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Abstract Orthotropic properties of loblolly pine strands
were measured from growth ring numbers 1-10 and 11-20
using digital image correlation (DIC). Eight elastic prop-
erties (EL’ ER) ET, GLR’ GLT, VLR, VLT, and URT) and five
strength values (o1, or, 01, TLr, and 7y 1) of loblolly pine
strands were measured. Compliance matrices were derived
and used to calculate the maximum normal and shear
strains. With the increment of growth ring number, elastic
modulus and ultimate tensile strength (UTS) generally
increased, whereas shear strength decreased. Statistical
comparison showed that elastic moduli, Poisson’s ratio,
and UTS were highly dependent upon orientation of strands
with loading direction. Only elastic modulus and UTS from
the longitudinal-radial plane strands were significantly
different by the two growth ring positions. More distinctive
orthotropic properties of loblolly pine strands from growth
ring numbers 11-20 were found associated with more
consistent failure modes.
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Introduction

Comprehensive studies of orthotropic properties of differ-
ent wood species were done by [1-3]. These researchers
used plate bending tests to evaluate the elastic properties of
different wood species. However, it is doubtful whether
orthotropic properties of wood evaluated from plate test
could apply to the wood strands.

When wood strands are processed with a flaker, surface
damage can be created, which could result in a lower elastic
modulus and strength compared to structure size lumber [4—
6]. Earlywood and latewood mechanical properties have
been found to be significantly different throughout different
growth ring numbers [7-9]. As wood material is located
further away from the pith, characteristics of cellular
structures change from juvenile to mature wood. Compared
to mature wood, juvenile wood contains higher microfibril
angles, a greater percentage of compression wood, distorted
grain patterns, and a lower percentage of latewood [10].

Structural differences and processing may cause differ-
ences in orthotropic properties of wood strands compared
to the orthotropic properties of wood evaluated from the
previous studies. The fundamental study has not been
completed for measuring material properties of wood
strands as a main component of the engineered wood
products. If engineered wood products can be designed
based on known material properties of the wood strands,
specific targeted properties could be achieved with minimal
time and resources [11-13].

Literature review

Previous studies used different test methods to evaluate the
elastic modulus and ultimate tensile strength (UTS) of
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wood strands from different species [4-6, 14—17]. Com-
prehensive results from previous research can be found in
Jeong et al. [6].

Jeong et al. [6] noted that previous research on mea-
surement of mechanical properties from wood strands
cannot be directly comparable due to different testing
arrangements. To investigate the effect of the testing
arrangement on mechanical properties of loblolly pine (P.
taeda) strands, different loading rates and different thick-
nesses of wood strands were used. While there was no
significant difference of elastic modulus and UTS over the
range of loading rates, there was a significant difference of
elastic modulus and UTS from different thicknesses. As
strand thickness increased, elastic modulus and UTS
increased. Testing arrangements for wood strands includ-
ing loading rate and thickness of wood strands were
suggested.

Zhang and Sliker [18] measured the in-plane shear
modulus from different species—redwood (Sequoia sem-
pervirens), sugar pine (Pinus lambertiana), white pine
(Pinus strobus), basswood (Tilia americana), cottonwood
(Populus deltoides), white ash (Fraxinus americana), and
yellow-poplar (Liriodendron tulipifera) using off-axis
tension and compression tests. Shear measurements from
off-axis tension tests showed less distortion by the cross-
head compared to off-axis compression tests. From the off-
axis tension and compression tests, grain angles of 14-35°
were recommended to measure the shear modulus of wood.

Jeong et al. [9] evaluated mechanical properties of ear-
lywood and latewood of loblolly pine from growth ring
numbers 1-10 and 11-20 using digital image correlation
(DIC). As growth ring number increased, elastic modulus,
UTS, and Poisson’s ratio from earlywood and latewood
increased, except for specific gravity and UTS from late-
wood. While elastic modulus values from earlywood and
latewood were not dependent upon specific gravity, the
UTS values were highly related with specific gravity.
Earlywood and latewood showed different strain distribu-
tion related to their structures.

Galicki and Czech [19] measured UTS of four different
orientations (0, 30, 45, and 90°) from Scots pine (Pinus
silvestris). The UTS from orientation angles up to 25° was
dependent upon density, and the specimens showed a
transverse rupture in the latewood and earlywood band.
However, the UTS of 30, 45, and 90° orientation strands
was not related with density, and specimens showed failure
only within the earlywood band.

In processing wood strands, understanding the effects of
the orientation and growth ring numbers on the mechanical
properties is crucial to maximize the end-use properties.
Segregation of different strands into discrete categories can
maximize the benefits of use. The aim of this study was to
complete orthotropic properties of loblolly pine strands

from growth ring numbers 1-10 and 11-20 using DIC.
Orthotropic constitutive matrices were complete, and the
orthotropic failure behaviors under tension loading were
presented.

