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Summary
In this study, we conducted systematic experiments on air permeability of aspen veneer and glueline in
terms of panel compression ratio (or applied platen pressure), degree of glue cure (or pressing time),
veneer type (sapwood or heartwood veneer) and glue spread level. We also compared the air permeability
data of aspen veneer and veneer-ply (2-ply veneer panel) to aspen solid wood and aspen oriented
strandboard (OSB). Based on this study, the following conclusions were drawn:
For laminated veneer lumber (LVL) and plywood panels, the compression ratio is the most important
factor affecting the panel permeability, followed by veneer type (sapwood or heartwood veneer), glue
spread and degree of glue cure (or pressing time). The air permeability of the glueline decreases in the
course of glue curing; however, its order of magnitude remains the same as that of uncured glue. The
reduction in panel permeability mainly results from small densification of each veneer ply instead of the
sealing effect of the glueline. Therefore, during LVL/plywood hot-pressing, the glueline does not serve as
a main barrier to the gas and moisture movement as commonly speculated. However, due to the
substantial change in the magnitude of panel permeability merely within a 5% compression ratio, the
convection effect on heat and mass transfer is considered to be very limited.
The air permeability of sapwood veneer is about twice that of heartwood veneer without compression.
However, with compression, the air permeability of heartwood veneer drops much faster than that of
sapwood veneer. The permeability of a sapwood veneer panel is 5.5 ~ 7.0 times higher than that of a
heartwood veneer panel merely with a compression ratio in the range of 2.5% ~ 5%. In practice, it implies
that 1) panels made from sapwood veneer are more treatable with preservatives; and 2) by controlling
panel permeability through veneer incising, proper panel lay-up and densification, mills could reduce
blows/blisters during hot-pressing.
The air permeability of aspen wood or veneer is not affected by wood density. The air permeability of
aspen LVL/plywood panels is 1.5~ 2 times larger than that of aspen solid wood due to the existence of
lathe checks, but is significantly lower than that of aspen OSB at the same density level of the panel. On
average, commercial LVL/plywood panels have almost the same magnitude of air permeability as
commercial OSB. However, due to the absence of voids and small horizontal density variation,
LVL/plywood panels will be less permeable than OSB.
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Objectives
To determine the role of the glueline in heat and mass transfer.
To determine the main factors affecting LVL/plywood air permeability.
To identify ways to improve panel permeability and reduce blows and blisters during LVL/plywood
hot-pressing.

