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ABSTRACT 

In-plane swelling and bending properties of three-layer oriented strandboard (OSB) were investi- 
gated under the interactive influence of flake alignment level (FAL), flake weight ratio (FWR), resin 
content (RC), vertical density gradient, and moisture content (MC) levels. Mathematical models based 
on lamination theories were developed to predict effective modulus (EM), linear expansion (LE), and 
internal swelling stresses. The model's prediction was compared with actual experimental data. 

It was shown that the relationship between LE and MC change for OSB was curvilinear with larger 
expansion rates at lower MC levels. FAL and FWR were two primary variables that significantly 
affected the magnitudes of LE, modulus of elasticity (MOE), and modulus of rupture (MOR). Increase 
in RC from 4% to 6% led to little change in all three properties. 

The model predicted general trends of change in LE, EM, and swelling stresses as a function of 
FWR at the two alignment and two RC levels. The model's prediction in both EM and LE compared 
favorably with the experimental data. Prediction of the in-plane swelling stresses showed the effect 
of the panel MC change and directional dependency. The model provides an analytical tool for opti- 
rni~ing flake alignment level and panel flake weight ratio to achieve a proper balance between EM 
and LE for OSB manufacturing. 

K~jywords: Effective modulus, linear expansion, modeling, panel design, processing variables, struc- 
tural panel. 

INTRODUCTION 

Dimensional stability is an important prop- 
erty in the use of oriented strandboard (OSB). 
Special attention to dimensional stability of 
wood-based materials has always been de- 
manded since changes in the relative humidity 
(RH) of the surrounding atmosphere can affect 
their unit dimensions to a much greater extent 
than the thermo-effects that control dimen- 
sional changes in nonhygroscopic materials 

(Bryan 1962). Out-of-plane swelling, known 
as thickness swelling (TS), is often accompa- 
nied by permanent strength loss and some- 
times product failure. It has been widely stud- 
ied by Jorgensen and Ode11 (1961), Johnson 
(1964), Halligan (1970), Halligan and Schnie- 
wind (1974), Lehmann (1978), Geimer (1982), 
Hsu (1987), Liu and McNatt (1991), Xu and 
Winistorfer (1995), and Wu and Suchsland 
(1997). 

In-plane swelling, known as linear expan- 
-1 Member of SWST. sion (LE), can be a very significant factor af- 
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The differential swelling behavior of individ- 
ual particles or flakes in wood composite pan- 
els can cause in-plane movements that result 
in high internal stresses. Thus, dimensional 
stability is also a major factor in the matter of 
durability, since the ultimate failure of an ad- 
hesive bond depends in part on these related 
stresses (Bryan 1962). Where OSB has been 
used as an exterior structural material, numer- 
ous instances of the so-called "window pane" 
phenomenon in roof applications have been at- 
tributed to the disregard of installation clear- 
ance between panels (Xu and Suchsland 
1997). There are many factors that affect di- 
mensional changes of a three-layer OSB 
board. Therefore, a theoretical study should be 
able to assess the importance of the signifi- 
cance of various factors. 

In an earlier study (Wu 1999), the effects of 
panel processing variables on the in-plane sta- 
bility behavior of single-layer oriented strand 
panels were investigated. It was shown that 
the shape of the LE-moisture content (MC) 
change curve varied with flake alignment level 
(FAL) and material direction (MD). The var- 
iation was attributed to the difference in the 
controlling mechanism for LE in various pan- 
els. Total LE from the oven-dry to water-soak 
condition, modulus of elasticity (MOE), and 
modulus of rupture (MOR) varied significant- 
ly with flake orientation distribution and den- 
sity. LE, MOE, and MOR were correlated with 
the concentration parameter, density, resin 
content (RC), and MC using a power form 
equation. The experimental data form a data- 
base of layer properties for modeling three- 
layer, cross-laminated OSB. The current in- 
vestigation dealt with three-layer boards fab- 
ricated under hot pressing. The objectives of 
the study were 

a) To investigate effects of panel processing 
variables on LE, MOE, and MOR of three- 
layer OSB with density gradient; 

b) To develop an analytical model for pre- 
dicting LE, effective modulus (EM), and in- 
ternal swelling stresses; and 

c) To verify the model by testing three-layer 
boards of different construction. 

BACKGROUND 

In-plane stability of' wood composites 

Several experimental studies have been con- 
ducted to investigate in-plane stability of 
wood composites. Zylkowski (1 986, 1989) 
carried out comprehensive studies on the di- 
mensional stability of structural panels includ- 
ing plywood, waferboard, and OSB. LE and 
TS of the panels tested were evaluated. The 
measured swelling data were expressed as the 
percentage of the total dimensional change 
from the oven-dry to water-soaked condition 
for a given humidity exposure. Results indi- 
cated that the relative LE was nearly constant 
for all materials and depended upon the panel 
MC. The major part of the expansion occurred 
at the low MC regions. 

Using the LE rate, Suchsland and Xu (1 99 1 ) 
classified wood composites into two main cat- 
egories. The first category, including medium 
density fiberboard (MDF), has a swelling rate 
that approaches zero at the fiber saturation 
point (FSP). They called such panels substan- 
tially wood-like stable material since the 
swelling is due mainly to the swelling of the 
wood cell wall. The second category, includ- 
ing particleboard, has a swelling rate that 
gradually increases as the materials approach 
the FSP They called such panels substantially 
unstable material since factors other than the 
swelling of the wood cell wall contributed to 
the swelling. One of the factors must be the 
partial breakdown of adhesive bonds resulting 
from excessive TS associated with horizontal 
density variation. This behavior reflects irre- 
versibility of the swelling and of other asso- 
ciated properties. 