Materials and methods
Specimen preparation

A 25-year-old loblolly pine (Pinus taeda) from Reynolds
Homestead Research Center in Patrick County, Virginia
was chosen for this study. A wood disk was cut approxi-
mately 0.6 m height from the ground. Figure 1 shows a
loblolly pine disk and the different planes of a loblolly pine
block, and the final wood strand orientation with dimen-
sions. Owing to the manner of tree growth and arrangement
of wood cells within the stem, three orthogonal axes can be
defined for wood. These three axes are used to construct the
longitudinal (L), the radial (R), and the tangential (T) axes.
The longitudinal direction is parallel to the direction of the
fibers (tracheids) and has the highest elastic stiffness and
strength. The radial and tangential directions are perpen-
dicular to the direction of the fibers. The radial direction is
parallel to the rays and perpendicular to the growth rings.
The tangential direction is perpendicular to the rays and
tangential to the growth rings. As it can be seen from
Fig. 1, there is no true tangential direction. The tangential
direction exists after the longitudinal and radial directions
are defined. Wood is somewhat stronger and stiffer in the
radial direction compared to the tangential direction. These
strength differences are related to the cellular structure of
wood [20].

Wood blocks of size 146 mm by 146 mm by 25.4 mm
from growth ring numbers 1-10 and 11-20 were prepared
from a loblolly pine disk to generate wood strands. Wood
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Fig. 1 Six differently oriented strands used in testing. a longitudinal-
radial plane strands, b longitudinal-radial angled plane strands,
¢ longitudinal-tangential plane strands, d longitudinal-tangential
angled plane strands, e radial-tangential plane strands, and f tangen-
tial-radial plane strands
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Table 1 Nomenclature and

. . Nomenclature Plane Growth ring number Number of samples

sample size for different

orientations of wood strands LR 1-10 Longitudinal-radial 1-10 30

from different growth ring o .

numbers LR 11-20 Longitudinal-radial 11-20 30
LT 1-10 Longitudinal-tangential 1-10 30
LT 11-20 Longitudinal-tangential 11-20 30
LRA 1-10 Longitudinal-radial angled 1-10 30
LRA 11-20 Longitudinal-radial angled 11-20 30
LTA 11-20 Longitudinal-tangential angled 11-20 30
TR 11-20 Tangential-radial 11-20 30
RT 1-10 Radial-tangential 1-10 30
RT 11-20 Radial-tangential 11-20 30

blocks were sliced using a band saw. After all wood blocks
were marked for growth ring number, the blocks were
soaked in water and placed under a vacuum overnight to
minimize surface damage during flaking. Strands were
processed with a flaker located at the Brooks Forest
Products Center at Virginia Polytechnic Institute and State
University. As a result of the method of strand generation
and the availability of material, finer gradations into dis-
crete growth rings were not obtained, but strands from
growth ring numbers 1-10 and 11-20 were obtained to
investigate the effect of growth ring positions on ortho-
tropic properties of loblolly pine strands.

From the two different growth ring positions, six repre-
sentative orientation strands of size 146 mm by 25.4 mm by
0.762 mm were cut from each plane, (a) longitudinal-radial,
(b) longitudinal-radial angled, (c) longitudinal-tangential,
(d) longitudinal-tangential angled, (e) radial-tangential, and
(f) tangential-radial planes. The longitudinal-radial plane
was formed by L and R axes that were exposed when the cut
was done along the longitudinal axis of the stem and per-
pendicular to the growth rings. The wide surface of the
strand was the radial direction. The longitudinal-tangential
plane was the exposed plane of L, T axes. The wide surface
of the strand was approximately tangent to the growth rings.
For best results in evaluation of shear modulus [18], lon-
gitudinal-radial angled and longitudinal-tangential angled
plane strands were cut to 30° (f) from the longitudinal
direction. The tangential-radial plane and radial-tangential
plane were formed by T and R axes that were exposed when
wood was cut at right angles to the longitudinal axis of the
stem. The wide surface for the tangential-radial plane strand
was the radial direction. The wide surface for the radial-
tangential plane strand was approximately tangent to the
growth rings. Strands from growth ring numbers 1-10 on
the longitudinal-tangential angled and tangential-radial
plane could not be prepared due to the lack of dimension
and brittleness of the material in those planes. All strands
were conditioned to stabilize at 6% equilibrium moisture
content in the environment chamber for 1 month before
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testing. Table 1 shows nomenclature and sample sizes for
each growth ring number and plane.

