spaces between 0 and 1) is the
canonical form of the polynomial, which is de-
rived by applying a restriction that the terms in
a standard polynomial of a mixture design sum
to one (Cornell 1981). In matrix notation, the
equation can be written as

�y� = �X���� + ��� (5)

Estimates of the �i parameters are determined
using the method of least squares which mini-
mizes the square of the error. Knowing strand
density and the amount of resin used, the pro-
portions of the components of each of the test
strands were determined. Knowing proportions
of the three constituents, the ADX module in the
statistical package SAS (SAS Institute Inc.
1999) was utilized to analyze the data and fit a
response model, as per the mixture design, to
predict E1 and v12 of strands after subjecting
them to the hot-pressing process. This response
model is only valid for the manufacturing pa-
rameters and ranges of strand constituents ex-
amined in this study (Fig. 2).

RESULTS AND DISCUSSION

Strand properties prior to hot-pressing

Transformation equations along with strand
fiber angle, Ex, and vxy, were utilized to deter-
mine strand properties prior to hot-pressing.
Since the variation in density of strands is sig-
nificant, measured strand elastic properties were
normalized to the average specific gravity of
0.39 using a linear relation suggested by others
(Palka 1973; Kellogg and Ifju 1962). Then,
strands were grouped by their fiber angles and
transformation equations (Eqs. 1 and 2) were
applied based on average Ex and vxy to determine
E2 and G12 for each of the groups. E2 and G12

determined for each of the angle groups were
averaged to obtain mean elastic constants for all
strands (E2 � 573 MPa and G12 � 494 MPa).
There is, however, a lot of variation in the values
of E2 (coefficient of variation (COV) of 61%)
and G12 (COV of 39%), which could be a result
of the high degree of variation in vxy of strands
and relatively small fiber angles within strands.
The longitudinal Young’s modulus in the mate-
rial direction, E1, of aspen strands was 12,060
MPa with a COV of 13%. In this study, based on
strand properties prior to hot-pressing, it was
established that c1 � E2/E1 � 1/21 and c2 �
G12/E1 � 1/24.

A plot of normalized Young’s modulus, Ex,
against the fiber angle for all tested strands, as
well as mean normalized Young’s modulus for
strand groups based on fiber angles is shown in
Fig. 3. The plot also shows the theoretical curve
relating fiber angle to Ex based on the transfor-
mation relationship (Eq. 1) and experimentally
determined E1, E2, G12 and v12 (0.5). The results
indicate that tensor transformation is an effective
way to describe the effect of fiber angle on the
longitudinal elastic modulus of aspen strands. It
is well established in the literature that Ex rap-
idly decreases with an initial increase in fiber
angle. As the graph indicates, Ex at a 10-degree
fiber angle is about 60% of its value at a zero
degree fiber angle. Using Eq. (2), Poisson’s ra-
tio, vxy, was plotted against changing fiber angle
in Fig. 4. Variation in measured Poisson’s ratio
is very high, illustrating the degree of difficulty

FIG. 2. {3, 2} simplex factor space. Shaded area is the
experimental region for this study, and the points are the
design points where response was measured (C � cell wall,
V � void volume, and R � resin content).
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in determining Poisson’s ratio experimentally.
As the transformation equation indicates, the
value of Poisson’s ratio, vxy, becomes relatively
small (0.02) at very high fiber angles. This cor-
responds well to an average of vRL and vTL val-
ues of 0.044 and 0.027 published for hardwoods
(Bodig and Jayne 1982).

Hot-pressing effects

To study the influence of hot-pressing on
physical and mechanical properties, the property

ratio was computed as the ratio of that property
after and before hot-pressing. This ratio was
computed separately for strand density (�̂),
Young’s modulus (Êx) and Poisson’s ratio (v̂xy).
Mean changes in densification ratio through the
thickness of the three panels for three different
resin levels are illustrated in Fig. 5. Determina-
tion of actual resin contents gave a mean resin
content of 5% and 7.5% with COV of 3%.