The longitudinal free hygroscopic expan- 
sion coefficients and elastic recovery after 
constrained in-plane swelling were experimen- 
tally determined by Lang and Loferski (1995) 
for commercial plywood and OSB. Their re- 
sults showed that the measured expansions 
were equal or larger for OSB as compared 
with those of plywood. Approximately 20 per- 
cent of the total hygroscopic expansion can be 
considered as elastic deformation for both 
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A) 
FWR = 0 
PSR = 0 

C )  
FWR = 1 
PSR = 1 

FIG. 1. A schematic of layered structure in OSB showing both single- (a and c) and three-layer (b) panels and 
three principal material directions (i.e., 1-parallel direction, 2-perpendicular direction, and 3-thickness direction). 
The rectangles on the graph show the orientation of wood flakes within each board type. 

panel types. Wu and Suchsland (1996) mea- 
sured LE along the two principal directions at 
different RH levels for five types of commer- 
cial OSB. They found that LE changed within 
the hygroscopic range as MC increased in the 
board. Despite differences in wood species 
and manufacturing variables, the broad fea- 
tures of LE were similar among various OSB 
products used. At lower MC levels, LE for all 
panels occurred at a greater rate and followed 
the longitudinal swelling behavior of solid 
wood. At higher MC levels, LE developed at 
a reduced rate and was due mainly to the ef- 
fect of transverse swelling of wood. Improve- 
ment of FAL and better selection of other pan- 
el design variables would reduce this trans- 
verse effect and the overall LE of the panel. 

When MC of wood composites changes, in- 
dividual wood components within a panel be- 
come stressed as a result of the difference be- 
tween actual dimensional change in the board 
and potential change of the particles or flakes. 
Thus, research efforts to improve the stability 
and durability of wood composites could be 
enhanced by basic information concerning in- 
teractions between individual particles or 

flakes and the effect of these interactions on 
dimensional stability and internal stresses. 

Swelling stresses and strains in OSB 

OSB is manufactured in a layered structure 
by depositing different amounts of wood 
flakes (based on weight) in the face and core 
layers, respectively (Fig. 1). In a given panel, 
there are three principal directions (i.e., 1- 
parallel or machine direction, 2-perpendicu- 
lar or cross-machine direction, and 3-thick- 
ness direction). Flake weight ratio (FWR), de- 
fined as a ratio of face layer flake weight to 
total panel flake weight, is normally used to 
describe the layered structure. When FWR = 

0 (Fig. la), all flakes are aligned along the 
perpendicular direction (i.e., single-layer 
boards-core). When 0 < FWR < 1 (Fig. 1 b), 
part of the flakes are aligned in the parallel 
direction and part are in the perpendicular di- 
rection (i.e., three-layer boards). When FWR 
= 1 (Fig. lc), all flakes are aligned along the 
parallel direction (i.e., single-layer boards- 
face). For modeling purpose, panel shelling ra- 
tio (PSR), defined as a ratio of face layer 
thickness to total panel thickness, is more use- 
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FIG. 2. A schematic of in-plane movement of OSB under swelling conditions. (a) initial panel dimension, (b) layer 
free expansion, and (c) final panel dimension with restricted layer expansion. 
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ful. Since the thickness for both face and core 
layers depends on the amount of wood flakes 
placed and the degree of compression during 
manufacturing, PSR varies with FWR and 
pressing variables. 

A two-dimensional schematic of a three- 
layer OSB with varying flake orientation be- 
tween face and core is shown in Fig. 2a. When 
panel MC is increased, there is a tendency for 
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main components: elastic-plastic (instanta- 
neous) strain and free expansion strain. It 
should be pointed out that creep and mechano- 
sorptive strain also develop under the action 
of sustained swelling stresses (Wu and Milota 
1995). However, for the simplicity of the anal- 
ysis, these two strain components were ig- 
nored in this study (Talbott et al. 1979). 

Elastic-plastic strain is produced immedi- 
ately after the stress is created. Initially there 
is an elastic deformation that is proportional 
to the stress through an elastic modulus. This 
is followed by a plastic deformation that de- 
pends on the magnitude of the stress and MC 
level. Laufenburg (1983) characterized the 
stress-strain response of flakeboards to failure 
using the Ramberg-Osgood equation: 

where 

E ~ ,  = stress-induced instantaneous strain 
(mmlmm) ; 

a = stress (MPa); 
E = Young's modulus (MPa); and 
k, n = material constants. 

As shown, three parameters (i.e., E, k, and n) 
define the nonlinear stress and strain relation- 
ship for a given board type. Among the three 
variables, E varied with panel processing var- 
iables including density, FAL, RC, and panel 
MC (Geimer 1982; Wu 1999; Wu and Suchs- 
land 1997). The model parameters (k and n) 
were derived for flakeboard of various density 
and alignment levels at a given MC level by 
Laufenburg (1983). It is noticed that panel MC 
change significantly alters the stress-strain re- 
lationship for a given board. This effect can 
be accounted for by correcting the modulus for 
the given MC changes using E-MC relation- 
ships for OSB. 

Free exparzsion strairz is the dimensional 
change of an individual layer due to the mois- 
ture increase in absence of restraint. For solid 
wood, this is the inherent moisture-related 
wood swelling. For OSB, this is equivalent to 
the swelling of a thin flake layer with varying 

flake orientation and density across panel 
thickness, similar to veneers in a sheet of ply- 
wood. Bryan (1962) and Xu and Suchsland 
(1997) developed analytical models based on 
elasticity to predict linear expansion of a flake 
layer with uniform density, considering vari- 
ation in wood properties and flake orientation 
distribution. Experimental data on LE of ori- 
ented flake layers were developed by Geimer 
(1982) for Douglas-fir and by Wu (1999) for 
aspen. Nonlinear regression equations were 
developed to relate LE data to panel process- 
ing variables in those studies. 