Test methods

Tension tests used an MTS universal testing machine and
DIC to determine elastic modulus, shear modulus, Pois-
son’s ratio, UTS, and shear strength of wood strands. The
elastic modulus and Poisson’s ratio from differently ori-
ented strands were obtained by synchronizing loading data
from the MTS testing machine with elastic strain values
from a DIC technique, whereas UTS and shear strength
were obtained using the peak load values. Figure 2 illus-
trates the testing setup. The MTS universal testing machine
was equipped with a 889N load cell. Loading rate was
0.025 cm/min. and distance between the grips was
10.16 cm. Different loading increments (4.4 N, 22.2 N,
44.4 N, and 66.7 N) and loading speeds (0.00254 cm/min,
0.0254 cm/min, and 0.254 cm/min) were used to determine
the testing conditions for measuring the elastic properties
of differently oriented strands by comparing with the MOE

Fig. 2 Experimental tensile test setup for digital image correlation
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values determined using an extensometer. Preliminary
testing found that a 44.4 N loading increment for the LR
and LT plane strands, a 22.2 N loading increment for the
LRA and LTA plane strands, and a 4.4 N loading incre-
ment for the TR and RT plane strands at loading rate of
0.0254 cm/min were best for the elastic property mea-
surements of strands.

For the LR, LT, LRA, and LTA plane strands, a 22.2 N
preload was applied to prevent slippage of the grip, and for
the TR and RT plane strands, a 4.44 N preload was applied
to prevent slippage of the grip. Incremental loading was
applied to prevent the capture of distorted images. Capture
of images during continuous loading can cause strain
greater than true strain [21]. To determine the influence of
short incremental pauses, a test was conducted in which
loading was paused for 1 min while each image was cap-
tured. The results of this testing showed only 1% strain
change. Therefore, any influence of a pause on the strain
variation can be considered negligible.

A sequence of images was captured during the test using
a CCD camera (Model PL-A662) from Pixel Link Mega-
pixel Firewire Camera. The CCD camera was mounted on
a stand with a macro adjustable holder. An Optem Zoom
70 lens with magnification of 0.75x was attached to the
camera, and a fiber optic light was used to illuminate the
test specimen surface. The distance between lens and
object was adjusted to produce a clear image. The camera
was placed on a desk separate from the MTS testing
machine, and rubber pads were put under the camera stand
to prevent vibration when the images were taken. To
minimize the influence of light other than from the fiber
optic lamp, all testing was conducted at night with no direct
room light.

Pixel size of the image was 1280 by 1024 pixels with an
8-bit gray level. The pixel size was converted to spatial size
for the determination of displacement. Horizontal and
vertical lengths of the image taken were 10 mm by 8 mm.
Spatial size of the pixel was calculated to be 9.76 um/pixel
by 6.25 um/pixel.

Baxter and Graham [22] and Baxter et al. [23] proposed
a moving window generalized method of cells (MW-GMC)
to characterize material properties of composite materials
based on digitized images of local microstructure of the
material. The statistical variability of material properties of
composite material was dependent upon the window size.
Larger window sizes produced smaller variance of material
properties. However, if window size becomes too large, the
variability of material properties approaches zero. A
smaller window size produces noisier fields, and requires
higher computational effort. The choice of window size in
this study was emphasized to represent the local material
properties. Different window sizes, 200, 100, 50, 25, 15,
and 10 pixel, were used to check the convergence of strain

Fig. 3 A virtual grid generated on the digital image of a strand

value. A 25 by 25 pixel size (0.244 mm by 0.156 mm) of
window was chosen to represent the local material prop-
erties of strands. The window was generated on the digital
image of the surface of the wood strands. The position of
the window was recorded as x, y coordinate of the pixel
position on the image. Figure 3 describes the window
generated on the reference digital image of a strand.

Elastic modulus (E), Poisson’s ratio, and UTS of dif-
ferently oriented strands from growth ring numbers 1-10
and 11-20 were calculated using Egs. 1, 2, and 3,
respectively.

o P\ L
E=%= (z)z (1)
&
_& 2
V12 & ( )
_Pmax
UTs =% (3)

where A area of cross-section of specimens, L span length,
g, slope of load—displacement curve under elastic range,
Pax maximum load, ¢; active strain parallel to the load,
and &, passive strain perpendicular to the load.

Shear modulus was calculated using Eq. 4 [24]. Since
wood strands had a high slenderness ratio, the deformation
was assumed to show no distortion. That is, St. Venant end
effects can be ignored in the area away from the grips. For
the evaluation of shear modulus (Gyr), E; for Ep and v,
for vp g were obtained from the longitudinal-radial plane
strands and E, for Ex was obtained from the radial-tan-
gential plane strands, and the Ey was obtained from the
longitudinal-radial angled plane strands. For the evaluation
of shear modulus (Gyt), E; for E; and vy3 for vpt were
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obtained from the longitudinal-tangential plane strands and
E; for Er was obtained from the tangential-radial plane
strands, and the Ey was obtained from the longitudinal-
tangential angled plane strands. Shear strength was also
measured from off-axis tension test using Eq. 5 [24]. 11 r
was obtained from the longitudinal-radial angled plane
strands. 7t was obtained from the longitudinal-tangential
angled plane strands.

