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ABSTRACT

A laminated model based on continuum theory combined with finite-element analysis (FEA) was
used to predict the influence of voids on engineering constants of oriented strandboard (OSB). Cylin-
drical voids with three material density classes in the void region were considered at various void
volume fractions (VVFs) and matrix anisotropies. It was found that the presence of voids resulted in
substantial decreases in the elastic moduli and Poisson ratio of OSB. The hygroexpansion coefficients
were affected little by voids. The elastic constants normalized with their void-free (matrix) values
were found to depend little on the anisotropy of the matrix, especialy at high VVFs. Increases of
material density in the void region led to increases in predicted elastic constants. The predicted moduli
values for the void models with certain material densities correlated well with available experimental
data for the selected panel structures. The FEA provided a comprehensive numerical tool in predicting
localized elastic properties of porous OSB. The model is the basis for modeling three-layer boards
and for constructing in-plane modulus map of full-size panels.

Keywords:  Finite element modeling, strand alignment level, in-plane elasticity, laminate model, lin-

ear expansion coefficient, structural strandboard, voids.

INTRODUCTION

The formation of an OSB mat from a sus-
pension of resin-coated strands resultsin arel-
atively loosely packed mat. The density of the
mat increases during the pressing operation,
but the final product still contains a substantial
volume occupied by voids. The void structure
created by the interaction of raw material and
mat formation parameters has many important
implications for the evolution of the ultimate

1 This (No: 02-40-0727) paper is published with the ap-
proval of the director of the Louisiana Agricultural Ex-
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properties of the final product. In general, the
presence of voids in OSB reduces its elastic
moduli and influences its dimensional stabili-
ty. Therefore, any micro-mechanical modeling
of OSB would be incomplete unless attention
is given to the void or pore structure of the
product (Lenth and Kamke 1996).

Interest in predicting the consolidation be-
havior of wood strand mats has led to a sig-
nificant inquiry of flake mat structure and its
influence on panel properties. Suchsland
(1962) investigated in-plane density variation,
known as Horizontal Density Distribution
(HDD), and determined that strand geometry
affects the relative void volume in a mat.
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Suchsland and Xu (1989) continued the inves-
tigation to develop a model for the simulation
of the HDD in flakeboard. From this research,
it was concluded that both internal bond and
thickness swelling properties were directly af-
fected by HDD. Dai and Steiner (1994a, b)
developed a probability-based model to de-
scribe randomly packed, short-fiber-type wood
composites. The model uses the approach that
the structural properties of a randomly formed
strand network are random variables, essen-
tially characterized by Poisson and exponen-
tial distributions, and predicts the distribution
of the number of strand centers per unit of
strand area, strand area coverage, free strand
length, and void size (area as viewed from
above). Lang and Wolcott (1996) developed a
Monte Carlo simulation procedure that pre-
dicts the number of strands in the centroid of
imaginary strand columns, the vertical dis-
tance between adjacent strands, and the posi-
tion of the column centroid in relation to
strand length based on data from laboratory-
assembled mats. More recently, Lenth and
Kamke (1996) developed a method for quan-
tifying the cellular structure of a flakeboard
mat. In their study, the mat structure was an-
alyzed with respect to the percent area of the
mat cross section occupied by voids, the size
and shape of individual voids, and the distri-
bution of void size and shape.

Analysis of the influence of the pore or void
structures on effective mechanical and physi-
cal properties of flakeboard including OSB is
extremely rare. Hunt and Suddarth (1974) de-
veloped a finite element model to predict ten-
sile and shear moduli of mat-formed, homo-
geneous flakeboard as a function of the prop-
erties of its components and selected charac-
teristics of the board. Strand orientationsin the
model were assigned according to a distribu-
tion function (random in the case of a board
without directional properties). This early
model analysis was quite limited where voids
or other dislocations were not considered in
their efforts to predict mechanical behavior.
Shaler (1986) developed a modeling proce-
dure to predict elastic moduli of OSB over a
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range of densities, resin levels, strand orien-
tations, and species composition. The ap-
proach was based on the rule of mixture con-
sidering wood, resin, and air (void) inside the
panel. It was shown that once the void volume
is properly accounted, modulus of elasticity
could be predicted reasonably well. However,
strand alignment distribution parameters, and
void shape and distribution were not consid-
ered implicitly in the model. Therefore, a new
approach accounting for these important pro-
cessing parameters is needed to advance cur-
rent efforts in consolidation modeling of struc-
tural oriented strandboard to include effective
engineering constants.