Published work on modeling in-plane 
swelling of wood composites 

Several approaches have been developed to 
predict the in-plane linear dimensional prop- 
erties of a three-layer wood composite board. 
Talbott et al. (1979) modeled linear expansion 
of three-layer ComPLY laminates. They dem- 
onstrated that internal stresses produced by the 
constrained hygroscopic expansion during 
moisture sorption are of significant magnitude. 
These stresses cause instantaneously plastic 
deformation in the material. Thus, an elastic 
analysis would lead to a significant overesti- 
mate of swelling stresses and underestimate in 
panel deformation. Tang et al. (1982) devel- 
oped a three-dimensional model based on elas- 
ticity to predict the linear expansion of wood 
composites. Geimer ( 1  982) considered vertical 
density gradient in predicting LE of a three- 
layer flakeboard. By using experimental data 
from single-layer boards of various densities 
and the measured density gradient of a three- 
layer flakeboard, the prediction was made by 
summing the values for each layer weighted 
for layer thickness. The approach, however, 
did not consider the interaction between layers 
of different densities. Lang and Loferski 
(1995) recognized the importance of the in- 
elastic behavior of wood composites and de- 
termined the elastic expansion coefficients as 
the input to his model. Their approach, how- 
ever, of treating a three-layer OSB as a uni- 
form density panel and deriving the layer 
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property by a simple rule of mixture (based on 
layer thickness) did not represent boards with 
a vertical density gradient. 

MODEL DEVELOPMENT 

Predicting linear expansion and swelling 
stresses 

The model considers a three-layer OSB 
board as a multi-layer laminate with varying 
flake orientation between face and core and 
layer density from panel surface to panel cen- 
ter (Figs. 2 and 3). Under the swelling con- 
dition, internal stress and strain develop due 
to the variation of layer swelling potentials. 
Superimposing the components of the stress- 
induced deformation on the free expansion re- 
sults in LE of the panel. It is assumed that over 
a given MC change, 6M, the LE strain incre- 
ment for a flake layer is the sum of the incre- 
ments of the elastic-plastic (i.e., E,,) and free 
expansion strains (i.e., eFE): 

where i is the sub-layer index in the board 
thickness direction and j is the step index in 
the RHMC level (Fig. 3). 

Among the strain components, the elastic- 
plastic strain increment is related to the stress 
increment as: 

where D,, is the elastic-plastic compliance, 
which varies with both position and MC level 
for OSB. The compliance is defined through 
Eq. (1)  as: 

Equation (4) transfers the nonlinear stress- 
strain relationship (Eq. 1) into a piecewise lin- 
ear stress-strain relation, in which the local 
compliance varies with local stress and MC. 
Among the model parameters, Laufenberg 
(1983) developed values of k and n for single- 

FIG. 3. A schematic of subdividing panel thickness 
and density profile for modeling purpose. Variables shown 
are: i-index for sub-layer, j-index for RH step, k-in- 
dex for layer, 1-index for density points in a sub-layer, 
LT-layer thickness, m-total number of sub-layers in a 
given layer, n-total number of density points in a sub- 
layer, N-total number of sub-layers in the panel, SLT- 
sub-layer thickness, and TK-panel thickness. 
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layer OSB under both tension and compres- 
sion loadings. The regression models relating 
E to panel processing variables in both parallel 
and perpendicular directions were developed 
by Wu (1999). The elastic modulus, E, as a 
function of MC, for OSB was developed by 
Wu and Suchsland (1997). Combining these 
relationships (Table 1) allows defining the 
stress-strain curve under various processing 
and MC conditions. 

The free expansion strain increment is ob- 
tained as: 

where the function F represents the nonlinear 
regression function relating free expansion 
strain to panel processing variables and MC 
change (Table 1 : Free Linear Expansion, Wu 
1999). Substituting Eqs. (3), (4), and (5) into 
Eq. (2) and solving for the stress increment, 
one obtains: 

Subject to the equilibrium (i.e., net force 
across board thickness is equal to zero) and 
compatibility conditions (i.e., all sub-layers 
reach the same final dimension), the LE strain 
increment is: 

where TK(j) is the panel thickness (mm) and 
x is the coordinate across board thickness. It 
is noticed that the thickness of individual lay- 
ers increases with an increase in MC due to 
TS. The increase in layer thickness over a giv- 
en MC change can be calculated using the 
thickness swelling rate (TSR) data for OSB 
(Ren 2000). Equations (6) and (7) allow the 
determination of the internal stresses and pan- 
el LE, provided that various strain components 
are known. The same procedure applies to 
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both directions parallel and perpendicular to 
the major alignment direction of the face 
flakes. 

Predicting eJfective modulus 

Panel effective modulus, EM, is calculated 
using the equation derived by Bodig and Jayne 
( 1993) based on the laminate bending theory. 
The equation has the form: 

where EM(j) is the effective modulus of OSB 
at the jth RH/MC step, I(j)  is the moment of 
inertia of the entire OSB panel, E(i, j) is the 
MOE of the ith sub-layer, I,,(i, j) is moment of 
inertia of the ith sub-layer, CSA(i, j) is cross- 
sectional area of the ith sub-layer, d(i, j) is the 
distance between the ith layer center line and 
the centroidal plane of the panel, and N is the 
total number of sub-layers across panel thick- 
ness. 

COMPUTER IMPLEMENTATION 

A computer program was written using For- 
tran Powerstation to implement the algorithm 
outlined above. For a given board type along 
a given material direction (i.e., parallel or per- 
pendicular), the calculation proceeds as fol- 
lows. 

1 .  FWR loop begins. Panel thickness corre- 
sponding to the initial given RH condi- 
tion, TKCj = O), is divided into three parts 
to represent face (k = I), core (k = 2), 
and face (k = 3) layer, respectively (Fig. 
2). The layer thickness, LT,(j), is deter- 
mined according to 

Face LT,(j) clr LT,(j) = -TK(j) n II I 
L J 

Core LT?(,i) = TK(j) 

where the function I1 is the relationship 
between panel FWR and PSR. 