A relative strand location through the panel
thickness corresponds to the top and bottom
(1,−1) surfaces and panel center (0). As ex-
pected, the densification ratio profile is similar
to the through-thickness density profile (also re-
ferred to as vertical density profile in panel prod-
ucts) one would expect in an oriented strand
composite panel (Fig. 5). In general, strands
with resin experienced higher densification (�̂ �
2.15) compared to those without resin (�̂ � 1.9)
near the panel surfaces. A logical explanation
for this difference could be the differences in the
amount of springback or recovery from com-
pression in strands with and without resin. The
resin penetrating the strand is curing and re-
straining springback. At the core, the density
ratio for strands averaged 1.3 to 1.45 for strands
with and without resin, respectively. An earlier
study by Casey (1987) supports these findings.

To further understand the influence of strand
location and densification through the panel
thickness on Young’s modulus of strands, the
thickness of a panel was divided into three re-

FIG. 4. Poisson’s ratio of strands versus strand fiber
angle–experimental data and theoretical fit based on tensor
transformation rules (experimental data grouped based on
fiber angles of strands).

FIG. 5. Mean strand densification ratios through panel
thickness for three resin levels. Also included is a typical
panel vertical density profile (VDP) (Yadama 2002).

FIG. 3. Normalized Young’s modulus versus strand fi-
ber angle–experimental data and theoretical fit using trans-
formation equation based on tensor transformation rules
(experimental data grouped based on fiber angles of
strands).
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gions as illustrated in Fig. 6: outer region (Re-
gion A) closer to the surfaces, middle region
(Region C) closer to the mid-plane, and inter-
mediate region (Region B) between the outer
and middle regions. The mean Êx for these re-
gions was calculated within each resin level. In
panels without resin, Êx does not vary signifi-
cantly between Regions A and B; whereas, in
panels with resin, Êx decreases substantially
moving from Region A to B. This trend rein-
forces the role of resin in strand recovery and
also suggests that the cured resin may act to
repair strand damage or defect induced during
pressing. On average, Êx in the region around
mid-plane is significantly lower than in the other
two regions in panels with or without the resin.
The average moisture content of all strands iso-
lated from pressed panels was 6.4% with a COV
of 10%.

Simplex analysis

Based on the post-pressing strand density,
volume fractions for each of the three constitu-
ents were determined.

Resin volume fraction = R = 0, 0.05, or 0.075 (6)

Void volume fraction = V = �1 − GOD�1.50� − R (7)

Cell-wall volume fraction = C = GOD�1.50 (8)

GOD is oven-dry specific gravity and 1.50 rep-
resents cell-wall specific gravity. These propor-
tions of constituents must be non-negative and
sum to unity. Considering the calculated propor-
tions of the three mixture components in this
study, the constraints for each of the components
were:

0.35 � C � 0.50

0.42 � V � 0.65

0 � R � 0.08

The response surface for strand E1 and v12

after hot-pressing in the experimental region
(Fig. 2) can be expressed with the following best
fit canonical polynomials as per mixture design
discussed earlier.

E1 = �1C + �2V + �3R + �4VR (9)

v12 = �1C + �2V + �3R (10)

The values of coefficients along with the corre-
sponding correlation coefficients are given in
Table 1. The response surfaces within the ex-
perimental region for both response variables are
graphically illustrated in Figs. 7 and 8.

The correlation coefficient for Poisson’s ratio
is extremely low indicating that the reduction in
v12 is basically a constant due to hot-pressing
(Fig. 8). The predictive model did not include
any cross product terms indicating that the in-
teraction between the components was not sig-
nificant. As Table 1 indicates, the r2 value of the
predictive equation describing v12 as the com-

FIG. 6. Mean Êx for different regions through thickness
of a test panel at three resin levels investigated in this study.

TABLE 1. Values of coefficients for canonical polynomials
to predict the response of E1 (MPa) and v12. �1, �2, and �3

relate to the contributions from cell-wall, void, and resin
volume fractions, respectively; whereas, �4 relates to the
cross product contribution of void and resin volume
fraction.