Introduction

Permeability is a measure of the ease or capability with which fluids move through a porous solid under
the influence of a pressure gradient (Siau, 1995). Generally, a solid must be porous to be permeable, but it
does not necessarily follow that all porous bodies are permeable since in theory, a solid with a closed-cell
structure would have zero permeability. Wood can be seen as a porous material with a certain volume
fraction of void space such as cell lumen. Wood permeability exists because the void spaces are
interconnected by opening pits between the tracheid lumens of a softwood or between vessel (or fiber)
lumens of a hardwood. If these pits are encrusted, or if the pit membranes are in the aspirated position, the
wood will have a very low permeability. It is assumed that all of the flow through softwood is through the
tracheids which are interconnected by pit pairs, and all of the flow through hardwood is through the
vessels and intervessel pits. However, in hardwood, if the vessels are occluded by tyloses, the flow would
be between fiber cells interconnected by pit pairs. The pit openings are much smaller than the lumens and
are therefore assumed to provide all of the resistance to flow. Therefore, it is the number and condition of
the pit openings that determine the permeability (Siau, 1995). It is clear that the permeabilities in both
longitudinal and transverse directions are directly proportional to the number of pit openings per unit area
perpendicular to the flow direction, and are inversely proportional to the number in series per unit length
in the flow direction.
The permeability of wood has a remarkable effect on wood drying productivity and wood treatment
efficiency. Thus far, tremendous efforts have been devoted to the study of wood permeability in terms of
species, growth conditions and flow directions, and ways to increase the wood permeability (Bolton et al,
1994). Wood above the fiber saturation point (FSP) would have very low permeability because of the
high capillary pressures which must be overcome to force entrapped air through the tiny pit openings. For
moisture content (MC) below the FSP, the permeability of softwoods generally decreases as MC
increases. Several hardwoods exhibit the opposite effect (Siau, 1995). Pit aspiration is the principle cause
of low permeability in dry wood. A larger number and greater diameter of pits exist in the earlywood
compared to latewood.
During hot-pressing of wood-based composites, the transverse permeability of panels determines the
degree of penetration and diffusion of hot air and high temperature vapor from surface layers to the core
at the stages of panel consolidation and curing, and the easiness of evaporation of hot air and high
temperature vapor at the stage of degassing. The first inward air and vapor movement will mainly
determine the rate of core temperature rise and hence efficiency of hot-pressing. During the later stage of
pressing, the outward air and vapor movement will allow core gas pressure to release and determine
whether the defects such as blows (or blisters) can be suppressed. Further, the permeability of panels will
determine the easiness of post-treatment and degree of there are other emissions as well in application. In
the manufacturing process of non-veneer based wood composites such as OSB, medium density
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fiberboard (MDF) and particleboard, the permeability of panels during hot-pressing is determined not
only by inter-element voids (wood density), but also by element geometry and between-element voids.
Realizing the importance of permeability, some work has been done to characterize the permeability in
terms of element geometry, panel density and forming characteristics. The results have been also used to
determine the significance of heat convection, hence to develop an accurate hot-pressing simulation
model. However, for veneer-based composite products such as plywood and LVL, a distinct interfacial
layer (glueline) exists between two adjacent veneer plies. The key to hot-pressing is to press the panel
under heat and pressure until the innermost glueline is fully cured (Wang, 2001). During hot-pressing,
both heat conduction and heat convection will have an effect on the manufacturing efficiency and
productivity. The rate of heat convection will be determined by the change of air permeability of veneer
and glueline during hot-pressing. Currently, the mechanism of heat and mass transfer during
LVL/plywood hot-pressing is not yet fully understood. It was speculated that during hot-pressing the heat
convection between veneer plies could be limited by a substantial reduction in the permeability of
glueline due to its sealing effect, therefore, the heat transfer towards the center of the panel could mainly
depend on heat conduction (Zavala et al, 1996). So far, no studies have been documented regarding how
the permeabilities of curing glueline and veneer change during hot-pressing. To help understand the hotpressing process and further improve the simulation model for the hot-pressing process, the air
permeability change of the glueline, or the role of glueline in heat and mass transfer, needs to be clarified
and determined. Based on air permeability tests of glued veneer-ply (2-ply veneer panel) in the present
study, we can determine 1) the sealing effect of glueline; 2) the rate of convection effects during
LVL/plywood hot-pressing; and 3) the main factors affecting panel permeability. The results will provide
new information on how to control panel permeability and help reduce blows/blisters in LVL/plywood
panels.
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Materials and Methods

4.1

Materials

In this study, Trembling Aspen (Populus tremuloides) was used. As shown in Figure 1, aspen is a diffuseporous hardwood showing the rather uniform diameter of vessels throughout the growth ring. Ten 4-ft
Trembling Aspen logs (13.5” diameter) were acquired from a mill in Eastern Canada. Then we cut one
log into four 12-in blocks for peeling 1/8” thick veneer with a mini-lathe in the Forintek’s Composites
Pilot Plant. Before peeling, we drew the boundary of sapwood and heartwood of each block in black
based on their color difference. After peeling, we sampled about two hundred 12 x 12 in2 veneer sheets
sequentially from the veneer ribbon and separated them into three groups as sap, light sap (mixture of
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sapwood and heartwood) and heart. Further, we dried these veneer sheets in the oven to a target moisture
content (MC) of 3% (oven-dry basis). To compare the permeability between the veneer panel and OSB,
we peeled one log with the Forintek’s 4-ft lathe with a target thickness of 0.03”. After peeling, we
trimmed veneer into uniform 4”x1”x0.03” flakes for homogeneous OSB manufacturing with a small
vertical density distribution. In total, three OSB panels were made with the following three target density
levels: 650, 700 and 750 kg/m3. Then 25 ~ 30 disks from each panel were cut for permeability
measurement. The details of manufacturing and testing results are given in the report by Zhuo et al, 2003.
Further, we sawed one log to obtain two tangential planks from the boundary of sapwood and heartwood:
one was 10 mm thick and the other 6.5 mm thick. Then we planed the planks and dried them down to a
target of 5% MC (oven dry basis).