In an early study, a two-dimensional model
to predict engineering constants of void-free
OSB was developed using a continuum theory
(Lee and Wu 2003). The orthotropic strand
properties, strand alignment distribution, and
panel shelling ratio for three-layer OSB were
considered in the model. It was found that the
laminate model is capable of predicting two-
dimensional elastic moduli and linear expan-
sion of OSB given the strand properties and
strand alignment distributions. The orthotropy
of the constituent matrix in OSB considerately
increases the complexity of the micro-mechan-
ical analysis of the influence of void on en-
gineering constants of OSB, and no such anal-
ysisis readily available. The analysis of voids
in an orthotropic matrix can, however, be
based on a numerical solution of certain
boundary-value problems. The finite element
analysis (FEA) has been proven suitable for
determining the effective mechanica proper-
ties of composite materials with regular pack-
ing and uniform size and shape of void inclu-
sions (Adams and Doner 1967; Subramanian
1993).

The objectives of this study were 1) to de-
velop a finite element model to quantify the
effects of embedded voids (shape, size, vol-
ume, and material density) and matrix struc-
ture on elastic constants and moisture expan-
sion coefficients of OSB; and 2) to verify the
model prediction with available experimental
data for the selected panel structures.
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Fic. 1. Void models for OSB. &) Cylindrica through-thickness voids in OSB; b) Two-dimensional finite-element
discretization of the RVE for cylindrical voids; c) Representative volume of the void model.

FINITE ELEMENT MODELING
Cylindrical void models

Modeling the mechanical response of po-
rous OSB is complicated by the complexity of
the panel structure. There are wide spectrums
of size, shape, and relative orientation of the
strands and void structure (Lenth and Kamke
1996). To develop tractable micro-mechanical
solutions relating structural features and strand
properties to the macroscopic behavior of
OSB, idealized models have to be constructed
and analyzed. While it is clear that the voids
in OSB are not regular, a tractable numerical
solution requires assumptions of uniform size
and shape and regular packing of the voids.
Modeling of local inelastic response of com-
posite materials is sensitive to the details of
the repeat void arrangement, but global (av-
eraged) elastic properties are less sensitive to
the packing geometry (Christensen and Lo
1979; Subramanian 1993).

It is assumed that the orthotropic matrix
made of oriented wood strands with known
strand alignment distribution and layering
structure contains regularly spaced cylindrical
voids (Fig. 1a). A two-dimensiona discreti-
zation and a representative volume element
(RVE) of the material are shown in Figs. 1b
and 1c, respectively. Given the symmetriesin

geometry and loading, only % of the RVE
needs to be considered in the analysis. The L
and T directions correspond to the longitudinal
(machine) and transverse (cross-machine) di-
rections, respectively. Three void configura-
tions with different material densities in the
void region (lower-left corner) were investi-
gated (Fig. 2). Model 1 (Fig. 2a) contains a
void with zero material density (a true void).
Model 2 (Fig. 2b) contains voids with low
(constant) material densities (compared with
the solid region of the RVE). Model 3 (Fig.
2c¢) has avoid with varying material densities,
increasing from the center of the void zone to
the matrix region. Strand alignment distribu-
tion and layering structure in the void region
with non-zero material properties (Models 2
and 3) are assumed to be the same as the ma-
trix. Four-nodded PLANE 42 quadrilateral
plane stress elements (i.e., zero out-of-plane
stresses) with two translation degrees of free-
dom at each node were employed (ANSYS
2002). A fine mesh is constructed near the
void boundary to capture the steep stress and
strain gradients and to investigate the mesh
convergence.