2. The face and core layers are further divid- 
ed into a number of m(k = 1, 2, 3) sub- 
layers, giving a total of N sub-layers 
across the panel thickness. Note that m(k) 
may differ from face to core layers. Each 
sub-layer has a thickness of SLT(i, j) as 
shown in Fig. 3. 

3. The mean density, p(i, j), for each sub- 
layer is evaluated according to measured 
density profile and number of density 
points within the sub-layer using numeri- 
cal integration techniques. 

4. EMC of each sub-layer corresponding to 
the given initial RH level (j = 0) is cal- 
culated using Nelson's sorption model 
(Wu and Ren 2000): 

where the model parameters, M,(i, j) and 
A(i, j), as functions of panel processing 
variables are determined using the rela- 
tionship listed in Table 1 (Wu and Ren 
2000) and the calculated density for each 
sub-layer (step 3). 

5 .  E(i, j) for each sub-layer is calculated 
based on the layer properties using the re- 
lationship developed by Wu (1 999) (Table 
1 : elastic modulus). The panel EM is eval- 
uated using Eq. (8) considering the rela- 
tive position of each layer. 

6. RH loop begins. RH increases by a ARH 
(e.g., 5%) .  The sub-layer EMC(i, j) is re- 
calculated using Eq. (10) and the new RH 
value. The new sub-layer thickness is cal- 
culated as 

SLT(i, j )  = SLT(i, j - 1)  

X [ l  + TSR(i, j)AEMC(i, j)] (1 1 )  

where TSR(i, j) is the layer TS rate in 
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%TS/%MC. TSR as a function of pro- 
cessing variables (Table 1) is taken frorn 
Ken (2000). The new sub-layer density, 
p(i, j), is evaluated after accounting for the 
layer TS. 

7. The sub-layer E(i, j) is corrected for 
changes in density and EMC using E-pro- 
cessing variables (Wu 1999) and E-MC 
(Wu and Suchsland 1997) relationships 
shown in Table 1 .  The mean modulus over 
the given MC change step is calculated as 
[E(i, j) + E(i, j - 1)]/2. 

8. The compliance defined in Eq. (4), D,,(i, 
j), is calculated using the mean modulus 
value (step 7), parameters k and n defined 
in Table 1 (Laufenberg 1983), and the 
stress value for the layer. Note that the 
values of k and n depend on whether the 
layer is under tension or compression as 
specified in Table 1 .  

9. The sub-layer strain increments, SE,,(~) 
and 6~,,Cj), due to increase in layer MC 
are calculated using Eqs. (3) and (S), re- 
spectively. 

10. Increments in panel strain, 6~,,Cj), and in- 
ternal stresses, 6u(i, j), are calculated us- 
ing equilibrium and compatibility condi- 
tions (Eqs. 7 and 6). The control is shifted 
back to step 6 (RH change) and the cal- 
culation is repeated. 

11. FWR is updated. The control is shifted 
back to step 1 (FWR change) and the cal- 
culation is repeated. 

The experimental procedures were given in 
detail in an earlier paper (Wu 1999) and are 
reviewed here in brief. Discussion is further 
directed towards the three-layer, cross-lami- 
nated boards, which are of particular relevance 
in this report. 

Thirty-two three-layer OSB panels were 
manufactured using 76-mm-long, disc-cut as- 
pen flakes. There were two RC levels (4% and 
6%), two FALs (high and low), four FWRs 
(0.3, 0.4, 0.5, and 0.6), one target density (spe- 
cific gravity = 0.70), one wax level (0.5%), 

and two replications. Eight single-layer boards 
(two resin levels, two alignment levels, and 
two replications) were also made to simulate 
panels at a FWR of 0 or 1 .  All boards were 
manufactured with a 10% mat MC before 
pressing and were pressed in a conventional 
manner for 8 min at a temperature of 190°C. 
Flake alignment distribution for each panel 
was determined by measuring randomly se- 
lected 120 flakes from the top surface of each 
panel and by fitting the measured flake angles 
to the von Mises distribution (Wu 1999). 

Three 50.4- X 50.4- X 12.5-mm specimens 
were cut from each panel to determine layer 
thickness and density profile across panel 
thickness. Two parallel lines were drawn on 
each of the four edges for each sample under 
microscope to separate the two face layers 
from the core. All samples were conditioned 
to reach equilibrium at 45% (dry condition) 
and then at 93% (wet condition) RH levels. 
Layer thickness was measured with a digital 
caliper (0.01-mm accuracy) using lines drawn 
on each edge. Measurements from all four 
edges were averaged. Measured layer thick- 
ness and total panel thickness were used to 
calculate actual panel shelling ratios, PSR, for 
each given FWR. A linear regression analysis 
was done to establish a quantitative relation- 
ship between PSR and FWR. The density pro- 
file in the specimen thickness direction was 
determined on a Quintek Density Profiler 
(Model QDP-OIX). The specimens were po- 
sitioned during measurements with the top 
surface as the starting position. Discrete den- 
sity values for 0.0508-mm thickness incre- 
ments were obtained from the measured den- 
sity profiles. The density values at the same 
position for the six specimens from each panel 
type were averaged to obtain the average den- 
sity profile for each panel. 