Latewood
Earlywood

Vessels

Rays

Figure 1: Microscopic structure of aspen wood (magnification: 80)

4.2

Methods

Specific permeability is the product of permeability and the viscosity of the fluid used. Since these
quantities are inversely proportional, specific permeability should remain the same regardless of the fluid
used. Therefore, it is only a function of the porous structure of the medium, and is numerically equal to
the rate of flow of a fluid of unit viscosity through a unit cube of material with a unit pressure differential
between two parallel faces. In this research, the specific permeability is used unless specified otherwise.
According to the Darcy’s law for gases, the formula for calculating specific permeability:
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K=

µ ⋅ L ⋅ Q ⋅ P2

(1)

−

F ⋅ ∆P ⋅ P

where K = specific permeability (m3/m);
µ = viscosity of fluid (Pa.s, for gas µ = 1.846 × 10 −5 Pa ⋅ s );
L = length in flow direction (m);
F = cross-sectional area of the specimen (m2 );
Q = volumetric flow rate (m3/s);

∆ P = pressure differential = P1 − P2 (Pa);
P = arithmetic average pressure = ( P1 + P2 ) / 2 (Pa);
P1 = given air pressure (mm Hg); and
P2 = pressure at which Q is measured (mmHg).
Figure 2 shows the permeability measurement apparatus at Forintek. Based on Figure 2, we have:
∆P = P1 − P2 = R1 + R2
(mmHg; 136 Pa)
(2)

P1 = 760 + ( R3 + R4 )

(mmHg)

(3)

P2 = P1 − ∆P = 760 + ( R3 + R4 ) − ( R1 + R2 ) (mmHg)

(4)

P = ( P1 + P2 ) / 2 = [1520 + 2( R3 + R4 ) − ( R1 + R2 )] / 2 (mmHg)

(5)

Where R1 and R3 are the heights of Hg above the zero under the pressure P2; and R2 and R4 are the heights
of Hg below the zero under the pressure P1 . Note 1 mmHg = 136 Pa. Substituting equations (2) to (5)
into Equation (1), we obtain specific permeability

K=

µ ⋅ L ⋅ Q ⋅ P2
−

F ⋅ ∆P ⋅ P

=

µ ⋅ L ⋅Q ⋅
F⋅

[760 + ( R3 + R4 ) − ( R1 + R2 )]
( R1 + R2 ) ⋅ [1520 + 2( R3 + R4 ) − ( R1 + R2 )] ⋅ 68

(6)
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.

Figure 2: The apparatus and diagram for air permeability measurement
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4.2.1

Identifying changes of glueline permeability

The biggest challenge to the glueline permeability measurement is that during hot-pressing, it is affected
both by panel compression (densification) and glue curing. Due to the complexity caused by water vapor
(or gas), real-time measurement of the permeability has never been accurate and successful (Zavala,
1996). By excluding the effect of panel densification, the change of glueline permeability between
uncured (liquid) glue and cured glue can be examined. For this purpose, we randomly sampled ten
sapwood and heartwood veneer sheets each. As shown in Figure 3, we cut twelve veneer discs (2” in
diameter) from each veneer sheet. In total, we generated 150 veneer disks, 70 disks for sapwood veneer
and 80 disks for heartwood veneer. To test the effect of the glueline on panel permeability, we randomly
formed 16 pairs of mixed sapwood/heartwood veneer disks. Further, we also randomly formulated 20
pairs each for pure sapwood and heartwood veneer disks. In this report, we named the paired veneer disks
(2-ply) as veneer-ply which represents the basic element in LVL/plywood panels.
As shown in Figure 4, we measured the permeability of veneer-ply without compression in the following
three cases: 1) without glue, 2) uncured liquid glue (before heating), and 3) cured glue (after heating 200
sec at 155 0C to ensure a full glue cure). Before measurement, we clamped the veneer-ply (disk pair) with
a pressure less than 20 psi to make full contact. The glue spread was 35lb/1000 ft2 per single glueline.
Before applying glue, we measured the diameter, thickness and weight of each disk pair. In the second
and third case, we also measured the weight of each disk pair to calculate the density. We conducted the
statistical t-test to identify if there is a significant difference in permeability between the three cases.