1

_ Lain?
E; Sin 0+

- @

1 2vpp
Ey ) sin® 0 cos? 0

E;

+
(5)

where 0, angle between global axis and grain direction for
angled strands, E1, elastic modulus from longitudinal-radial
plane strands, E, elastic modulus from radial-tangential
plane strands or from tangential-radial plane strands, v,
Poisson’s ratio from longitudinal-radial plane strands or
from longitudinal-tangential plane strands, and 0,,,x max-
imum tensile stress from longitudinal-radial angled strands
or from longitudinal-tangential angled strands.

T12 = Omax Sin 0 cos 0

Orthotropic properties of loblolly pine strands

After all elastic properties and strength values from the
different plane strands were determined, the orthotropic
constitutive relationship for loblolly pine strands was
constructed. Orthotropic constitutive equation is defined as

yield point was observed regardless of the orientation of
wood strands. However, different oriented strands showed
different failure modes due to the different strain distri-
butions [25].

Failure modes

Figure 4 shows the different failure modes observed under
tension loading. These failure modes were adapted from
ASTM D 143 [26] testing of compression specimens. Shear
failure describes failure occurring near 45° to the loading
direction. Split failure describes failure similar to tearing in
the middle with no distinctive angle. Wedge failure
describes failure showing crack propagation along the
grain. Shear along orientation failure describes crack
propagation along the grain direction. Shear against ori-
entation failure mode describes crack propagation across
the grain direction.

Moisture content and specific gravity measurement

Moisture content and specific gravity were measured
according to Method A of ASTM D 4442 [27] and Method
A of ASTM D 2395 [28], respectively. Samples for both
testing methods were obtained from the same populations
using untested strands. To minimize the influence of the
room humidity and temperature, all samples were kept
in re-closable bags and handled by forceps when the

L I/EL _VRL/ER _VTL/ET 0 0 0 oL
ER _VLR/EL 1/ER _VTR/ET 0 0 0 OR
T _ _VLT/EL _VRT/ER l/ET 0 0 0 aT (6)
VRT 0 0 0 1/Ggr 0 0 TRT
LT 0 0 0 0 I/GLT 0 T
VLR 0 0 0 0 0 I/GLR TLR

The orthotropic constitutive equation can be shortened as
Eq. 7.

{e} = [Si{a} (7)

The compliance matrix [S] is symmetric that shows the
following reciprocal relationship. Unknown Poisson’s
ratios from this study were obtained using the Eq. 8.

UTR _ URT
Er  Eg’

UTL _ ULT
Er EL’

URL _ ULR
BB )
The maximum strain values for loblolly pine strands from
growth ring numbers 1-10 and 11-20 were calculated
based on the relationship between strength values and
compliance matrices. This was a reasonable calculation
since an identical point between proportional limit and
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specimens were mounted on the balance. The balance had a
sensitivity of £0.00001 g.

Results and discussion
Physical and mechanical test results

Table 2 shows the moisture content (MC) and specific
gravity (SG) of loblolly pine strands from growth ring
numbers 1-10 and 11-20. MC for the 10 groups showed
low variability independent of cutting directions and
growth ring numbers. SG increased as the growth ring
number increased with the lowest SG of 0.33 occurred in
LR 1-10 with coefficient of variation (COV) of 11.6%
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Fig. 4 Different failure modes under tension loading. a shear, b split,
¢ wedge from the longitudinal-radial plane strands (LR), d shear
along grain, e split, f shear against grain from the longitudinal-radial
angled plane strands (LRA), g tear in earlywood, h tear in the
boundary from the radial-tangential plane strands, i split from the
tangential-radial plane strands, j shear, k split, 1 wedge from the
longitudinal-tangential plane strands (LT), m shear, and n shear along
grain from the longitudinal-tangential angled plane strands (LTA)

while the highest SG of 0.44 was found in LRA 11-20 with
COV of 7.2%. The average SG and variation of SG were
dependent upon growth ring numbers and cutting directions
in this arrangement.

Table 3 shows the mechanical properties of strands from
growth ring numbers 1-10 and 11-20. Since LRA 1-10
and LRA 11-20 had different orientation angles, no direct
comparison between these two groups was made. The
highest elastic modulus (Ep) of 2.75 GPa was obtained
from LR 11-20 with COV of 14.1% while the lowest
elastic modulus (Et) of 0.39 GPa was obtained from TR
11-20 with COV of 58.3%, indicating that the elastic
modulus was more related with orientation than specific
gravity. A previous study also showed a poor correlation
between specific gravity and elastic modulus [29]. It can be
speculated that elastic modulus of the strands from

Table 2 Physical properties of loblolly pine strands

different growth ring numbers was determined by early-
wood and latewood fiber orientation associated with their
ultrastructures including microfibril angle, cell wall thick-
ness, and cell arrangement [7, 30]. Considering the trends
of microfibril angle and cell wall thickness with growth
ring position from the previous study [7, 8, 10], elastic
modulus values from the LR and LT plane strands with
increment of growth ring numbers were influenced by
microfibril angle and cell wall thickness, whereas elastic
modulus values with increment of growth ring numbers
from the RT and TR plane strands were influenced by ray
cells and cell arrangement in the radial and tangential
direction [31, 32].