Elastic
constant

Estimates of coefficients

r2�1 �2 �3 �4

E1 32488 4677 318001 −615926 0.54
v12 0.007272 0.572264 0.132851 0 0.04
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ponent ratios were varied was four percent. The
results are indicative of the difficulty in measur-
ing transverse strain on a distorted strand surface
with a clip-on extensometer after isolating it
from a hot-pressed panel. In future, a strain mea-
suring device such as a laser extensometer is
recommended. However, this method of analysis
provides an insight into trends in changes in re-
sponse variable as control variables are changed.

For instance, the v12-response surface is a flat
surface with a slight decrease in slope as cell
wall and resin percents increased, indicating an
increase in transverse stiffness of strands with
increased densification and higher resin content.
These results suggest that changes in strand
structure during hot-pressing are taking place
with temperature changes and the presence of
moisture introduced by the addition of resin. The
v12 varied between 0.25 and 0.4 within the re-
gion.

Examination of the E1 response surface (Fig.
7) indicates a decrease with decreasing densities
and increasing resin content. However, at higher
density levels, this trend is reversed. A possible
explanation for this effect of resin content on E1

could be stiffening of the strands as resin inter-
acts with cell-wall material with increasing den-
sification ratios due to more penetration of resin
into cell wall. This interaction between resin and
cell-wall material is probably initiated due to an
increase in wood plasticization at higher densi-
fication ratios (Laborie 2002). More research is
needed in this area to establish definite trends
and interactions. An increase in densification
has direct impact on strand elastic modulus. A
similar trend was also found with increase in
resin content; however, it was not statistically
significant. The r2 value of the predictive equa-
tion describing E1 as the component ratios were
varied was 54%. Casey (1987) also reported an
increase in dynamic bending modulus with in-
crease in flake densification. Although she re-
ported that increases in mat moisture content
increased the dynamic bending modulus of
strands, she did not examine the effects of
changes in resin amounts.

Gardner et al. (1993) examined changes in
polymer structure of wood strands when heated
under conditions similar to the hot-pressing of
wood composites. Results indicated that the cel-
lulose crystallinity in the wood increases slightly
in response to heat treatment, thus supporting
the findings of this study that hot-pressing of
wood strands increases their elastic modulus.
This effect is further magnified with an increas-
ing presence of moisture. The addition of adhe-
sive has a dual effect on strand properties. It

FIG. 7. Graphical representation of strand E1 response
equation accounting for the effects of hot-pressing based on
mixture design.

FIG. 8. Graphical representation of strand v12 response
equation accounting for the effects of hot-pressing based on
mixture design.
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influences the strand stiffness and affects the
heat and moisture movement within the mat
through adding more water to wood furnish.
Moisture added to furnish through adhesive
plays an important role in determining the dy-
namics of heat and moisture transfer within the
mat during hot-pressing. Also, it affects the
properties of strands since wood is a viscoelastic
material. Andrews et al. (2001) showed in their
study that the moisture content of the wood fur-
nish influences the amount of densification in all
zones through the thickness of a panel.

SUMMARY AND CONCLUSIONS

This study contributes to the scientific knowl-
edge of understanding how hot-pressing of resi-
nated strands influences their elastic properties.
Resinated strands were isolated from lab-
manufactured panels and tested to study the ef-
fects of manufacturing process during hot-
pressing, such as densification. The results of
this study support findings by other researchers
that hot-pressing increases strand elastic proper-
ties due to densification and plasticization, and
this effect is further enhanced as resin content is
increased due to addition of moisture. The addi-
tion of adhesive has a dual effect on strand prop-
erties. It influences the strand stiffness and af-
fects the heat and moisture movement within the
mat through adding more water to wood furnish.
Resin content tends to show a positive affect on
strand’s Young’s modulus. A possible explana-
tion for this effect of resin content on E1 could
be stiffening of the strands as resin interacts with
cell-wall material with increasing densification
ratios due to more penetration of resin into cell
wall. This interaction between resin and cell-
wall material is probably initiated due to an in-
crease in wood plasticization at higher densifi-
cation ratios.
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