Figure 3: The veneer disks cut for permeability measurement
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1) Without glue
2) Liquid glue
3) Cured glue
Figure 4: Three cases of permeability measurement (without compression)

4.2.2

Effect of sap and heart veneer on permeability

As mentioned in 4.2.1, we randomly selected twenty disk pairs each from pure sapwood veneer and pure
heartwood veneer, and measured the permeability in the following three cases: 1) without glue; 2) with
uncured (liquid) glue; and 3) with cured glue.

4.2.3

Effect of veneer densification on permeability

To determine the effect of veneer densification on panel permeability, we randomly selected fourteen
veneer disks each from sapwood veneer and heartwood veneer, and then formed 14 mixed
sapwood/heartwood pairs. Without applying glue, we measured the permeability of disk pairs (veneerply) in the following three cases: 1) without compression 2) with compression ratio at 5% and 3) with
compression ratio at 25%. The compression of veneer disks (cases 2 and 3) was performed at 1550C
platen temperature with a thickness control for 120 s. The statistical t-test was conducted to identify if
there is a significant difference in permeability between the three cases.

4.2.4

Experimental Design

To identify the relative importance of glue curing (or pressing time), veneer type (sap/heart), panel
compression ratio (CR) and glue spread on panel (veneer and glueline) permeability, we employed a
design of experiment with screening effect giving nine experiments for the permeability tests, as shown in
Table 1. The L1, L2 and L3 in the brackets indicate the three levels of each variable. Pressing times were
chosen from a typical curve of degree of phenol formaldehyde glue cure, namely, 40 s and 80 s for partial
glue cure and 120 s for a full glue cure. Three levels of panel compression ratio (CR) were chosen: 5% for
typical plywood manufacture, and 15% and 25% for typical LVL manufacture for enhanced stiffness. The
levels of glue spread were also selected based on typical plywood and LVL manufacture with a lower
level at 30 lb/1000 ft2 and an upper level at 40 lb/1000 ft2 per single glueline. Based on the experimental
results and statistical analysis with the JMP software, the most important variable affecting the
permeability of the veneer-ply (or panel) can be determined. For this purpose, ninety 12 x 12 - in2 veneer
sheets were formed into 45 pairs (veneer-ply) and pressed using Forintek’s 15 x 15 -in2 hot-press in terms
of sap, sap/heart and heart. Three replicates were used for each experiment run. Before applying glue, the
thickness and weight of each veneer-ply were measured and average thickness and density calculated.
After pressing, the weight and thickness of each pair (veneer-ply) were again measured to calculate the
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average density and compression ratio (CR). Then, twelve disks with a diameter of 2” were cut from each
veneer-ply to measure their permeability.
Table 1:

The experimental design involving four variables with three levels

Note: * per single glueline

4.2.5

Comparing veneer panels with solid wood and OSB

As stated in the Section 4.2.4, we obtained the permeability of paired veneer disks (veneer-ply). For
measurement of permeability of aspen solid wood, eleven disks were drilled from each plank with a
diameter of 2”. Their permeability was measured without compression first. Then eleven 6.5 mm-thick
disks were compressed with a 25% compression ratio and the other eleven 10 mm-thick disks were
compressed with a 45% compression ratio. The compression was performed with thickness control with a
platen temperature of 1550C for 10 minutes. Finally, the permeability of disks for compressed solid wood
was measured again. For OSB permeability, a total of 79 disks were measured with different densities
(Zhou et al 2003).

5

Results and Discussion

5.1

Effect of glue curing

Table 2 summarizes the permeability of paired veneer disks with mixed sapwood and heartwood veneer
in the following three cases: without glue, with uncured glue and cured glue. The density of paired veneer
disk (veneer-ply) was also compared between the following two cases: without glue and with cured glue.
As shown in Table 2, the density after glue curing is almost the same as that before applying glue due to
the loss of MC during curing. Notice also that on average, the panel permeability with liquid glue is larger
than that without glue. The results further show that the difference in panel permeability between with
uncured (liquid) glue and cured glue is significantly different (t>tcritical, p<0.05) at the 0.05 level. Although
the permeability of the glueline is reduced from uncured (liquid) glue to cured glue or from without glue
to cured glue, its order of magnitude is similar.

