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ABSTRACT 

Sorption measurements for oriented strandboard (OSB) were carried out under cyclic relative hu- 
midity (RH) conditions at 25°C. The measurements were made by placing test materials in a climate- 
controlled conditioning chamber until the specimens reached their steady-state equilibrium moisture 
content (EMC) at each given RH. The EMC-RH data were fit to Nelson's sorption model through 
nonlinear regression analysis. The model was subsequently used to develop procedures for predicting 
EMC distribution in a board with a vertical density gradient and for predicting mean EMC change of 
OSB under cyclic RH exposure conditions. 

It was shown that Nelson's model can be used to describe the sorption data of OSBs manufactured 
under various processing conditions. The parameters that define the sorption isotherm varied with 
sorption mode (adsorption or desorption) and processing variables. In a board with a vertical density 
gradient, the lower density range (core) reached higher EMCs than the higher density range (face) at 
a given RH level. Thus, it would be more appropriate to use an EMC distribution across panel 
thickness rather than a mean panel MC when modeling linear expansion and thickness swelling char- 
acteristics of OSB. Under long-term cyclic exposure condition, OSB's sorption isotherms are repro- 
ducible and can be predicted accurately with the model. 

Keywords: Adsorption, desorption, EMC, moisture, OSB, sorption models, structural panels. 

INTRODUCTION ing, moisture permeates into or out of the ma- 

Oriented strandboard (OSB) is often ex- 
posed to various environmental conditions 
during applications. One such application is 
exterior panels (e.g., OSB siding). A protec- 
tive coating must then be used, but the varia- 
tions of board moisture content (MC) are still 
quite high. In other applications, including 
wall and roof sheathing and single-layer floor- 

terial due to seasonal variation in environmen- 
tal conditions, which causes the product to ex- 
pand and contract. Repeated moisture cycling 
often leads to warped and bowed boards, 
pushed out nails, and the separation of the 
panel from the structure (Burch and Thomas 
1991). Prediction of OSB's performance char- 
acteristics (e.g., stability and strength) under 
all these circumstances requires a detailed 
knowledge of MC change and its relationship 

I This paper (No: 99-22-0343) is published with the ap- with environmental conditions (i.e., relative 
provai of the Director of the Louisiana Agricult~~ral Ex- 
periment Station. humidity (RH) and temperature). 

t Member of SWST. The relationships between equilibrium 
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moisture content (EMC), RH, and temperature 
are known as sorption isotherms. Earlier work 
(Suchsland 1972; Richards et al. 1992; Wu 
and Suchsland 1996; Wu 1999b) in the field 
showed that wood composite materials have 
sorption isotherms that are different from 
those of solid wood. The difference was attrib- 
uted largely to heat and pressure treatments 
that occur during wood composite manufac- 
turing processes. Other studies (Halligan and 
Schniewind 1972; Geimer 1982) showed that 
panel density and resin content (RC) level af- 
fect the EMC at a given RH. However, little 
quantitative and systematic information is 
available for analyzing the effect of panel pro- 
cessing parameters on the sorption isotherms 
and for predicting long-term sorption behavior 
of OSB at varying exposure conditions. In this 
study, the EMCs of OSB manufactured urtder 
different processing conditions were measured 
under cyclic RH conditions at 25OC. The ob- 
jectives of the study were: a) to determine 
sorption isotherms of OSB under cyclic RH 
exposure conditions; b) to fit the sorption data 
with an analytical model and to investigate: ef- 
fects of processing variables on model param- 
eters; and c) to predict EMC distribution as a 
function of position in a panel with vertical 
density gradient and mean EMC changes un- 
der cyclic exposure conditions. 

BACKGROUND 

Relatively little literature is available. in 
which the effect of wood composite process- 
ing on EMC for various RH levels has been 
studied. Jorgensen and Odell (1961) investi- 
gated dimensional stability of oak flakeboiuds 
and found that EMC increased with increases 
in resin spread while thickness changes were 
limited. Unassembled flakes that had resin 
treatment also equalized at a higher EMC in 
adsorption than either the dried or freshly cut 
flakes. Halligan and Schniewind (1972) pre- 
sented sorption isotherms for two particle- 
boards of different densities and different ad- 
hesive levels (urea-formaldehyde). They 
showed that board density was the most sig- 

nificant factor in reducing EMC; as density m- 
creased within each resin level, EMC cle- 
creased. Only at relative humidity above 90% 
was the EMC consistently reduced as the resin 
content increased. The reduced EMC at higher 
resin content levels was attributed to the 
blocking of sorption sites by the adhesive or 
to the adhesive itself. Similarly, Geirner 
(1982) showed that EMC decreased with in- 
crease in panel density for laboratory-made 
flakeboard and attributed the behavior to the 
lack of sorption sites for the high density 
boards. 