Two samples, 38.1 X 304.8 X 12.7 mm, 
were cut along each of the two principal di- 
rections from each board for LE tests. They 
were labeled according to board type, orien- 
tation (parallel or perpendicular), and replica- 
tion number. Two holes (1.1 mm in diameter) 
254 mm apart were drilled along the long di- 
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mension of each specimen and a small rivet 
(1.0 mm in diameter), dipped in epoxy glue, 
was plugged into each of the two holes. After 
the glue had set, crossed hairlines were care- 
fully cut on the tip of each rivet using a sharp 
razor blade. The hairlines facilitated LE mea- 
surements with an optical comparator. All 
specimens were initially dried in a convection 
oven at 60°C to reach a constant weight. Mea- 
surements including specimen weight, length, 
width, thickness, reference dimension between 
the two rivets, and layer thickness of each 
specimen were made in the dry state. All spec- 
imens were conditioned in a computer-con- 
trolled conditioning chamber according to: 
Dry state a 35% + 55% a 75% a 85% 3 

93% RH. Finally, all specimens were oven- 
dried for 24 hours. The measurements were 
repeated after reaching equilibrium at each 
specified RH level and at the oven-dry con- 
dition. 

Static bending specimens, 76.2 X 355.6 X 
12.7 mm, were cut along the two principal di- 
rections of each panel according to ASTM 
D1037-96 (ASTM 1996). One parallel and 
one perpendicular specimen from each panel 
were prepared, totaling 40 specimens for each 
direction. This gave two replications for each 
combination of density, alignment level, and 
RC. The specimens were conditioned to equi- 
librium at 45% RH and 25°C. Their weight 
and size (i.e., length, width, and thickness) 
were measured before testing. Bending tests 
were made on a Model 4260 INSTRON ma- 
chine with a computer-controlled data acqui- 
sition system. After the test, each specimen 
was weighed and oven-dried to determine its 
MC on the OD basis. Statistical comparisons 
of the data were made to show the effects of 
various processing variables on measured 
MOE, MOR, and LE along the two principal 
directions. To eliminate the effect of sample 
density variation on measured MOE and 
MOR, specific MOE (MOEISG) and specific 
MOR (MORISG) were used in the analysis. 

RESULTS AND DISCUSSION 

Experimental data on panel processing var- 
iables, static bending, and in-plane swelling 

properties of the OSB along the two principal 
directions are summarized in Table 2. The 
boards at high and low alignment levels had 
mean concentration parameters (Wu 1999) of 
6.23 and 1.87, respectively. The corresponding 
percentages of alignment (Geimer 1982) were 
78 and 50. The overall mean panel specific 
gravity was 0.70. All panels had vertical den- 
sity gradient across panel thickness as shown 
in Wu and Ren (2000). 

Effect c!f'proce.ssing variab1e.s on measured 
MOE, MOR, and LE 

Fluke alignment level.-The effect of FAL 
on specific MOE, specific MOR, and LE was 
significant at the 5% significance level (Table 
3). For panels with FWR = 0 or 1 (i.e., single- 
layer boards), change in the alignment level 
led to significant change in MOE, MOR, and 
LE values (Table 2). At FWR = 0, panel MOE 
and MOR increased and LE decreased in the 
parallel direction, while MOE and MOR de- 
creased and LE increased in the perpendicular 
direction as the alignment level increased. The 
opposite was true for panels with FWR = 1. 
For three-layer boards (0 < FWR < I), the 
effects of FAL on both bending and swelling 
properties were more complicated as FWR 
also affected their values. At the 6% RC, FAL 
had significant effect on MOE at the 5% sig- 
nificance level. There was, however, no sig- 
nificant effect of FAL on MOE at the 4% RC 
level. Thus the combined effect of RC and 
FAL was not significant (Table 3). At a given 
FWR and RC level, panels at the high FAL 
had smaller LE, and thus had improved in- 
plane dimensional stability, compared with the 
panels at the lower FAL (Table 2). 

Flake weight ratio.-MOE, MOR, and LE 
of the OSB panels varied largely with FWR 
at a given alignment and RC level as shown 
in Table 2. As FWR increased, both MOE and 
MOR increased in the parallel direction and 
decreased in the perpendicular direction. On 
the other hand, LE decreased in the parallel 
direction and increased in the perpendicular 
direction as FWR increased. Statistical analy- 
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TABLE 2. Summary of test results qf static bending and LE properties along the two principal directions. 

Parallel Perpend~cular 

Board M C' MOEL MORC LE"CL MOE' MORL LE" 
type" FWR Kh (%) SGC (MPa) (MPa) (B) 1%) SGL (MPa) (MPa) (9%) 

HAL 0.0 6.71 4.5 0.71 1459.8 12.43 1.74 4.3 0.73 14849.7 93.00 
4% 0.3 6.35 4.6 0.68 8062.5 46.36 0.17 4.6 0.67 6779.9 53.87 
RC 0.4 5.02 4.7 0.73 9231.1 59.83 0.12 4.6 0.68 5130.2 42.97 

0.5 6.57 4.6 0.68 12009.4 78.53 0.1 1 4.4 0.72 4955.8 44.68 
0.6 6.63 4.6 0.67 11516.4 65.60 0.1 1 4.5 0.68 2957.9 30.14 
1.0 6.71 4.3 0.73 14849.7 93.00 0.07 4.5 0.71 1459.8 12.43 

HAL 0.0 5.82 4.6 0.71 1495.3 14.55 1.65 4.3 0.74 15621.8 94.31 
6% 0.3 5.78 4.5 0.68 8720.9 54.55 0.15 4.3 0.75 7507.6 63.59 
RC 0.4 6.09 4.6 0.65 9689.5 59.22 0.13 4.5 0.69 5909.5 51.27 

0.5 6.45 4.5 0.68 11023.5 70.79 0.1 1 4.4 0.70 3503.9 37.02 
0.6 6.99 4.5 0.69 12157.6 70.04 0.10 4.3 0.65 2528.4 24.75 
1.0 5.82 4.3 0.74 15621.8 94.31 0.06 4.6 0.71 1499.3 14.55 