8
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Table 2:

The changes of permeability of the glueline

Note: In Table 2, E-13 represents 10-13.
Tables 3 and 4 summarize the permeability testing results of 20 paired disks (veneer-ply) each for pure
sapwood veneer and pure heartwood veneer. It demonstrates that for both sapwood and heartwood veneer,
although the difference in permeability of veneer-ply between uncured glue and cured glue is statistically
significant (t>tcritical, p<0.05) at the 0.05 level, the permeability of veneer-ply with cured glue is only
slightly lower than that with uncured glue (the order of magnitude is still the same).
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Table 3:

The permeability of sapwood veneer

Table 4:

The permeability of heartwood veneer
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Investigation on Air Permeability of Aspen Veneer and Glueline

We further compared the difference in permeability between the following three cases: without glue, with
liquid (uncured) glue and cured glue by combining the results from Tables 2, 3 and 4. As shown in Table
5, the t-test results show that overall for 56 disk pairs, the difference in permeability between without glue
and with uncured (liquid) glue is not significant at the 0.05 level; however, the difference in permeability
between liquid glue and cured glue is significant at the 0.05 level (t>tcritical, p<0.05). Again, the orders of
magnitude in the three cases are the same. The results indicate that the sealing effect caused by glueline
during the course of glue cure is very limited. In other words, the glueline does not serve as a main barrier
to the gas and moisture movement during LVL/plywood hot-pressing as commonly speculated.
Table 5:

5.2

Comparing permeability of the glueline

Effect of sapwood and heartwood

As shown in Table 6, the t-test also demonstrates that the heartwood veneer is significantly denser than
the sapwood veneer, and the permeability of heartwood veneer is significantly lower than that of sapwood
veneer. These results are consistent with that from the large-scale property analysis of aspen veneer from
the same mill (Wang, 2001). The results further agree with that a difference in permeability between
sapwood and heartwood exists for most of the species (Siau, 1995). On average, without applying the
glue, the permeability of sapwood veneer is about twice that of heartwood veneer. The reason why
heartwood veneer is much less permeable could be due to the fact that most pits in the heartwood are
aspirated. Notice particularly that after applying glue, the permeability of sapwood veneer tends to
increase and the permeability of heartwood veneer tends to decrease. This could be attributed to 1) the
random variation of samples; and 2) more extractives in heartwood than in sapwood. It is hypothesized
that the extractives, transported by water from the liquid glue, would further block the flow, resulting in
reduced permeability.
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Table 6:

5.3

Comparing veneer density and permeability of sapwood and heartwood veneer

Effect of veneer compression

As shown in Table 7, we summarized the permeability of paired veneer disks at different compression
ratios (CR). The t-test shows that the difference in permeability of paired veneer disks (veneer-ply)
between the following three cases: without compression, with 5% compression and with 25%
compression, is significantly different (t>tcritical, p<0.05) at the 0.05 level. Notice that the order of
magnitudes of permeability between the following two cases: without compression and with 5%
compression, is not the same. On average, the permeability of veneer-ply without compression is 4.6
times that at 5% CR (reduced by 78.4%) and 14.5 times that at 25% (reduced by 93.1%). The results
indicate that the permeability of veneer is significantly affected by veneer compression at the early
compression stage. Figures 5 and 6 show the SEM photos of aspen wood with a 5% CR and a 25% CR at
a temperature of 1550C, respectively (Mei et al, 2002). It can be seen that the most of vessels at the
earlywood were compacted or crushed at a 5% CR and the whole earlywood (vessels plus fibers) was
fractured whereas most of vessels and fibers in latewood were uncompressed at a 25% CR. It is evident
that pits in the vessels serve as the main passage for the gas in the transverse direction. The compression
could significantly increase the frequency of pit aspiration. In other words, if the vessels are crushed, the
passage from vessel to vessel would be blocked with the aspirated pits, resulting in low gas flow. In
practice, the permeability of plywood will be dramatically reduced merely with a 3~5% compression
ratio. The implication is that although there is a constraint of allowing a low compression, we could still
manipulate panel permeability through simply controlling the panel densification or panel surface
compression during hot-pressing for specific engineered applications.
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Table 7:

The effect of veneer compression on panel permeability

Figure 5: SEM image for aspen wood at 5% compression ratio (magnification: 80)
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Figure 6: SEM image for aspen wood at 25% compression ratio (magnification: 80)

5.4

Important factors affecting panel permeability

The average results of each experiment with 3 replicates are shown in Table 8. Using JMP software, we
analyzed the relative importance of four variables on permeability of veneer-ply (veneer + glueline). The
results are shown in Figure 7.
Table 8:

The effect of variables on permeability
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Figure 7: The sensitivity analysis of four variables on permeability (Y)
As seen from the statistical results in Figure 7, the order of importance to panel permeability is from panel
compression ratio (CR), veneer type (sapwood or heartwood veneer), glue spread to pressing time (degree
of glue cure). First, when panel compression ratio (CR) increases from L1 (5%) to L2 (15%), the
permeability of veneer-ply drops substantially; when panel compression ratio (CR) continues to increase
from L2 (15%) to L3 (25%), the reduction in the permeability of veneer-ply is not as significant as the
reduction from L1 (5%) to L2 (15%). Secondly, there is a descending trend in permeability from sap to
sap/heart to heart within a log. Notice that the permeability of sapwood veneer is significantly higher than
that of heartwood veneer. Thirdly, the glue spread seems to have some effect on permeability. When glue
spread increases from L1 (30 lb/1000 ft2 per single glueline) to L2 (35 lb/1000 ft2 per single glueline), the
permeability increases; however, when glue spread continues to increase from L2 (35 lb/1000 ft2 per
single glueline) to L3 (40 lb/1000 ft2 per single glueline), the permeability drops. Finally, the effect of
pressing time on permeability is very small. When pressing time increases from L1 (40s) to L2 (80s), the
change of permeability is very small since glue is still partially cured; when pressing time increases from
L2 (80s) to L3 (120s), the permeability only drops slightly after glue is fully cured. This result is
consistent with that discussed in Section 5.1.

5.5

The relationship between density and permeability

As shown in Figure 8, within one single log, the density and permeability of aspen veneer vary
significantly. The relationship between permeability and veneer density (initial, oven dry without
compression) is generally not good since veneer permeability is mainly determined by the sapwood and
heartwood and the level of densification.
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Figure 8: The relationship between permeability and veneer initial density
The relationships between panel permeability and compression ratio (CR) for sapwood and heartwood
veneer-ply are shown in Figures 9 and 10, respectively. The compression ratio (CR) is defined as the
percentage of thickness change versus the initial thickness. The relationship appears to be in a power or
exponential pattern.
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Figure 9: The relationship between permeability of sapwood veneer-ply and CR
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Figure 10: The relationship between permeability of heartwood veneer-ply and CR
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Figure 11: Comparing permeability of sap veneer and heart veneer at diffferent CRs
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As shown in Figure 11, by integrating the data from sapwood and heartwood veneer, we found that 1) the
permeability curves for sap veneer and heart veneer are clearly apart; 2) at any given CR, the permeability
of sapwood veneer is higher than that of heartwood veneer; 3) the permeability tends to decrease
remarkably with a small CR up to 5% for both sapwood (from average 9.27 x 10-14 m2 to 7.60 x 10-15 m2)
and heartwood veneer (from average 1.76 x 10-13 m2 to 5.90 x 10-14 m2 ). On average, the permeability of
the veneer-ply at a 5% CR is reduced by 79.3% compared to that of the veneer-ply without compression,
which is consistent with the results obtained from Section 5.3 indicating a reduction by 78.4%; and 4) the
effect of panel compression on permeability is more sensitive with heartwood veneer than sapwood
veneer. At a 5% CR, the permeability of the heartwood veneer-ply drops by 92.0% whereas the
permeability of the sapwood veneer-ply only drops by 66.5%. The ratio of permeability of the sapwood
veneer-py over the heartwood veneer-ply increases from 1.9 (CR = 0%), to 6.5 (CR = 2.5%), to 8.0 (CR =
5%) and to 10.9 (CR = 10%). The results indicate that the permeability or treatability of veneer panels
may be basically segregated into two groups. To increase the treatability and hence durability and the
value of aspen end products for engineered applications, LVL and plywood could be classified into higher
permeable panel grade made from sapwood veneer for exterior use such as roofing and sheathing, and
lower permeable panel grade made from heartwood veneer for interior use such as flooring. In practice,
the seperation of sapwood and heartwood veneer can be easily done followed by green veneer MC
sorting.
As shown in Figures 12 and 13, we established the relationships between panel permeability and
compaction ratio (the percentage of panel density increase over veneer density) for both sapwood and
heartwood veneer. Compared to Figures 10 and 11, we found that in general, the relationship between
permeability and compaction ratio follows the same pattern as that between permeability and the
compression ratio. However, permeability correlates better with compaction ratio than compression ratio,
as indicated by a higher R2 and fewer scattered data points. The reason could be that density is more
directly related to the panel densification, i.e. the change of volume of the cell lumen. Also, the sapwood
veneer seems to be easier to be compressed than heartwood veneer since aspen heartwood is denser than
sapwood.
By integrating the data for both sapwood and heartwood veneer, as shown in Figure 14, we again found
that the curves for sapwood and heartwood veneer are distinctly apart. At the same compaction ratio, the
permeability of sapwood veneer is significantly higher than that of heartwood veneer.
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Figure 12: The relationship between permeability of sapwood veneer-ply and compaction ratio
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Figure 13: The relationship between permeability of heartwood veneer-ply and compaction ratio