Heat and pressure treatments are often at- 
tributed to the lower EMC values in wood- 
based panel products (Suchsland 1972; Gei- 
mer 1982). Suchsland (1972) measured so~p-  
tion isotherms for ten commercial particle- 
boards of both interior and exterior types. All 
boards exhibited large sorption hysteresis. 
Suchsland (1972) theorized that exposure to 
high temperatures commonly encountered in 
drying was responsible for the reduced hygro- 
scopicity of particleboard as compared to solid 
wood. He also pointed out that press temper- 
atures for the exterior particleboard are higher 
than those used for interior particleboard, pos- 
sibly accounting for the lower hygroscopicity 
of the exterior boards. Repeated moisture cy- 
cling was shown to reduce the sorption hys- 
teresis for both types of particleboard, leading 
to a gradual recovery of the lost sorption abil- 
ity. Thus, sorption isotherms for particleboard 
were generally not reproducible under the cy- 
clic exposure conditions. Very few experimen- 
tal data are, however, available about the effect 
of cyclic moisture treatments on the sorption 
behavior of flake-type wood composites such 
as OSB. 

Wood-based panels, including OSB, are 
manufactured with higher density faces and a 
lower density core to increase their bending 
properties (e.g., Harless et al. 1987). Because 
of the effect of panel density on its EMC, face 
and core layers of these products will arrjve 
at different moisture levels when the panel is 
equilibrated at a given RH and temperature 
(Jorgensen and Odell 1961). This creates an 
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EMC distribution across panel thickness, the fiber saturation point for desorp- 
which influences the swelling characteristics tion (%). - 
(e.g., linear expansion) of the panel. A theo- 
retical analysis of the swelling and durability 
behavior thus requires a detailed knowledge of 
the EMC distribution across panel thickness 
for panels with vertical density gradient. 

Various theories have been developed to de- 
scribe sorption rates in solid wood. Anderson 
and McCarthy (1963) derived an equation for 
Type I1 adsorption on the basis of an expo- 
nential relationship between MC and differ- 
ential heat of wetting. Combination of this ex- 
ponential relationship with a form of the 
Gibbs-Helmholtz equation from thermody- 
namics results in a sigmoid relationship be- 
tween MC and RH when temperature is con- 
stant. They showed that their isotherm accu- 
rately reproduces adsorption data for a number 
of fibrous materials over a range of relative 
humidities from 10 to 85%. Simpson (1971, 
1973) developed nonlinear regression methods 
to fit sorption data for wood to several math- 
ematical models of Type I1 adsorption. He 
found that the EMC of wood can be repro- 
duced well with these techniques. Nelson 
(1983) developed a model based on Gibbs free 
energy to describe the Type I1 sorption behav- 
ior of cellulosic materials. The model is of the 
form 

Wu and Suchsland (1996) and Wu (1999b) 
applied the model to various wood composites 
and overlays. The model was shown to de- 
scribe the isotherms accurately. However, ef- 
fects of processing variables on the model pa- 
rameters for different products were not in- 
vestigated in the study. Determination of these 
effects will enable the prediction of EMC dis- 
tribution across panel thickness and long-term 
sorption behavior of wood composites under 
cyclic exposure conditions. 

MATERIAL AND METHODS 

Board fabrication 

Forty-four single-layer and thirty-two three- 
layer OSB panels were manufactured for the 
study. The details of flake preparation and the 
panel manufacturing process are given in Wu 
(1999a). The single-layer panels (609.6 X 
71 1.2 X 12.7 mm) were pressed to thickness 
in a cold press and were then heated under 
pressure to cure the adhesive. The three-layer 
boards (609.6 X 609.6 X 12.7 mm) were 
pressed in a conventional manner for 8 rnin at 
a temperature of 190°C. All boards were made 
with 0.5% wax at the 4% and 6% resin content 
levels. After pressing, the boards were 
weighed and measured for thickness. The pan- 
els were then trimmed to reduce the edge ef- 
fects on test specimens. 

where: Flake orientation distribution 

RH = relative humidity in percent 
exp = exponential function 
W, = molecular weight of water (18 

mole ' )  
R = universal gas constant (1.9858 caV 

molePK) 
T = absolute temperature (OK) 
A = natural logarithm (In) of Gibbs free 

energy per gram of sorbed water as 
RH approaches zero (AG,, caVg), i.e., 
A = ln(AG,), and 

Mv = a material constant that approximates 

One hundred and twenty flakes were ran- 
domly selected from the top surface of each 
panel. The flakes were traced on to clear plas- 
tic film by drawing parallel lines along the 
long direction of the flakes. The orientation of 
each traced line was measured (Wu 1999a). 
The underlying flake orientation distribution 
was assumed to be the von Mises probability 
distribution (Harris and Johnson 1982). To ob- 
tain the concentration parameter, the alignment 
percent defined by Geimer (1982) and mean 
flake angle among the number of flakes mea- 
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sured were calculated for each panel. The 
look-up table published by Shaler (1991) .with 
the alignment percent and mean angle as input 
was used to obtain the concentration parame- 
ter. 