LAL 0.0 2.42 4.8 0.67 2836.2 22.58 0.52 4.8 0.63 8707.1 57.17 
4% 0.3 1.54 4.5 0.73 7597.2 53.92 0.20 4.4 0.72 6812.3 56.24 
RC 0.4 1.51 4.6 0.73 9310.4 62.92 0.15 4.5 0.72 5503.8 47.22 

0.5 1.84 4.6 0.72 9675.7 61.22 0.14 4.5 0.72 5252.5 47.65 
0.6 1.32 4.7 0.66 8262.5 51.63 0.11 4.5 0.70 4132.3 35.78 
1.0 2.42 4.8 0.63 8707.1 57.17 0.08 4.8 0.67 2836.2 22.58 

LAL 0.0 2.46 4.5 0.75 2876.9 26.57 0.56 4.8 0.68 11685.3 81.35 
6% 0.3 1.47 4.6 0.66 6811.3 42.35 0.18 4.3 0.70 6548.9 52.53 
RC 0.4 1.67 4.5 0.69 7835.1 54.78 0.18 4.4 0.71 5271.8 43.05 

0.5 1.79 4.5 0.67 8372.8 53.95 0.14 4.6 0.66 3936.8 35.11 
0.6 1.62 4.6 0.68 9020.8 56.66 0.11 4.6 0.69 4680.3 37.73 
1.0 2.46 4.5 0.75 11685.3 81.35 0.08 4.8 0.68 2876.9 26.57 

" HAL-High altgnment level; LAL-Low alignment Icvel; RC-Resln content. 
K-Concentration parameter (Wu 1999). 

'The value3 \hewn are mean\ of two samples at each conditinn. 
" LE-Linear Expansion of OSB panels condihoncd from 35% t o  93% RH. The values shown are mean5 of four samples at each condition. 

TABLE 3. Re.sults of the two ,factorial ANOVA on the ef- 
,f'ect of panel processing variables on LE, specijc MOE, 
and specijc MOR. 

LE Specific MOEh Speclliu MORC 
Var~nhlcs" (mmlmm) W P a )  (MPa) 

AL Sd S S 
FWR S S S 
MD NSe S S 
RC NS NS NS 
AL X FWRf S S S 
MD X FWRf S S S 
RC X FWRf NS NS NS 
RC x A L ~  NS NS NS 
MD x A L ~  NS NS NS 
RC X MDf NS NS NS 

" AL-alignment levcl. FWR-Hake weight ratto. MD-matenal direction, 
and RC-rcsln content. 

Specilic MOE = MOEISpecific gravity (SG). 
Specific MOR - MORlSpecnfic gravity (SG). 

" S-vgnlticant at the 5% signific&nce level. 
' NS-not \ignlficant at the 5'3'0 sign~ficance levcl. 
' Comb~ned cffecl of the two var~ahlcs ~ h o w n  

sis (Table 3) shows that the effect of FWR was 
significant for LE and specific MOR and 
MOR at the 5% significance level. The com- 
bined effect of FWR with alignment level and 
material direction was also significant (Table 
3). Therefore, FWR is one of the primary var- 
iables, which controls in-plane bending and 
swelling properties of OSB. 

Resin content.-For a given panel type, 
measured MOE and MOR were slightly larger 
and LE was smaller at the 6% RC level, com- 
pared with the values at the 4% RC level. 
However, statistical analysis showed no sig- 
nificant effect of RC on specific MOE, specific 
MOR, and LE at the two RC levels used (Ta- 
ble 3). The combined effect of RC with FWR, 
material direction, and alignment level was 
also not significant. Thus, RC at the levels 
used was not a significant variable influencing 
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0 0 2 0.4 0.6 0 8 1 
Flake Weight Ratio (FacelTotal) 

FIG. 4. Relationship between panel shelling ratio 
(PSR) and flake weight ratio (FWR) of OSB under a: dry 
(5.2% MC) and b: wet (21.6% MC) conditions. Symbols 
are measured data and lines are regression results. 

the OSB's properties. The results agreed with 
earlier findings for the single-layer, uniform 
density oriented strand panels (Wu 1999). 

Material direction.-There was significant 
effect of material direction (parallel or perpen- 
dicular) on measured specific MOE and MOR 
(Table 3). The effect of material direction on 
LE was significant for the single-layer boards 
(FWR = 0 and 1). For the three-layer boards 
(FWR = 0.3, 0.4, 0.5, and 0.6), however, the 
effect of material direction on LE was not sig- 
nificant mainly due to large variability of the 
LE data. 

Relationship between PSR and FWR 
Variation of the measured PSR in relation 

with FWR is shown in Fig. 4 (a: dry and b: 

wet). Actual MC of the specimens at the dry 
and wet conditions averaged 5.2% and 21.6%, 
respectively. Measured layer thickness data 
showed a considerable variation at each FWR 
under both dry and wet conditions. The vari- 
ation was due to the fact that there was no 
uniform and clear boundary between face and 
core layers for a given board structure. During 
pressing, flake layers within the plane of the 
panel were bent to various degrees depending 
on the actual number of flake layers at the giv- 
en positions. This caused a wave-like bound- 
ary between face and core layers, which made 
it difficult to determine PSR accurately for a 
given panel. 