19

Investigation on Air Permeability of Aspen Veneer and Glueline

Permeability of aspen veneer-ply vs. compaction ratio
(sap veneer vs. heart veneer)
1.60E-13
1.40E-13

Sap veneer

2

Permeability (m )

1.20E-13

Heart veneer

1.00E-13
8.00E-14
6.00E-14
4.00E-14
2.00E-14
0.00E+00
0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

55%

Compaction ratio

Figure 14: Comparing permeability of sap veneer-ply and heart veneer-ply at diffferent compaction
ratios
Figures 15 and 16 show the relationships between panel permeability and panel density for both sapwood
and heartwood veneer. It demonstrates that in general, the relationship between panel permeability and
density follows the same pattern as that between permeability and the compression ratio/compaction ratio.
By integrating the data for both sapwood and heartwood veneer, as shown in Figure 17, we found that at
the same panel density, the permeability of the panel made from sapwood veneer is significantly higher
than that made from heartwood veneer.
Figure 18 shows the difference in the permeability of veneer-ply between uncompressed and compressed
in terms of final density of veneer-ply. It is clear that the permeability of the uncompressed veneer-ply is
generally higher than that of the compressed veneer-ply. It is the panel compression that causes a major
reduction in permeability of LVL/plywood products.
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Figure 15: The relationship between permeability and density of sapwood veneer-ply
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Figure 16: The relationship between permeability and density of heartwood veneer-ply
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Figure 17: The relationship between permeability and density of veneer-ply
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Figure 18: Comparing permeability of compressed and uncompressed veneer-ply
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5.6

Comparing veneer with solid wood and OSB

5.6.1

Comparing veneer with solid wood

Aspen veneer (1/8” thick) had lathe checks with an average depth of 65 ~ 75% which may provide a short
path for gas to travel through. By comparing the permeability of aspen veneer and solid wood, the effect
of lathe checks on permeability can be determined. Table 9 summarizes the testing results for aspen
sapwood veneer, heartwood veneer, mixed sapwood/heartwood veneer and aspen solid wood. Figure 19
compares the permeability of aspen veneer and aspen solid wood. We found that the permeability of
aspen solid wood is very close to that of aspen heartwood veneer, and on average, the permeability of
aspen veneer is about 1.5 ~ 2 times that of solid wood. Therefore, the lathe checks in the veneer have a
positive effect on veneer permeability. Further, we again found that the permeability of aspen wood or
veneer is not affected by wood density.
By creating incisions on the tight side of veneer, veneer incising could have a similar effect on veneer
permeability as lathe checks. Previous research found that for incised and non-incised spruce veneer, the
treatability of the incised western white spruce plywood/LVL panels was significantly higher than those
made with non-incised veneer (Troughton et al. 1987).
Table 9:

The permeability of aspen veneer and solid wood
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Figure 19: Comparing the permeability of aspen solid wood and aspen veneer