Density profile 

Six 50.8 X 50.8 X 12.7 mm specimens were 
cut from each panel to determine the density 
profile across panel thickness. All specinlens 
were conditioned to reach equilibrium at (50% 
RH and 25°C. Density profile in the specimen 
thickness direction was then determined on an 
X-ray based Quintek Density Profiler (Model 
QDP-OlX). The specimens were positioned 
during measurements with the top surface as 
the starting position. The measured density 
values were given as a function of position at 
an increment of 0.0508 mm. The density val- 
ues at the same position for the six specinzens 
from each panel were averaged to obtain the 
average density profile for each panel. The 
density data (position and density) were read 
into the simulation program to study effects of 
density on the EMC distribution across panel 
thickness. 

Sorption tests 

Sorption tests were conducted in conjunc- 
tion with thickness swelling and linear expan- 
sion measurements. Two samples, 25.4 X 
304.8 X 12.7 mm, were cut along each of the 
two principal directions from each board, to- 
taling 152 samples for each direction. 'This 
gave four replications for each combination of 
density, flake alignment level, and resin con- 
tent. They were numbered according to board 
type, material direction (parallel or perpendic- 
ular), and replication number. 

All specimens were initially dried in a con- 
vection oven at 60°C to reach a constant 
weight. Measurements, including specimen 
weight, length, width, and thickness of each 
specimen, were made at the dry state. The 
specimens were conditioned to reach equilib- 
rium according to the following scheme: 

1" Cycle: Dry + 35% + 55% -+ 75% 

+ 85% -+ 93% + 75% 

2nd Cycle: + . . .  + 7 5 % + . . .  

+ 93% + . . . + 35% 

31d Cycle: + . . .  -+75%+ . . .  

+ 93% + . . . + 35%) 

+ OD. 

For both single-layer and three-layer boards, 
the exposure time was 12 months for the first 
cycle and 6 months each for the two subse- 
quent cycles. The measurements (specimen 
weight, length, width, and thickness) were re- 
peated at each RH condition. Finally, all spec- 
imens were oven-dried for 24 h at 103 2 ;!"C 
to determine their oven-dry weight and di- 
mension. 

Fitting Nelson's model 

Experimental data of EMCs at various R.Hs 
were fit to the inverse form of Eq. (I): 

to determine the material parameters A and 
Mv for the model (Wu 1999b). A regression 
analysis was performed with the measwed 
EMC as the dependent variable and trans- 
formed relative humidity, RHT, as the in~de- 
pendent variable: 

EMC = Mv + B RHT (3) 

where, B = -Mv/A, and RHT = In[(-R.T/ 
W,)ln(RWlOO)]. Parameters Mv and A from 
the regression analysis were expressed a!; a 
function of processing variables using S.AS 
(SAS Institute 1996) as: 

where: 

P = property: Mv or A 
RC = resin content (%) 
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SG = panel specific gravity TK 
K = concentration parameter for the 

von Mises distribution 
SR = shelling ratio, i.e., dry flake 

weight ratio between face and 
core layers in a three-layer board 

a, b, c, d 
and e = regression constants. 

In fitting Eq. (4), natural logarithm trans- 
formation of both dependent variables (MY 
and A) and independent variables (RC, K, SG, 
and SR) was first performed. A multilinear re- 
gression analysis based on a backward selec- 
tion procedure was then made with the trans- 
formed variables. The backward selection pro- 
cedure removed insignificant terms at the 0.05 
significance level from the model. 

Predicting internal EMC distribution for 
three-layer boards 

To predict internal EMC distribution for 
three layer boards with a vertical density gra- 
dient at a given RH level, panel thickness was 
divided into a number of N layers (Fig. 1). 
Average specific gravity of layer i, SGL(i'), was 
calculated from the measured density profile 
within the layer: 

where: 

FIG. I .  Division of panel thickness into a number of 
N layers for predicting EMC distribution across panel 
thickness and panel sorption isotherm. 

SG,(i) = average specific gravity of the lay- N 
er i 

SGNp(j) = measured specific gravity at nodal 
point j in the layer i 

n = total number of nodal points with- 
in the layer i. 

AL(i) and Mv,(i) of the layer were calculat- 
ed from Eq. (4) using calculated SG,(i) and 
panel manufacturing variables (e.g., RC, AL, 
etc.). EMC,(i) of the layer was calculated from 
Eq. (2) with known AL(i) and Mv,(i). Finally, 
panel EMC at the given RH level was calcu- 
lated as: 

where N is the number of layers divided 
across board thickness. A computer program 
was written to perform the calculation outlined 
above. The calculation was repeated for vari- 
ous RH levels to generate sorption isotherms 
for different panels. The simulated sorption 
isotherm for a given panel type was compared 
with measured EMC data from the first ex- 
posure cycle. 
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Predicting EMC under cyclic exposure 
conditions 

For each panel type, the model parameters, 
A and M,, from the first adsorption and de- 
sorption cycle were used to predict ElMC 
change of the subsequent adsorption and de- 
sorption cycles respectively using Eq. (2). 
This was done to see whether the isothe~ms 
are reproducible under cyclic exposure con- 
ditions and whether the characterized model 
Eq. (2) from the first exposure cycle can be 
used to predict EMC change of subsequent ex- 
posure cycles. The predicted EMCs were com- 
pared to the measured values for various pan- 
els. 