Based on the measured data, the following 
relationships between PSR and FWR were es- 
tablished for the material: 

PSR = n (FWR) = 0.1375 + 0.6125FWR 

Wet 

PSR = n (FWR) = 0.1208 + 0.6401FWR 

PSR would be directly proportional to FWR 
with proportionality equal to 1 ,  if face and 
core layers were compressed to the same de- 
gree during hot pressing. However, due to den- 
sification of the face layers, the slope of the 
PSR-FWR line was smaller than unity. Thus, 
the slope of the PSR-FWR line for a given 
panel would depend on the degree of com- 
pression between face and core layers. The re- 
gression models for both dry and wet condi- 
tions showed similar trends. The larger slope 
of the PSR-FWR line under the wet condition 
indicated a larger TS rate of the face layer 
compared with the core layer during the wet- 
ting process. The regression equations were 
used in the model to determine layer thickness 
between face and core (Eq. 9) for a given 
board type. 
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0 20 40 60 80 100 0 20 40 60 80 100 
Flake Weight Ratio (%) Flake Weight Ratio (%) 

FIG. 6 .  Effective modulus (a and b) and linear expansion (c and d) as a function of panel FWR for panels at high 
FAL and 4%) RC (a and c) and low FAL and 6% RC (b and d). Symbols are measured data and lines represent predicted 
valucs. 

ing). The LE values along the two directions 
reached a similar value at FWR = 0.6. This 
point was shifted to the right compared with 
EM curves (Fig. 6a and Fig. 6b). After this 
point, LE in the parallel direction became 
smaller than the value in the perpendicular di- 
rection. The model's prediction of LE under 
all FWRs matched experimental data well, 
considering the complex nature of OSB's 
swelling behavior. 

From the above discussion, it can be seen 
that the proposed model can be used to predict 
in-plane EM and LE of OSB accounting for 
various interactive factors such as FAL, FWR, 
density gradient, and RC. This provides an an- 
alytical tool for optimizing the balance be- 
tween EM and LE in the manufacturing of 
OSB. 

Predicting swelling stress and strain 

Typical swelling stress distributions pre- 
dicted by the model are shown in Fig. 7a for 
panels at a given FWR (i.e., 0.3) subjected to 
two RH exposure conditions (i.e., 35% to 45% 
and 35% to 93%) and Fig. 7b for panels at 
various FWRs (i.e., 0.3, 0.5, and 1) subjected 
to the same RH exposure condition (i.e., 35% 
to 93%). For a given panel type, the magni- 
tude of the swelling stresses increased with an 
increase in the RH exposure range. Under the 
swelling condition shown in Fig. 7a, two face 
layers were subjected to tension and the core 
layer was subjected to compression for the 
parallel specimens. In these specimens, the 
face layers had flakes oriented along the par- 
allel direction and the core had flakes oriented 
along the perpendicular direction. This led to 
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FIG. 7. Predicted internal swelling stresses across panel thickness. (a) panels of a given FWR (0.3) at two RH 
exposure levels and (h)  panels of various F W R s  at one  RH exposure condition (35% to 93%,RH). 
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Relationship between LE and MC change 

A curvilinear relationship between LE and 
MC change (MCC) was observed for the OSB 
(Fig. 5). Due to the asymptotic nature of the 
LE-MCC curve, LE rate was larger at the low- 
er MC levels. As the MC levels increased, 
however, the swelling rate became smaller. 
The LE-MCC curves in the parallel direction 
showed more asymptotic tendencies than those 
in the perpendicular direction. For single-lay- 
er, oriented strand panels, Wu (1999) showed 
that the LE-MCC curve in the parallel direc- 
tion was curvilinear. The curve was almost 
linear in the perpendicular direction, following 
the transverse swelling behavior of solid 
wood. The curvilinear behavior of LE ob- 
served in this study for the three-layer boards 
indicated the dominant effect of the flake layer 
along the parallel direction for controlling the 
LE behavior of OSB. For a given MCC, FWR 
increase led to LE decrease in the parallel di- 
rection and to LE increase in the perpendicular 
direction (Table 2 and Fig. 5) .  This indicated 
the balancing effect of the cross-lamination in 
OSB. Despite the difference in actual LE val- 
ues for boards at various FWRs, the general 
shape of LE-MCC curves was similar among 
the boards of different constructions. 

For a given MCC, the measured LE data 
varied significantly among the specimens test- 
ed, similar to the behavior observed in other 
studies (e.g., Wu and Suchsland 1996; Wu 
1999). This was caused by the difference in 
actual flake orientation distribution among 
various specimens. The predicted LE as a 
function of MCC for boards at various FWRs 
matched the experimental data reasonably 
well, considering the complex nature of OSB 
itself and various empirical relationships for 
the material properties used. 

Predicting effective modulus and LE as a 
function of FWR 

Predicted effective modulus, EM, of the 
OSB as a function of FWR is plotted in com- 
parison with the experimental data in Fig. 6a 
and Fig. 6b for high and low alignment panels, 

respectively. The effect of FWR on the mag- 
nitude of EM along the two different direc- 
tions is clearly seen in the graph. At a given 
alignment level, EM increased in the parallel 
direction and decreased in the perpendicular 
direction as FWR increased (Fig. 6a and Fig. 
6b). At the low FWR, EM in the machine (or 
parallel) direction was smaller than the value 
in the cross-machine (or perpendicular) direc- 
tion. This was due to the fact that only a small 
portion of the flake was aligned in the parallel 
direction. As FWR increased, EM in the par- 
allel direction increased due to an increased 
amount of flakes aligned in this direction. At 
the same time, EM in the perpendicular direc- 
tion decreased due to the decreased amount of 
flakes aligned in the direction. EM in both di- 
rections reached a similar value at a FWR val- 
ue between 0.2 and 0.3. Further increase in 
FWR led to a larger EM in the parallel direc- 
tion compared to the value in the perpendic- 
ular direction. At a given FWR, no significant 
effect of RC on EM was observed at both 
alignment levels. However, EM was signifi- 
cantly influenced by flake alignment level as 
shown in the graph (Fig. 6a and Fig. 6b). At 
both alignment levels, predicted EM matched 
closely to the measured values at various 
FWRs. The general EM-FWR trend was also 
in close agreement with those reported for lab- 
oratory-made and commercial OSB (Xu 2000; 
Wu and Suchsland 1996). 