Predicting engineering constants

Elastic moduli.—Elastic constants of a po-
rous panel under the influence of various void
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(b)
Fic. 2. Finite element models. @) Model 1—Zero void material density; b) Model 2—Low (constant) void material
density; and c) Model 3—Varying void material density. The void region is represented by the lower-left corner and

the rest of the RVE is matrix.

configurations were modeled by applying cer-
tain loading and boundary conditions to the
RVE at a given void volume fraction (VVF =
void volume/RVE volume). Tensile loading
and boundary conditions imposed on the RVE
are shown in Fig. 3a. A generalized plane
strain (e, mm/mm) analysis was performed by
maintaining constant T-directional displace-
ments of the nodes along the horizontal
boundaries AE and BC of the RVE through
coupled boundary conditions. The vertica
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Fic. 3. Schematic of tensile (A) and shear (B) loading on the RVE containing voids.
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boundaries DE and AB were also constrained
to remain straight to generate compatibility
with the neighboring RV Es after deformation.
A uniform tensile stress (o, MPa) was applied
on the edge AB, and the displacements in the
L and T directions, AL and AT, were comput-
ed. The effective elastic modulus, E, (GPa),
of the porous material was calculated as:

E,L = o /e, with ¢ = AlL/a (D]
where, a is one side length of the RVE (cm,
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TasLE 1. Orthotropic engineering constants of solid OSB from the laminate model (Lee and Wu 2003) as input for

the finite element analysis.

Elastic Moduli (Gpa)

Shear Swelling Coefficients (cm/cm/%MC)

Modulus Poisson
Densit (Gpa)? Ratio
Material Type SAL! (%) (g/em®) Eim Erm Gim vLTM BLm Brm

Matrix Region 80 0.7 11.77 0.454 1.586 0.190 0.000094 0.001633
60 0.7 10.36 1.816 1.891 0.359 0.000170 0.000709
<10 0.7 5.839 5.827 2.330 0.219 0.000357 0.000358

Void Region ~ Combined 0.1 1.150 0.046 2.380

0.2 2.560 0.099 2.195
0.3 4.089 0.164 2.040 0.190 0.000094 0.001633

0.4 5.699 0.229 1914

0.5 7.374 0.297 1.815

1sAL—Strand aignment level in percent. The corresponding concentration parameter of the strand alignment distribution (K) is, respectively, 7, 2, and 0.15.
2Values of shear modulus in the void zone at various density levels were determined using Halpin-Tsai’s micro-mechanics equation (Halpin and Tsai 1969;

Jones 1975).

Fig. 1), and ¢, = tensile strain (cm/cm). Pois-
son’s ratio, v, was calculated from

— —AT/AL )

E: was similarly computed by applying a
stress o (MPa) on the edge AE.

To represent shear loading on the RVE, a
shear stress, 7.+ (MPa), was applied along the
side AE (Fig. 3b). The side BC was con-
strained in the L and T directions, while the
nodes on side AE were constrained to have
uniform L- and T-directional displacements af-
ter deformation. To maintain the compatibility
with the neighboring RVEs after shear defor-
mation, the edges AB and DE of the RVE
should remain straight and parallel. The L-
and T-directional displacements of the nodes
on side AB were thus constrained to vary lin-
early from O at B to their maximum values of
A, and AT, at A. The effective in-plane shear
modulus of the porous materia, G, (MPa),
was then calculated from the relation:

Gir = Tirfyir with vy = AL,s/a (3)

where, vy, 1 is shear strain (cm/cm), and AL, is
the shear displacement (cm).

Moisture expansion coefficients—To deter-
mine the influence of voids on the moisture
expansion strain, the RVE was subjected to a
moisture content increase (AMC, %) at all
nodes. The nodes on the sides AB and BD
were coupled in the L and T directions to

Vit

maintain the compatibility with the neighbor-
ing RVEs. The resulting displacements in the
L and T directions, AL and AT (cm), were
computed. The moisture expansion strains, e
and e; (cm/cm), along the L and T directions
were calculated as:

e = AL/a and e/AT/a 4
The moisture expansion coefficients along the
two directions, B, and B+ (cm/cm/%MC) were
calculated as:

B. = e/AMC and B; = e/AMC (5)

Model investigation

For each model, Young's moduli (E,,, and
E:.), shear modulus (G ;,), Poisson ratio
(vitm), @nd hygroscopic expansion coefficients
B and Brm cmM/cm/%MC) of the matrix
were generated by the laminate model from
the previous work by Lee and Wu (2003) for
each given board structure. The selected val-
ues of the properties are shown in Table 1. The
length of the RVE side (a) was taken to be 1
cm. The density of the matrix was assumed to
be 0.70 g/cm? for al three models. The power-
form relationships between sample density and
elastic moduli of OSB developed by Wu
(1999) were used to estimate the elastic mod-
uli of the material as afunction of density. The
eguations have the following form:
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E, = 12.1314SG159011L 2 = 0,96
E, = 3.6324SG1154k 022  2=085 (6)

where E, and E; are in GPa, SG is sample
specific gravity, and « is concentration param-
eter of the strand alignment distribution, which
isdirectly related to the strand alignment level.
Each model was run at six void volume frac-
tions (i.e., 0.01, 0.03, 0.1, 0.3, 0.5, and 0.7).
The void region in Model 1 had zero material
density and property values. In Model 2, five
material density levels (i.e., 0.1, 0.2, 0.3, 0.4,
and 0.5 g/cm?) in the void region were con-
sidered. In Model 3, material density in the
void zone varied from 0.1 to 0.5 g/lcm® at a
rate of 0.05 g/cm3/mm. The rate was estimated
from the X-ray scanned density data of actual
OSB samples machined from the single-layer,
low density panels (i.e., density = 0.45 g/cm?d).
The samples contain large voids, which leads
to localized in-plane density variation.

The predicted results were normalized with
the modulus and Poisson ratio of the matrix
without voids. The normalized constants were
compared with analytical solutions for an iso-
tropic matrix with true voids (Christensen and
Lo 1979). To verify the model prediction with
experimental data, mean density of each RVE
was calculated considering material densities
in both solid (matrix) and void regions as.

Prve = Pmarix — YVF * (Pmarix — Pvoia) (7)

where pgrye = mean density of the RVE (g/
cm3), puarix = density of matrix (0.70 g/cm?),
and p,,q = density in the void region (g/cm?).
The predicted engineering constants from var-
ious void configurations were compared with
available experimental data at various density
levels (Wu 1999; Lee and Wu 2002).

RESULTS AND DISCUSSION
Predicted engineering constants

The predicted engineering constants from
the three finite-element models for orthotropic
RVEs containing cylindrical voids are sum-
marized in Table 2. The data for boards at low
aignment level (i.e, 60%) are plotted as a

function of VVF in Fig. 4. Also shown in Fig.
4 are the data from the close form solution for
a void-embedded isotropic matrix (Christen-
sen and Lo 1979). The results were normal-
ized with modulus and Poisson ratio of the
material without voids.

The normalized E , E;, and G, of OSB
from Model 1 showed a similar trend as that
of the analytical solution (Fig. 4). The finite
element prediction of E, and E; are in good
agreement with the analytical results at low
VVFs. At higher VVFs, the finite element
model predicted higher values of E, and E;
than the analytical results (Figs. 4a and 4b).
This may be related to the feature of self-con-
sistent analytical models to underestimate the
elastic stiffness at large volume fractions
(Christensen and Lo 1979). The predicted
shear modulus by Model 1 was smaller than
the analytical results at low VVFs, asindicated
by the gap between the two bottom curvesin
Fig. 4c. The gap narrowed down significantly
as the VVF increased for the modulus, indi-
cating a closer agreement between the two.
The predicted Poisson ratios for OSB from
Model 1 decreased as VVFs increased (Fig.
4d). The predicted values were significantly
lower than these from the analytical solution
at higher VVFs. The discrepancy may possibly
be attributed to the regular phase geometry as-
sumed in the finite element model. The Pois-
son ratio for porous materials is very sensitive
to the phase geometry (Gibson and Ashby
1988). As a result, experimental data on Pois-
son ratio of porous materials show a large
scatter around the value of the matrix. It is
thus not recommended to correct the ratio for
materials with voids.