RESULTS AND DISCUSSION 

Flake orientation distribution and density 
projle 

Initial measurements of board properties in- 
cluded flake orientation distribution, density, 
and vertical density gradient across panel 
thickness. A comparison of measured flake 
orientation and density distributions for the 
single- and three-layer boards is shown in Fig. 
2. The concentration parameter averaged 9 23, 
2.34, and 0.13 for the single-layer boards with 
high, low, and random alignment levels, re- 
spectively (Fig. 2a). The corresponding align- 
ment percentages were 82%, 61%, and 5%. 
Random boards were not completely random 
(i.e., K was not equal to zero) according to the 
measured flake orientation distribution. For 
three-layer boards (Fig. 2c), the concentraltion 
parameter averaged 6.23 for high alignment 
boards and 1.87 for low alignment boards. 'The 
corresponding alignment levels were 78% and 
50%. For both single- and three-layer boards, 
as the value of K decreased, a greater percent- 
age of flakes was aligned towards the direction 
perpendicular to the major alignment direc- 
tion. Vertical density gradient for the single- 
layer boards at various panel density levels 
was effectively eliminated by using a cold 
press at closing (Fig. 2b). All three-layer 
boards had a regular vertical density prc~file 

across panel thickness as a result of hot press- 
ing (Fig. 2d). 

Figure 2 demonstrates the primary differ- 
ence between single- and three-layer boards 
manufactured for the study. Test data gener- 
ated from the single-layer uniform densj.ty 
boards enable the simulation of layer proper- 
ties for predicting panel behavior of a thre:e- 
layer board with density gradient. 

Sorption isotherms from the j r s t  exposure! 
cycle 

Isotherms.-Typical sorption isotherms 
from the first exposure cycle are shown in Filg. 
3 (a: single-layer board and b: three-layer 
board). The adsorption curve being lower than 
the desorption curve indicates a lower EN[C 
value at a fixed RH level as approached from 
adsorption (i.e., sorption hysteresis). For sin- 
gle-layer boards, boards at higher density lev- 
els reached lower EMCs at a given RH lev~el, 
especially at higher RH levels. For three-layer 
boards, the EMC difference between adsorp- 
tion and desorption at a given RH level was 
larger, compared to that of the single-layer 
boards. However, board density, resin conteint, 
flake alignment level, and board constructi~on 
variable (i.e., shelling ratio) had little effect ton 
the shape of the sorption curve. Thus, the gen- 
eral shape of all sorption curves is essentially 
the same. 

Density was a primary variable that affected 
EMC values of the single-layer boards at a 
given RH level. Also, the effect of density v;x- 
ied with RH levels. Statistical comparison us- 
ing SAS PROC REG showed that panel den- 
sity had no significant effect on EMC at the 
0.05 significance level under the 32% RH ex- 
posure condition (P-value = 0.084). However, 
density effect was significant at the 72%, 85'%, 
and 94% RH levels (P-value < 0.0001). At 
the higher RH levels, a higher panel dens~ty 
led to lower EMC values of the board. This 
result agrees with that reached by Halligan and 
Schniewind (1972) for particleboard and Gei- 
mer (1982) for flakeboard. This was attributed 
to the fact that more sorption sites are avail- 
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-90 -60 -30 0 30 60 90 
Flake Angle (degree) 

+ k=9.23 (HAL) f k=2.34 (LAL) + k.0.13 (RAL) 

-90 -60 -30 0 30 60 90 
Flake Angle (Degree) 

+ k=6.24 (HAL) + k=1.87 (LAL) 

0 2.55 5.1 7.65 10.2 12.75 0 2.55 5.1 7.65 10.2 12.75 
Distance From Top Surface (mrn) Distance from Top Surface (mm) 

FIG. 2. Measured flake orientation distribution (a: single-layer boards and c: three-layer boards) and density profile 
(b: single-layer boards and d: three-layer boards). RAL = random alignment level, LAL = low alignment level, and 
HAL = high alignment level. 

able for water sorption in low density boards 
than in high density boards. The larger 
amounts of wood material in the high density 
boards should not reduce the EMC as the hy- 
groscopicity of the wood is the same. How- 
ever, additional heating and pressing time re- 
quired for the high density boards may have 
reduced the hygroscopicity of the wood (Kelly 
1977). 