Regardless of growth ring number and orientation, the
variation of Poisson’s ratio was higher than the elastic
modulus and UTS. In general, as growth ring number
increased, the variation of Poisson’s ratio decreased. The
lowest Poisson’s ratio (vrr) of 0.21 was obtained from TR
11-20 with COV of 67.8% while the highest Poisson’s
ratio (vp.t) of 1.31 was obtained from LT 11-20 with COV
of 42.7%. At the same growth ring number, v; g from LR
1-10 was 43% lower than vyt from LT 1-10 and v; g from
LR 11-20 had 118% lower than v; t from LT 11-20. It can
be speculated that the loblolly pine strands have a higher
resistance to the radial direction than to the tangential
direction. This could be the fact that ray cells may reinforce
the radial direction [31-34]. This was also seen in the
Poisson’s ratio (vgr), 1.07 for RT 1-10 and 1.1 for RT 11—
20. Previous researchers pointed out the limit of Poisson’s
ratio for orthotropic material without violating elasticity
theory [35-37]. From the limit equation for Poisson’s ratio
represented in the previous paper, the limit of v; t and vgr
from growth ring numbers 11-20 could be 2.54 and 1.51,
respectively, which indicated that the Poisson’s ratio
observed from this study can be verified. However, a
comprehensive investigation on strain distribution related
to ultrastructure arrangement associated with earlywood
and latewood fiber orientation in wood strands is required
for better understanding of the difference in Poisson’s ratio
values from different plane strands.

Shear modulus increased as the growth ring number
increased, whereas shear strength decreased as the growth

Growth ring number 1-10 MC (%) (COV) SG (COV) Growth ring number 11-20 MC (%) (COV) SG (COV)
LR 1-10 7.37% (4.2%) 0.33 (11.6%) LR 11-20 7.69% (2.8%) 0.41 (5.0%)
LRA 1-10 6.97% (1.7%) 0.41 (8.1%) LRA 11-20 6.74% (3.4%) 0.44 (7.2%)
LT 1-10 7.49% (2.3%) 0.37 (7.9%) LT 11-20 7.41% (1.9%) 0.43 (14.7%)
LTA 1-10 N/A N/A LTA 11-20 6.54% (5.2%) 0.43 (8.4%)
RT 1-10 6.47% (1.7%) 0.39 (11.1%) RT 1120 6.50% (6.6%) 0.43 (15.1%)
TR 1-10 N/A N/A TR 11-20 6.78% (3.2%) 0.42 (7.6%)
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Table 3 Summary of mechanical properties of loblolly pine strands from growth ring numbers 1-10 and growth ring numbers 11-20

Growth ring numbers 1-10 LR 1-10

LRA 1-10°

RT 1-10 GLRC (GPa) TLR (MPa)

EL (GPa) gL, (MPa) VLR

E() (GPa) () (MPa) Vo

ER (GPa) OR (MPa) VRT

AVE 241 20.5 0.66 1.97 13.58 1.04 0.89 2.94 1.07 0.89 4.67
COV (%) 274 36.9 770 27.2 23.7 45.1 445 42.1 70.8 27.2
Growth ring numbers 11-20 LR 11-20 LRA 11-20° RT 11-20 Gir° (GPa) 71 (MPa)

EL (GPa) gL, (MPH) VLR

E, (GPa) gy (MPa) vy

ER (GPa) OR (MPa) VRT

AVE 2.75 29.0 0.60 2.46 16.96 0.72 0.88 2.52 1.1 1.11 4.09

COV (%) 14.1 23.6 35.6 229 18.8 36.5 44.7 33.1 56.7 26.2

Growth ring numbers 1-10 LT 1-10 LTA 1-10¢ TR 1-10 Gt (GPa) 71 1 (MPa)
E; (GPa) op MPa) vt Ey(GPa) gy MPa) vy Er (GPa) or MPa) vrg

AVE 247 20.5 0.95 N/A N/A N/A N/A N/A N/A N/A N/A

COV (%) 229 24.6 41.6 N/A N/A N/A N/A N/A N/A N/A N/A

Growth ring numbers 11-20 LT 11-20 LTA 11-20° TR 11-20° Gt (GPa) 11 (MPa)
Ey (GPa) o MPa) vt  Ej(GPa) oy (MPa) vy Et (GPa) o1 MPa) vrg

AVE 2.53 23.5 1.31 1.98 4.35 0.29 0.39 1.11 0.21 0.593 2.01

COV (%) 31.7 31.1 4277 764 49.2 72.1 583 34.1 67.8 34

% LRA 1-10 has the average grain angle of 33.4 degree with a COV of 16.7%
® LRA 11-20 has the average grain angle of 23.5 degree with a COV of 16.0%

4 LTA 1-10 has the average grain angle of 30 degree

e

LTA 11-20 has the average grain angle of 30 degree

ring number increased. The shear strength may be more
dependent upon the structure of earlywood and latewood
bands. The ratio of latewood MOE to earlywood MOE
increased as the growth ring number increased [9]. The
higher ratio of latewood to earlywood MOE could cause
stress concentrations between the growth ring boundaries
resulting in a lower shear strength value. Shear modulus,
however, was measured using the average elastic properties
of wood strands, which were smeared properties from
elastic properties of earlywood and latewood bands.