Predicted LE curves as a function of FWR 
for the OSB are shown in Fig. 6c and Fig. 6d 
for high and low alignment panels, respective- 
ly. Similar to EM, FWR played a significant 
role in balancing the LE values between the 
two directions as shown in the graphs. How- 
ever, the LE-FWR relationship at a given di- 
rection followed a reverse trend compared 
with EM. At FWR = 0 (i.e., single-layer 
boards with all flakes aligned along the per- 
pendicular direction), LE in the parallel direc- 
tion was many times larger than the value in 
the perpendicular direction. The effect of 
alignment level on LE is clearly seen with 
these single-layer boards (Fig. 6c versus Fig. 
6d). The decrease in the alignment level 
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Moisture Content Change (%) Moisture Content Change (%) 

FIG. 5. Linear expansion as a function of sample MC change along the two principal directions (parallel: a and b; 
perpendicular: c and d) for the three-layer panels at two FWRs (0.3: a and c;  0.5: b and d). The starting MC was on 
average 5.2%. Data shown were from panels at low FAL and 6% RC. Symbols are measured data and lines represent 
predicted values. 

caused significant LE decrease in the parallel ed along the parallel direction (less longitu- 
direction, while there was relatively little dinal wood swelling). At the same time, LE in 
change in the perpendicular direction. As the the perpendicular direction increased due to 
FWR increased, LE in the parallel direction the contribution from the cross-laminated 
decreased due to the contribution from the flakes in the face layer oriented along the par- 
cross-laminated flakes in the face layer orient- allel direction (more transverse wood swell- 
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a smaller free LE in the face layers and a larg- 
er free LE value for the core layer. During the 
swelling process, the core layer tried to swell 
to its potential, but was restricted by the face 
layers. This action put the core layer in com- 
pression. As a reaction, the face layers were 
under tension in order for the specimen to be 
at an equilibrium stress state. The opposite 
was true for the perpendicular specimens as 
seen in the graph. The relatively flat stress dis- 
tribution in the core layer for both parallel and 
perpendicular specimens was due to a gradual 
density decrease, which caused modulus de- 
crease, towards the centerline of the sample. 
The effect of FWR on the magnitude of the 
swelling stresses is clearly seen in Fig. 7b. For 
a given exposure range (e.g., 35% to 93%RH), 
single-layer boards (FWR = 0 or 1) had rel- 
atively small swelling stresses across panel 
thickness. In these boards, the swelling stress- 
es were caused mainly by the density gradient 
across panel thickness, which led to differen- 
tial MCC and moduli between face and core 
layers. As soon as a certain portion of flakes 
was cross-laminated (i.e., three-layer struc- 
ture), the swelling stresses increased signifi- 
cantly due to differential swelling potentials 
between cross-laminated flakes. The smaller 
the FWR, the larger the stresses at the face 
(tension for the parallel specimens and com- 
pression for the perpendicular specimens). For 
panels with smaller FWR values, only a small 
portion of the flakes was cross-laminated. Dur- 
ing the swelling process, these flakes must re- 
act to a larger portion of the flakes oriented in 
the direction perpendicular to them having a 
different swelling potential. The action created 
swelling stresses of significant magnitude in 
the face layer. As FWR increased, the amount 
of flakes in the face layer became comparable 
to that in the core layer, which led to more 
balanced swelling stress distributions. 

A typical instantaneous stress-strain rela- 
tionship predicted by the model is shown in 
Fig. 8. The face flakes were aligned along the 
parallel direction and thus had smaller strains 
in the parallel direction. The core flakes were 
aligned along the perpendicular direction and 

Strain (mrnlrnm) 

0 006 0 

Core 

FIG. 8. Predicted instantaneous stress and strain rela- 
tionship at the surface layer (a: face-0.5 mm deep from 
the surface and b: core-6.75 mm deep from the surface) 
for panels with FWR = 0.3 and RH change from 35% to 
93%. 

(08  

thus had larger swelling strains in the parallel 
direction. For the given FWR (i.e., 0.3) and 
RH exposure range (i.e., 35-93%), the stresses 
were large enough to cause instantaneous plas- 
tic deformation in both face and core layers. 
This indicates that a pure elastic approach 
would lead to a significant overestimate in the 
swelling stresses and underestimate in panel 
deformation for these panels. In all single-lay- 
er boards (FWR = 0 or l), internal swelling 
stresses were not large enough to cause in- 
stantaneous plastic deformation in a given ma- 
terial direction, due to the similar swelling po- 
tentials among the layers across panel thick- 
ness. Thus, the stress-strain model adopted in 
this study was able to handle both linear and 
nonlinear conditions to provide an accurate 
prediction of in-plane stability behavior of 
OSB. 

CONCLUSIONS 

The in-plane stability behavior of three-lay- 
er OSB under varying environmental condi- 
tions was investigated through model analysis 
in the study. It was shown that PSR, LE, 
MOE, and MOR along both directions varied 
largely with panel processing variables. FAL 
and FWR were found to be the two primary 
factors for controlling in-plane bending and 
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swelling behavior of OSB at the RC levels 
used. LE followed a general curvilinear rela- 
tionship with MC change, with a larger swell- 
ing rate at the lower MC ranges. 

The predicted panel EM and LE as a func- 
tion of FWR at various alignment and resin 
content levels demonstrated the balancing ef- 
fect of cross-lamination, and the results agreed 
well with measured data. The predicted swell- 
ing stresses followed well-expected patterns, 
providing further insight into the complex 
swelling behavior of OSB. The model allows 
studying interactive influences of several pro- 
cessing variables including alignment level, 
flake weight ratio, and resin content. It pro- 
vides an analytical tool for optimizing the bal- 
ance between effective modulus and linear ex- 
pansion for OSB manufacturing. 
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