The average EMC for panels at 6% resin 
content levels was about 0.5% higher than the 
value from the boards at 4% resin content lev- 
el at all exposure levels. Thus, even though 
resin content had a significant effect on EMC, 
the EMC difference at the two resin content 
levels was practically small. Halligan and 
Schniewind (1972) reported that the EMC was 
reduced as the resin content increased only at 

RHs above 90%. They contributed the behav- 
ior to increased bonding efficiency at higher 
resin levels and to the increased amount of 
adhesive itself. 

Flake alignment level did not affect the 
EMC values significantly (P-value > 0.05). 
The reason for this is because different levels 
of flake alignment did not change the sorption 
sites in a panel under the same resin and den- 
sity level. 

Effect of panel processing parameters on 
EMC values reached was less obvious for the 
three layer boards. The EMC differences from 
boards at various levels of alignment, resin 
content, and shelling ratio (i.e., dry flake 
weight ratio between face and core layers) 
were within 0.5% at a given RH level, which 
is practically insignificant. This behavior was 
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0 10 20 30 40 50 60 70 80 90 100 
Relative Humidity (%) 

FIG. 3. Typical sorption isotherms of OSB (a: single-layer boards and b: three-layer boards). Dot line-measured 
data and solid line-predicted value by Nelson's moclel. 

primarily due to the fact that panel density had 
a dominant effect on EMC reached and there 
was only one density level used in the man- 
ufacture of the three-layer panels. 

Fitting the sorption model.-Nelson's mod- 
el fits the experimental EMC-RH data well 
with the estimated coefficient of determination 
varying from 0.92 to 0.99 (Fig. 3-lines). The 
model parameters (A and Mv) are summarized 
in Table 1 for single-layer boards and Table 2 
for three-layer boards. Typical plots of the pa- 

rameters from the single-layer boards as a 
function of panel density are shown in Fig. 4. 

The mean values of Mv were 24.5 for ad- 
sorption and 26.3 for desorption for all single- 
layer boards (Table 1). Mv decreased signifi- 
cantly with increase in panel density in ad- 
sorption, while only a slight decrease occurr~ed 
in desorption (Figs. 4a and 4c). Parameter M,, 
as defined in the Nelson's model, approxi- 
mates the fiber saturation point in desorption 
occurring in a reproducible sorption cycle. Tlhe 



412 WOOD AND FIBER SCIENCE, OCTOBER 2000, V. 32(4) 

TABLE 1 .  Results of regression analysis on sorption isotherms for single-layer boards with uniform density projile. 
Values in parentheses are standard deviations. 

Adyorptlon Desorption 

Bward type Specltic gra\'tty k MY (%) A (callg) MY (%) A (callg) 

4% Resin Content 

High alignment level 0.58 (0.06) 11.5 27.94 (0.20) 4.86 (0.04) 26.96 (0.25) 5.41 (0.04) 
0.84 (0.06) 9.47 24.52 (0.49) 5.30 (0.04) 26.26 (0.24) 5.42 (0.02) 
1.05 (0.03) 9.05 22.41 (0.32) 5.36 (0.09) 25.53 (0.38) 5.44 (0.04) 
1.23 (0.04) 8.67 22.13 (2.22) 5.20 (0.11) 24.86 (1.08) 5.40 (0.04) 

Low alignment level 0.62 (0.01) 2.35 26.72 (0.25) 4.84 (0.02) 27.29 (0.39) 5.30 (0.05) 
0.81 (0.03) 2.50 23.64 (0.45) 5.1 1 (0.09) 26.14 (0.50) 5.38 (0.05) 
1.01 (0.03) 2.29 21.93 (0.40) 5.54 (0.06) 25.97 (0.33) 5.38 (0.03) 
1.20 (0.01) 2.42 21.31 (0.30) 5.36 (0.05) 25.27 (0.46) 5.35 (0.03) 

Random alignment 0.59 (0.05) 0.15 26.01 (0.15) 4.89 (0.06) 27.84 (0.12) 5.25 (0.02) 
level 0.80 (0.04) 0.21 25.49 (0.61) 5.06 (0.04) 26.80 (0.41) 5.42 (0.03) 

0.95 (0.04) 0.15 23.97 (0.29) 5.15 (0.20) 25.45 (0.26) 5.45 (0.06) 

6% Resin Content 

High alignment level 0.59 (0.02) 9.69 27.78 (0.36) 4.80 (0.09) 27.46 (0.52) 5.36 (0.09) 
0.84 (0.02) 9.73 24.83 (0.66) 5.31 (0.09) 26.56 (0.10) 5.47 (0.03) 
1.03 (0.07) 8.49 23.18 (0.63) 5.48 (0.1 1) 25.86 (0.46) 5.45 (0.03) 
1.23 (0.04) 7.06 22.83 (2.13) 5.17 (0.15) 25.20 (1.07) 5.37 (0.07) 