The highest UTS of 29.0 MPa was obtained from LR
11-20 with COV of 23.6% while the lowest UTS of
1.11 MPa was obtained from TR 11-20 with COV of
34.1%, which followed similar trends with elastic modulus.
In general, as growth ring number increased, UTS
increased, except for the RT plane strands showing slight
decrements. Different UTS values from different plane
strands indicated that orientation of earlywood and late-
wood band associated with earlywood and latewood fiber
direction to the loading appeared to be a key variable in
determination of UTS.

The UTS values from LR 1-10 and LT 1-10 were
similar while UTS from LR 11-20 was higher than LT 11—
20. Higher microfibril angle and thinner cell wall thickness
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Calculated values of shear modulus based on average test values using Eq. 4

of earlywood and latewood from growth ring numbers
1-10 may lead to similar UTS values between LR 1-10 and
LT 1-10 [8-10]. Compared to the growth ring numbers
1-10, lower microfibril angle and thicker cell wall thick-
ness reinforced earlywood and latewood fibers, which
might lead to more distinctive different stress distribution
within the LR and LT plane strands and resulted in dif-
ferent UTS values [38].

Statistical comparisons

Table 4 shows the statistical results from comparisons of
the elastic modulus, UTS, and Poisson’s ratio values for
different growth ring numbers and strand orientations. An
alpha value of 0.05 was used for all ANOVA tests. Strands
from different growth ring numbers showed that only the
LR plane strands were significantly different for elastic
modulus and UTS. It can be interpreted that elastic mod-
ulus and UTS from the LR plane strands were controlled by
earlywood and latewood cell properties including cell wall
thickness and microfibril angle. However, elastic modulus
and UTS from the LT and RT plane strands were controlled
by earlywood and latewood band arrangement associated
with earlywood and latewood cell arrangement.
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Table 4 Statistical comparisons of elastic modulus, UTS, and Poisson’s ratio for loblolly pine strands from the different growth ring numbers

and planes

Growth ring numbers effect Elastic modulus p-value UTS p-value Poisson’s ratio p-value
LR 1-10 vs. LR 11-20 0.01 <.0001 1.00

LT 1-10 vs. LT 11-20 0.75 0.57 0.40

RT 1-10 vs. RT 11-20 0.77 1.0 0.83

Orientation effect Elastic modulus p-value UTS p-value Poisson’s ratio p-value
LR 1-10 vs. LT 1-10 0.69 1.0 0.31

LR 11-20 vs. LT 11-20 0.15 <.0001 <.0001

LR 1-10 vs. LRA 1-10 0.017 <.0001 0.07

LR 11-20 vs. LRA 11-20 0.007 <.0001 0.97

LT 11-20 vs. LTA 11-20 <.0001 <.0001 <.0001

RT 11-20 vs. TR 11-20 <.0001 <.0001 <.0001

At growth ring numbers 1-10, elastic modulus and UTS
between the LR and LT plane strands were not significantly
different, respectively. It can be speculated that earlywood
and latewood cells from growth ring numbers 1-10 were
not distinctively different in the radial and tangential
direction associated with earlywood and latewood bands
arrangement. It may also be the reason for showing no
significant difference in the Poisson’s ratio between
LR 1-10 and LT 1-10.

At growth ring numbers 11-20, elastic modulus
between the LR and LT plane strands was not significantly
different but the UTS between the LR and LT plane
strands was significantly different. Longitudinal elastic
modulus (£ ) was highly dependent upon the longitudinal
properties of earlywood and latewood fibers [9, 25]. Since
earlywood and latewood fibers were aligned in the longi-
tudinal direction for the LR and LT plane strands, the
longitudinal elastic modulus between LR 11-20 and LT
11-20 was not significantly different. However, UTS was
highly related to the stress distribution [38]. Earlywood
and latewood band-associated earlywood and latewood
fiber properties created different stress distribution in LR
11-20 and LT 11-20, which may result in significant
differences in UTS and Poisson’s ratio between two dif-
ferent plane strands.

The statistical comparison of Poisson’s ratio for the 10
groups indicated that there was not a significant difference
between the different growth ring numbers while there was
a significant difference between the different orientations.
This is not surprising because Poisson’s ratio was calcu-
lated from two different strains that were highly dependent
upon the geometry of strands. However, it should be noted
that the COV of Poisson’s ratio ranged from 77 to 35%,
which indicated that the statistical comparisons for Pois-
son’s ratio provided in this study were limited.