Model 2 with a constant void material den-
sity of 0.3 g/cm® and Model 3 with void ma-
terial density varying from 0.1 to 0.5 g/cm?
predicted higher values of elastic moduli and
Poisson ratios at a given VVF compared with
results from Model 1 (Table 3). This indicates
significant effects of material density in the
void region on overal engineering properties
of the RVE. Figure 4 shows significant differ-
ence of all four engineering constants predict-
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TaBLE 3. Effect of void material density on the elastic properties of OSB predicted by Model 2 at the low alignment
level (i.e., SAL =60%).

Void Void Volume Fraction Void Volume Fraction
Densit
(g/cm:?)/ 0 0.03 0.126 0.283 0.515 0.709 0 0.03 0.126 0.283 0.515 0.709
Tensile Modulus (E_ GPa) Transverse Modulus (Et, GPa)

00 1036 7703 5991 4264 2451 1002 1816 1.606 1.249 0.889 0511 0.209
0.1 1036 9639 8231 6772 4571 2830 1816 1707 1461 1118 0.734 0.437
0.2 1036 9835 8777 7.345 5604 4025 1816 1732 1535 1252 0916 0.658
03 1036 1030 9151 7975 6487 5153 1816 1753 1.601 1375 1.096 0.876
04 1036 1008 9500 8602 7.407 6336 1816 1771 1660 1489 1.269 1.091
05 1036 1016 9782 9146 8264 7480 1816 1786 1711 1594 1435 1.302

Shear Modulus (G 1, GPa) Poisson Ratio (v 1)

00 1891 1638 1132 0795 0257 0027 0359 0277 0209 0129 0056 0.129
01 1981 1709 1569 1511 1326 1000 0359 0.349 0330 0326 0291 0.302
02 1981 1756 1658 1648 1556 1302 0359 0.354 0.347 0.337 0.331 0.336
03 1981 1798 1730 1740 1700 1518 0359 0.356 0352 0345 0.339 0.341
04 1981 1825 1777 1793 1767 1660 0359 0.358 0354 0355 0.335 0.354
05 1981 1709 1569 1511 1326 1000 0359 0.358 0359 0358 0.357 0.357
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Fic. 4. Predicted engineering constants for single-layer porous OSB at the 80% strand alignment level. a) Longi-
tudinal modulus, b) transverse modulus, c) shear modulus, and d) Poisson ratio. Data of the close-form (CF) solution
are from Christensen and Lo (1975) for isotropic matrix. Model 1 had true voids (zero material density). The void
density for Model 2 was 0.3 g/cm3. The void density for Model 3 varied from 0.1 to 0.5 g/cm3. The density of solid
region was 0.7 g/cm?3 for all three models.
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Fic. 5. Effect of material density in the void region on engineering constants of OSB predicted by Model 2. @)
longitudinal modulus, b) transverse modulus, ¢) shear modulus, and d) Poisson ratio.

ed by the three models at various VVFs. The
situations represented by Models 2 and 3 are
more reglistic for OSB. Because of the multi-
layer structure in OSB, a true void with zero
material density does not exist in a given pan-
el. However, there are low and high density
areas throughout the panel.

The effect of void material density on the
engineering constants of the RVE is further
demonstrated in Fig. 5, which shows the pre-
dicted constants for boards with five void ma-
terial densities (i.e., 0.1, 0.2, 0.3, 0.4, and 0.5
g/cmd) at the 80% strand alignment level. As
shown, all properties increased as the material
density of the void increased. The normalized
moduli and Poisson ratio gradually ap-
proached to one at al VVFs as the void ma-
terial density reached the density value of the
matrix. Therefore, alarger density contract be-
tween void and solid (matrix) regions led to
lower overall engineering constants of the

RVE. For alarge panel of OSB, significant in-
plane density variation would lead to a reduc-
tion of the engineering properties of the board.
The rate of the density change in the void re-
gion as shown in Model 3 aso played a role
in controlling the overall RVE properties.

In genera, matrix orthotropy had little influ-
ence on the engineering constants of the material
in the presence of voids (Fig. 6—normalized
moduli from the three void models). Both Mod-
els 1 and 2 predicted small and inconsistent var-
iations of E; and E; among the three alignment
levels a al VVFs. Thus, the effect of strand
adignment level on the properties of OSB was
overshadowed by the influence of the void for
these two models. Model 3 predicted higher val-
ues of E; and E; for boards at high strand dign-
ment levels and high VVFs.