Low alignment level 0.62 (0.02) 2.18 27.36 (0.24) 4.93 (0.02) 27.08 (0.14) 5.35 (0.02) 
0.83 (0.04) 2.36 23.82 (0.45) 5.36 (0.13) 26.41 (0.22) 5.44 (0.03) 
1.01 (0.02) 2.29 23.86 (1.03) 5.53 (0.20) 26.91 (0.33) 5.38 (0.03) 
1.15 (0.05) 2.33 23.57 (0.24) 5.41 (0.05) 26.71 (0.38) 5.38 (0.06) 

Random alignment 0.56 (0.04) 0.10 26.99 (0.35) 5.00 (0.05) 27.02 (0.31) 5.44 (0.04) 
level 0.74 (0.03) 0.13 24.78 (0.44) 5.18 (0.14) 25.93 (0.24) 5.47 (0.03) 

0.97 (0.04) 0.04 23.03 (0.43) 5.72 (0.06) 25.41 (0.21) 5.52 (0.02) 

TABLE 2. Results of the regression analysis on sorption isotherms for three-layer boards with density gradient. Values 
in parentheses are standard deviations. 

Adsorption Desorption 

Board type Specntic gravlty k MY (%) A (callg) MY (%) A (callg) 

4% Resin Content 
High alignment level 0.75 (0.03) 6.35 24.62 (0.37) 4.67 (0.09) 26.27 (0.24) 5.24 (0.02) 

0.76 (0.03) 5.02 24.75 (0.33) 4.62 (0.02) 26.23 (0.35) 5.24 (0.04) 
0.76 (0.02) 6.57 25.19 (0.29) 4.74 (0.04) 26.00 (0.26) 5.29 (0.02) 
0.75 (0.03) 6.62 25.73 (0.37) 4.72 (0.02) 26.73 (0.56) 5.28 (0.03) 

Low alignment level 0.74 (0.03) 1.54 24.89 (0.22) 4.77 (0.06) 26.61 (0.22) 5.30 (0.02) 
0.74 (0.03) 1.51 24.81 (0.31) 4.81 (0.04) 26.79 (0.23) 5.30 (0.03) 
0.74 (0.03) 1.84 25.25 (0.42) 4.80 (0.02) 26.94 (0.27) 5.30 (0.04) 
0.72 (0.02) 1.32 26.32 (0.17) 4.73 (0.05) 26.99 (0.35) 5.36 (0.19) 

6% Resin Content 

High alignment level 0.73 (0.03) 5.78 26.09 (0.51) 4.91 (0.04) 26.83 (0.24) 5.41 (0.04) 
0.75 (0.02) 6.09 25.81 (0.43) 4.87 (0.07) 27.53 (0.16) 5.33 (0.04) 
0.76 (0.04) 6.44 24.65 (0.38) 4.82 (0.09) 26.75 (0.16) 5.31 (0.03) 
0.75 (0.03) 7.00 25.43 (0.52) 4.89 (0.02) 26.08 (0.35) 5.40 (0.06) 

Low alignment level 0.71 (0.02) 1.47 26.40 (0.42) 4.70 (0.09) 25.90 (0.25) 5.42 (0.03) 
0.75 (0.02) 1.67 25.70 (0.54) 4.82 (0.05) 26.12 (0.56) 5.45 (0.06) 
0.71 (0.02) 1.79 26.60 (0.28) 4.89 (0.06) 26.67 (0.39) 5.46 (0.04) 
0.73 (0.02) 1.61 26.1 1 (0.17) 4.88 (0.06) 26.64 (0.76) 5.37 (0.12) 
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ADSORPTION 
k = 9.67 
RC = 4% 

4 
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.d 

Specific Gravity 
4 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 

Specific Gravity 

FIG. 4. Model parameters as a function of specific gravity for the single-layer boards. Adsorption (a: Mv and b: 
A) and Desorption (a: Mv and b: A). Dot line-measured and solid line-predicted by Nelson's model. 

larger M, values for cellulosic materials re- 
flect more sorption sites available so that thtere 
are higher saturation MCs associated with 
sorption in these materials. Nelson (1983) re- 
ported that the solid wood at 25OC had IMv 
values of 24.8 for adsorption and 29.6 for tie- 
sorption. The mean value of M, for OSB in 
adsorption was, thus, similar to that of sollid 
wood. However, the desorption value vvas 
about 3% smaller, indicating a reduced satu- 
ration point for the material. As shown in 'Ta- 
ble 1, parameter A ranges from 4.80 to 5.72 
with an average of 5.21 for adsorption and 
from 5.25 to 5.52 with an average of 5.40 for 
desorption for the single-layer boards. Para~m- 
eter A increased with increase in panel density 
in adsorption, while it varied little in desorp- 
tion (Figs. 4b and 4d). 