Orthotropic properties of loblolly pine strands

Figure 5 shows the orthotropic properties for loblolly pine
strands from growth ring numbers 1-10 and 11-20. With
increment of growth ring numbers from 1-10 to 11-20, the
ratio of Ey to ER increased from 2.71 to 3.12 but the ratio
of E; to Gy decreased from 2.71 to 2.48. The ratio of Ej,
to Et from the growth ring numbers 11-20 was the highest
7.05, followed by the ratio of Ey to Gyt 4.64. The elastic
modulus ratios of Er to Et and Gy to G indicated that
elastic properties in the tangential directions were much
weaker than the radial direction. Different elastic modulus
ratios indicated that elastic behavior of wood strands was
highly dependent upon the loading direction to the orien-
tation of earlywood and latewood fibers (Fig. 5a).

The strength ratio showed similar trends compared to the
elastic modulus ratio, but it showed much more distinctive
differences (Fig. 5b). The longitudinal strength (o1 ) of lob-
lolly pine strands from growth ring numbers 11-20 was
noticeably higher than that of strands from growth ring
numbers 1-10. With increment of growth ring numbers from
1-10 to 11-20, the ratio of oy, to og increased from 6.97 to
11.51 and the ratio of gy, to 71 r increased from 4.39 to 7.09.
The ratio of o1, to o1 from growth ring numbers 11-20 was
the highest 26.13, followed by the ratio of oy to 7 1 14.42.
The strength ratios of o to o and 7y  to 7 1 indicated that
strength of loblolly pine strands in the tangential direction
was much weaker than the radial direction. Different strength
ratios indicated that the longitudinal fiber direction was the
strongest direction from loblolly pine strands, whereas the
tangential fiber direction was the weakest direction.

Normal strains (¢, €g, &) and shear strains (yrr, VLT,
yrr) Of loblolly pine strands from growth ring numbers
1-10 and 11-20 were calculated using Egs. 6 and 7. For
growth ring numbers 1-10, elastic modulus (Et) was
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Fig. 5 Orthotropy ratios of loblolly pine strands from growth ring
numbers 1-10 and 11-20. a Elastic ratios of loblolly pine strands
from growth ring numbers 1-10 and 11-20. b Strength ratios of
loblolly pine strands from growth ring numbers 1-10 and 11-20.
¢ Strain ratios of loblolly pine strands from growth ring numbers
1-10 and 11-20

Table 5 Failure behavior of different orientation loblolly pine strands

assumed to be equivalent to Egr. Shear modulus (G and
Grr) was assumed to be equivalent to Grgr, and shear
strength (tpr, TrT) Was assumed to be equivalent to Ty g.
For growth ring numbers 11-20, shear modulus (Grt) was
assumed to be equivalent to Gy, and shear strength (trT)
was assumed to be equivalent to 7y 1. These assumptions
were reasonable because elastic modulus and strength in
the tangential direction was much lower than the longitu-
dinal and radial direction (Table 3). However, only calcu-
lated strain values from experimentally determined elastic
properties and strength values were presented in Fig. 5c.

Compared to growth ring numbers 1-10, the strain ratios
of ¢ to eg and ¢ to y; g of loblolly pine strands from growth
ring numbers 11-20 were higher, respectively, indicating
that a larger longitudinal deformation and smaller shear
deformation could be observed in loblolly pine strands from
growth ring numbers 11-20 (Fig. 5¢). The strain ratios from
growth ring numbers 11-20 indicated that maximum
allowable deformation in the normal directions (L, R, and
T) was higher than the shear deformations. Different mag-
nitudes of normal and shear strains of loblolly pine strands
were also observed from differently oriented strands from
Jeong [39], and Jeong and Hindman [25].

Although Ioblolly pine strands showed orthotropic
behavior regardless of growth ring numbers, higher
orthotropic property ratios were observed from a higher
growth ring number. The different maximum stress and
strain values for loblolly pine strands from the two dif-
ferent growth ring numbers led to different failure behavior
associated with different orientations of earlywood and
latewood bands in strands.

Failure modes

Failure behavior of the 10 different wood strand groups
was distinctively different (Table 5). While LR 1-10

Sample Shear (%) Split (%) Wedge (%) Shear along Shear against Tear within Tear between earlywood
grain (%) grain (%) earlywood and latewood

LR 1-10 30.0 30.0 40.0 0 0 0 0

LR 11-20 70.0 26.7 33 0 0 0 0

LRA 1-10 0 46.8 0 343 18.7 0 0

LRA 11-20 0 6.45 0 93.5 0 0 0

LT 1-10 56.2 40.6 3.1 0 0 0 0

LT 11-20 37.5 53.1 9.4 0 0 0 0

LTA 11-20 6.45 0 0 93.5 0 0 0

RT 1-10 0 0 0 0 0 66.6 333

RT 11-20 0 0 0 0 0 16.6 83.3

TR 11-20 0 100 0 0 0 0 0
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showed no dominant failure mode, LR 11-20 showed
mostly shear failures. Interestingly, LRA 1-10 showed
18.75% shear against the orientation failures, indicating
that the earlywood and latewood band orientation was not
the dominant factor controlling the crack propagation,
whereas LRA 11-20 showed dominantly shear along the
orientation failures with no shear against orientation failure
modes. The LR and LRA plane strands from growth ring
numbers 11-20 showed more uniform failure types that
could infer more directional reinforcement in the longitu-
dinal direction. The directional reinforcement at the cel-
lular level was observed from the previous studies showing
that with increment of growth ring number, the average
value of microfibril angle decreased and cell wall thickness
increased [7, 8, 10, 40].