There was aso no significant influence of
voids on in-plane hygroexpansion coefficients
predicted by the finite element models along
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Fic. 6. Effect of strand alignment level of the engineering constant of OSB predicted by Model 1 (a, d), Model 2
(b, €) with a void material density of 0.3 g/cm3, and Model 3 (c, f) with varying void material densities.

both longitudinal and transverse directions. Ear-
ly experimental work on linear expansion (LE)
of OSB as a function of density (Wu 1999)
showed a dight increase of the longitudinal LE
and a decrease of the transverse LE as pane
density increased. The effect was attributed to
cell-wall collapse during hot pressing, which is
not reflected in the finite element model.

Model verification

A direct comparison of predicted longitu-
dinal and transverse moduli with experimental

data from Wu (1999) is shown in Fig. 7 for
single-layer boards at three alignment levels.
The experimental data and predicted results
overlapped in the density region from 0.50 to
0.75 g/cms. There were more experimental
data at the high density end and more pre-
dicted data at the low density end.

Within the overlapped density region, Mod-
el 1 with true voids predicted smaller modulus
values compared with experimental data, es-
pecidly along the transverse direction for
boards at the high aignment level. This is so
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Fic. 7. Comparison of predicted longitudinal and transverse moduli from the three void models with experimental
data from Wu (1999) for single-layer OSB at high (a and b), low (¢ and d), and random (e and f) alignment levels.
Model 1 had true voids. The void density for Model 2 was 0.3 g/cm3. The density in the void area for Model 3 varied
from 0.1 to 0.5 g/cm3. The density of solid region was 0.7 g/cm3 for all three models.

because experimental panels did not contain
true through-thickness voids (i.e., voids with
zero material density) as those used in the
model. As a result, the experimental elastic
properties were higher, compared with the pre-
dicted values for similar panels. The experi-
mental data of the transverse modulus for
boards at the high alignment level were sig-
nificantly larger than the predicted values by

al three models. Thiswas caused by very high
E, /E; ratio (i.e, low E; value) of the matrix
for the panel group predicted by the laminate
model (Lee and Wu 2003). The ANSY S pro-
gram has limitations in dealing with materials
with extremely high E, /E; ratios. The predic-
tions by Model 2 (void material density = 0.3
g/cm®) and Model 3 (void material density
varied from 0.1 to 0.5 g/cm3) showed a rea
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sonable agreement with the experimental data,
especially for boards at low and random align-
ment levels. Thus, the accuracy of model pre-
diction increased as the strand alignment level
of the board decreased.

The dlopes of the modulus and density
curves predicted by Model 2 and Model 3 are
in a general agreement with these of the ex-
perimental curves, except for the transverse
modulus at the high alignment level (Fig. 7b).
This indicated that the finite element model is
capable of predicting the genera trend of
change of the elastic constants in OSB as a
function of density with a proper account of
the void material density and volume. There
is a significant practical interest for lowering
the density of OSB while maintaining its prop-
erties. The reduction of panel density will lead
to increased void volume in the panel. The
FEA shown in this paper can help establish
threshold property values as the panel density
is reduced (or increased as well) for various
board structures.

CONCLUSIONS

A laminated model based on continuum the-
ory was successfully combined with finite-el-
ement analysis to examine the influence of
embedded voids on the engineering constants
of OSB. Cylindrical voids with three void den-
sity configurations were considered for boards
with different void volume fractions and ma-
trix anisotropies. The presence of voids re-
sulted in substantial decreases in the elastic
moduli and Poisson ratio of OSB, while the
hygroexpansion coefficients were affected lit-
tle by voids. The normalized elastic constants
were found to depend little on the anisotropy
of the matrix, especialy at high VVFs. In-
creases of the material density of the void re-
gion led to increases in predicted elastic con-
stants. The predicted values for void models
with certain material densities and VVFs cor-
related well with available experimental data.
The model could be a useful tool for estab-
lishing threshold property values as the panel
density is reduced or increased for various
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board structures. Future publications will deal
with effects of void on the properties of the
three-layer boards and constructing in-plane
modulus map for full-size panels.
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