A multilinear regression analysis was aar- 

ried out to establish correlations between mod- 
el parameters (A and M,) and panel proces:s- 
ing variables (Eq. (4)). The regression equa- 
tions for adsorption are: 

and for desorption, 
M, = 25.14SG-O.O94XKO.Wl9*RCO.OI7X* 

R2 = 0.48 
A = 5~2~SG0.0143K-0.0015*RCOOO169* 

R2 = 0.17 

where variables marked with a "*" sign are 
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not significant at the cr = 0.05 level. Equations 
(7) and (8) indicate that effects of all process- 
ing variables (i.e., SG, RC, and k) on param- 
eters A and Mv for adsorption were significant 
at the 5% significance level. For desorption, 
however, panel SG was the only variable that 
had an effect on M,. Also, the overall corre- 
lations between the parameters and processing 
variables were weak for the desorption cycle. 
Equations (8) and (9) provide sorption param- 
eters as a function of processing variables for 
the individual strand layers with a uniform 
density. These functions enable the prediction 
of sorption behavior of OSB panels with den- 
sity gradient across panel thickness. 

Similar to the single-layer boards, Nelson's 
model provides an excellent fit to the EMC- 
RH data from the three-layer boards with den- 
sity gradient (Fig. 3b). Among all three-layer 
boards, the model parameter A ranges from 
4.62 to 4.91 (mean = 4.79) for adsorption and 
from 5.24 to 5.46 (mean = 5.34) for desorp- 
tion. The mean values of Mv were 25.5 for 
adsorption and 26.6 for desorption for three- 
layer boards. The desorption M, was also 
smaller than that of solid wood. A nonlinear 
regression analysis between model parameters 
and processing variables for all three-layer 
boards led to weak correlations between var- 
ious variables. The regression equations for 
adsorption are: 
Mv = 19.97SG-0.2802K0.0092RC0.0561SR0.0216 

and for desorption: 

where variables marked with a "*" sign are 
not significant at the 0.05 level. In the analy- 
sis, specimen density was also included in the 

model, even though there was only one target 
panel density. Equations (9) and (10) indicate 
that panel processing variables had little effect 
on the model parameters for the boards con- 
sidered. This implies that the sorption behav- 
ior was similar for those three-layer boards. 

Hysteresis ratio.-The hysteresis ratio, a ra- 
tio of the boundary adsorption MC to the 
boundary desorption MC (AD ratio) at a giv- 
en RH, was calculated as a function of relative 
humidity for both single- and three-layer 
boards. The ratios ranged from 0.81 to 0.95 
for single-layer boards and from 0.76 to 0.86 
for three-layer boards. The A/D ratios for 
three-layer boards were lower than those for 
single-layer boards, indicating a larger sorp- 
tion hysteresis for these boards. For both of 
single- and three-layer boards, the A/D ratios 
were higher at lower RH conditions. Stamm 
(1964) reported that the hysteresis (AD) ratio 
varies from about 0.75 to 0.90. This variability 
primarily depends upon the RH level and the 
nature of the sorbing material. Among the pro- 
cessing variables (density, resin content, flake 
alignment level, and shelling ratio) for both 
single- and three-layer boards, resin content 
was the only variable that affected the A/D 
ratio significantly. Boards made with 6% resin 
content had higher A/D ratios compared to 
those at the 4% RC level. 

Internal EMC distribution for boards with 
density gradient 

There were 250 measured density points 
(SG,,(j) in Fig. 1) with a uniform spacing of 
0.0508 mm for a 12.7-mm-thick panel. The 
panel was divided into twenty layers with the 
first five layers from each face containing 13 
density points and the rest 12 points. The in- 
dividual data points within each layer were av- 
eraged to get the mean density for the layer 
(SG,(i) in Fig. 1). Internal EMC distribution 
at a given RH level was predicted using the 
mean density and fitted model parameters 
(Eqs. (7) and (8)). 

Typical measured density profile and pre- 
dicted EMC distribution (at 90% RH exposure 
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1 + - 22 
a) 

Predicted EMC (Desorption) 

Predicted EMC (Adsorption) 

Measured SG 

Panel Properties 
SG = 0.74 RC = 4% 
SR = 30R0 k = 1.54 

0 . 5 y i ; ; ; 1 - 1 7  
1 2 3 4 5 6 7 8 9 I011121314151617181920 

Layer Number (from Top Panel Surface) 

b) 
Panel Properties 

SG = 0.74 RC = 4% 
SR = 30R0 k = 1.54 

60 70 80 
Relative Humidity (%) 

FIG. 5. Typical internal EMC distribution for a three-layer board with density gradient. (a) Predicted EMC at 90% 
RH level (board thickness = 12.7 mm) and (b) maximum differential MC as a function of RH. 
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S G = 0 7 4  
RC = 4% 
SR = 30/70 
k = 1 5 4  

- Predicted + Measured 

0 10 20 30 40 50 60 70 80 90 100 
Relative Humidity (%) 

FIG. 6. Predicted sorption isotherms for three-layer 
boards with density gradient in comparison with measured 
values. 

condition) across board thickness are shown 
in Fig. 5a. As shown, the maximum density 
occurred at the face region (about 1 mrn from 
the surface), while the minimum density value 
in the center of the panel. A reverse pattern of 
EMC occurred in both adsorption and desorp- 
tion. The face region had the minimum EMC 
value and the core had the maximum EMC 
value, reflecting the effect of density on panel 
EMC as shown earlier. Desorption cycle led 
to higher EMC values compared to the ad- 
sorption cycle (i.e., sorption hysteresis). Panel 
processing variables (i.e., RC, AL, and SR) 
had little effect on the shape of the EMC 
curve. 