LT 1-10 and LT 11-20 showed failures susceptible to
the orientation of earlywood and latewood. LTA 11-20
showed shear along the orientation failures dominantly
similar to the LRA 11-20. These particular different types
of failure for differently oriented wood strands were highly
associated with different stress distributions that originated
from different orientation of earlywood and latewood
bands, and this is important to predict the UTS [38].

The RT plane strands had either tear failures occurred in
the earlywood bands or failures occurred in the boundary
between earlywood and latewood bands. RT 1-10 had
66.6% tear failures within earlywood bands followed by
33.3% failures in the boundary between earlywood and
latewood bands. RT 11-20 showed 83.3% of failures in
boundary between earlywood and latewood bands with
only 16.7% tear failures in earlywood bands. Lower elastic
modulus ratio of latewood to earlywood from growth ring
numbers 1-10 created smooth stress transitions between
earlywood and latewood bands, which created failures in
mostly earlywood bands where the least stiffness and
greater variation existed [9, 40]. As growth ring number
increased, narrower earlywood bands and higher ratio of
latewood to earlywood elastic modulus created an abrupt
stress distribution between earlywood and latewood and led
to failures in the boundary between earlywood and late-
wood [9, 38]. TR 11-20 showed split failures dominantly
and some shear along the orientation failures. Based on
strain ratios from Fig. 5, maximum tangential strain was
much higher than maximum radial strain at the same
loading level, which may result in split failures along the
radial direction.

Previous studies showed similar failure behavior in the
RT and TR plane observed at the cellular level [41-43].
When the TR plane specimen was loaded in the tangential
direction, crack propagated in the radial direction through
cell separation resulting in minor deviations and smooth
crack surfaces. For the RT plane specimen, cracks propa-
gated within the earlywood band parallel to the annual ring

and perpendicular to the loading direction through ruptur-
ing the cell walls, leading to rough surfaces. Conrad et al.
[44] reported that cell fracture had higher fracture tough-
ness than cell separation. This was shown by a higher UTS
of the RT plane strands over the TR plane strands
(Table 3).

The distinctive difference in mechanical properties from
wood strands between growth ring numbers 1-10 and 11—
20 indicated that the ratio of orthotropic properties
increased with increment of growth ring numbers. Orien-
tation of earlywood and latewood to the loading direction
and the ratio of elastic properties produced different stress
and strain distributions [39] and led to the different failure
modes. More consistent failure behavior of strands from
growth ring numbers 11-20 can be associated with more
distinctive differences in orthotropic properties compared
to the growth ring numbers 1-10 (Fig. 5). Based on the
results, more mature wood (growth ring number 11-20)
had more directional reinforcement while more juvenile
wood (growth ring number 1-10) had more variation on the
orientation of its structure.

Conclusions

Mechanical properties of loblolly pine strands from growth
ring numbers 1-10 and 11-20 were examined using tension
tests incorporating DIC. Loblolly pine strands showed
orthotropic elastic behavior associated with distinctive
failure modes. Elastic modulus, Poisson’s ratio, shear
modulus, shear strength, and UTS from loblolly pine
strands were more dependent upon the earlywood and
latewood orientation compared to specific gravity. In
general, the elastic modulus and UTS increased as growth
ring number increased. However, Poisson’s ratio was not
dependent upon growth ring positions but the orientation.
With increment of growth ring number, shear modulus
increased but shear strength decreased.

Comparing elastic modulus and strength values from the
two different growth ring positions, a significant increase
occurred in the longitudinal elastic modulus and strength
from growth ring numbers 11-20, which indicated that
wood structure may develop to reinforce the longitudinal
direction.

Maximum strain values from loblolly pine strands were
distinctively different between growth ring numbers 1-10
and 11-20. Compared to loblolly pine strands from growth
ring numbers 1-10, loblolly pine strands from growth ring
numbers 11-20 had higher maximum normal strains and
lower maximum shear strains. These orthotropic behaviors
associated with growth ring positions were highly related
to failure modes. Although strands showed mixed failure
modes, strands from growth ring numbers 11-20 showed

@ Springer



5830

J Mater Sci (2010) 45:5820-5830

more consistent failure mode, indicating that directional
reinforcement and less variability of structure were devel-
oped in higher growth ring position strands.

Evaluated orthotropic properties associated with failure
behaviors can be used as input properties and intuitive
modeling assumptions for wood strands and strand-based
composites.
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