5.6.2

Comparing LVL/plywood with OSB

Compared to LVL/plywood, OSB is about 50% ~ 70% heavier, and has larger horizontal density
variations and non-uniform thickness swelling if exposed to water. As shown in Table 10, we compared
the density and permeability of sapwood veneer-ply, heartwood veneer-ply, mixed veneer-ply, solid wood
and OSB panels. On average, the permeability of the OSB panel is smaller than that of the sapwood
veneer-ply (panel), and is close to that of solid wood or the heartwood veneer-ply (panel). However, the
variation in permeability of the OSB panel is 1.6 ~ 2.5 times larger than that of veneer-ply (panel) due to
the larger horizontal density variation. During hot-pressing, the area with high permeability in OSB will
serve as the main passage for the air/vapor to move in and out. Thus, the rate of convection during OSB
hot-pressing is mainly determined by the localized areas with high permeability. However, the rate of
convection during LVL/plywood hot-pressing is mainly determined by the permeability of each veneer
ply. Clearly, it is the veneer densification and uniform within-sheet permeability that mainly cause the
sealing effect on gas and moisture penetration. Thus, the glueline does not serve as a main barrier to the
gas and moisture movement. Due to the significant reduction of panel permeability merely within a 5%
compression ratio, the convection effect on heat and mass transfer during LVL/plywood hot-pressing is
very limited, and the heat conduction is dominant. This is evidenced by the fact that the gas pressure in
the surface veneer plies is generally much higher than that in the core veneer plies since the surface ply is
heated fast and compressed more.
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Table 10: The permeability of aspen veneer panel and OSB panel

Figure 20 shows the comparison of permeability between veneer-ply (panel) and OSB panels. It
demonstrates that: 1) the plots of permeability vs. density for both types of panels do not overlap; 2) at the
same panel density, OSB exhibits much higher permeability and a bigger variation than veneer-ply
(panel); and 3) with the increase of panel density, the permeability of veneer-ply (panel) tends to be more
rapidly reduced than that of OSB.
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Figure 20: Comparing the permeability of aspen veneer-ply and aspen OSB
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6

Conclusions

For laminated veneer lumber (LVL) and plywood panels, the compression ratio is the most important
factor affecting the panel permeability, followed by veneer type (sapwood or heartwood veneer), glue
spread and degree of glue cure (or pressing time). The air permeability of the glueline decreases in the
course of glue curing; however, its order of magnitude remains the same as that of uncured glue. The
reduction in panel permeability mainly results from small densification of each veneer ply instead of the
sealing effect of the glueline. Therefore, during LVL/plywood hot-pressing, the glueline does not serve as
a main barrier to the gas and moisture movement as commonly speculated. However, due to the
substantial change in the magnitude of panel permeability merely within a 5% compression ratio, the
convection effect on heat and mass transfer is considered to be very limited.
The air permeability of sapwood veneer is about twice that of heartwood veneer without compression.
However, with compression, the permeability of heartwood veneer drops much faster than that of
sapwood veneer. The permeability of a sapwood veneer panel is 5.5 ~ 7.0 times higher than that of a
heartwood veneer panel merely with a compression ratio in the range of 2.5% ~ 5%. In practice, it implies
that 1) panels made from sapwood veneer are more treatable with preservatives; and 2) simply by
controlling panel permeability through veneer incising, proper panel lay-up and densification, mills could
reduce blows/blisters during hot-pressing.
The air permeability of aspen wood or veneer is not affected by wood density. The air permeability of
aspen LVL/plywood panels is 1.5~ 2 times larger than that of aspen solid wood due to the existence of
lathe checks, but is significantly lower than that of aspen OSB at the same density level of the panel. On
average, commercial LVL/plywood panels have almost the same magnitude of air permeability as
commercial OSB. However, due to the absence of voids and small horizontal density variation,
LVL/plywood panels will be less permeable than OSB.

7

Recommendations

The results from this work have a significant implication both in theory and in practice. In theory, the
results help us clarify the role of the glueline and identify the impact of heat convection during
LVL/plywood hot-pressing. The information is useful to better understand the hot-pressing process and
further develop an accurate hot-pressing simulation model. In practice, the results would help industry to
find ways to 1) reduce blows and blisters during hot-pressing; and 2) manufacture panels with different
levels of permeability.
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