The maximum differential MC (MDMC = 

Maximum face MC - Minimum core MC) 
within the panel was calculated as a f~~nction 
of RH. A typical plot of MDMC versus RH is 
shown in Fig. 5b. In adsorption, density gra- 
dient across board thickness had little effect 
on internal EMC distribution at low RH levels 
(i.e., below 50%). At the higher RH levels, 
however, lower core density led to a higher 
EMC value in the core, while higher face den- 
sity led to a lower EMC value. As a result, 
MDMC increased with an increase in the RH 
level. At the 95% RH level, MDMC reached 
about 1.5%. Thus, for accurate prediction of 
swelling behavior of OSB, an EMC distribu- 
tion, rather than a mean panel EMC, needs to 
be considered. In desorption, MDMC was less 
than 0.5% over the entire RH range due to a 

FIG. 7 .  A comparison of measured and predicted sorp- 
tion isotherms under cyclic exposure conditions. a) single- 
layer boards and b) three-layer boards. Dot line-mea- 
sured data and solid line-predicted value by Nelson's 
model. 

lesser effect of density on EMC under the 
sorption mode as discussed earlier. 

The predicted EMCs of individual layers 
within a given board at each RH condition 
were averaged to get the mean EMC for the 
board at the specified RH level. The obtained 
values were plotted against RH for both ad- 
sorption and desorption cycles in comparison 
with measured EMC data (Fig. 6). As shown, 
the sorption isotherm for a three-layer board 
can be predicted reasonably well based on 
measured density profile and fitted model pa- 
rameters of individual layers. 

Sorption isotherms under cyclic exposure 
conditions 

Typical sorption isotherms of OSB under 
long-term cyclic RH exposure conditions are 
shown in Fig. 7 (a: single-layer boards and b: 
three-layer boards). The exposure time was 12 
months for the first cycle and 6 months each 
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for the two subsequent cycles. The predicted 
isotherms (lines) for both single- and three- 
layer boards were based on the model param- 
eters fitted from the first exposure cycle for 
each board type. 

For both single- and three-layer boards, the 
EMC values reached in the subsequent expo- 
sure cycles were practically the same as those 
reached during the first exposure cycle at the 
same RH level. This indicates that the iso- 
therms for OSB are practically reproducible. 
Suchsland (1972) showed that repeated cy- 
cling in RH condition led to a reduction of the 
sorption hysteresis for particleboard, indicat- 
ing that the lost sorption ability for particle- 
board gradually recovered under cyclic expo- 
sure condition. As a result, the sorption iso- 
therms for particleboard were generally not re- 
producible. The difference was thought to be 
due to differences in particle size and treat- 
ments (e.g., heat and pressure) applied for 
manufacturing different products (Wu 1999b). 

The predicted isotherms based on the pa- 
rameters from the first exposure cycle show 
an excellent agreement with measured EMC 
values. In practice, OSB is often subjected to 
long-term cyclic RH exposure conditions 
which lead to repeated shrinkage and swelling 
of the product. Thus, the ability to predict 
EMC change under long-term cyclic exposure 
conditions may help develop control measures 
for improving long-term durability properties 
of OSB. The results from this study showed 
that long-term sorption behavior of OSB can 
be predicted based on the sorption data from 
the initial exposure cycle. 

SUMMARY AND CONCLUSIONS 

Sorption behavior of OSB under long-term 
cyclic RH exposure conditions was investi- 
gated in this study. Experimental data were an- 
alyzed with Nelson's sorption model. From the 
study, the following conclusions were reached: 

1. Nelson's sorption model can be used to 
accurately describe the sorption data of OSB. 
The parameters that define the sorption iso- 
therm varied with sorption mode (adsorption 

versus desorption) and panel processing vari- 
ables. 

2. Panel density is the primary variable that 
influences the magnitude of EMCs in OS'B 
reached at a given RH level and its effect 
varies with the RH levels. 

3. For a panel with vertical density profile, 
face layers with a higher density generally 
reach a lower EMC value compared to that of 
the core layer at a given RH level. 

4. Under cyclic exposure conditions, sorp- 
tion isotherms in OSB are reproducible and 
can be predicted by Nelson's model and pii- 
rameters from the initial exposure cycle. 

This study provides a more fundamental un- 
derstanding of the long-term sorption behavior 
of OSB. The layer sorption properties and an- 
alytical approach developed to predict EMC 
distribution across panel thickness could pro- 
vide accurate predictions of linear expansion 
of a three-layer, cross-laminated panel with 
density gradient in future studies. 
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