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Abstract 
In this study, extensive veneer compression tests were conducted to examine the transverse compression 
behaviour of veneer at both ambient and controlled temperature and moisture content (MC) environments. 
Based on the results, a novel method was developed to characterize overall surface quality of veneer and 
other wood materials in terms of their bondability and compression behaviour.  
 
The method would have significant implication in both theory and practice. In theory, the general wood 
compression theory would need to be modified. The revised wood compression theory would include four 
stages instead of commonly defined three. The first stage, which has long and so far been overlooked but 
is critically important, could be named as “non-linear conformation”. During this stage, the contact area 
increases nonlinearly with the load applied. It is this stage that directly reveals the interfacial bonding 
behaviour of wood materials such as veneer-to-veneer and strand-to-strand and their minimum 
compression required for achieving adequate contact (bonding). In practice, the method provides a fast 
and objective way of evaluating surface roughness/quality of veneer and other wood materials. The new 
method also establishes the maximum compression allowable for achieving the best panel performance in 
terms of bonding strength, stiffness and dimensional stability. Based on the concept of this method, it was 
further found that both minimum compression required and maximum compression allowable are 
independent of temperature and MC, which provides a direct benchmark to the material recovery during 
panel hot-pressing.  
 
In a case study with Trembling aspen veneer, the variation of veneer surface roughness/quality and its 
effect on resulting material recovery were first revealed. Then, the optimum panel densification was 
identified for performance plywood and LVL products based on the frequency distribution of the 
minimum compression required and the maximum compression allowable. Finally, an overall veneer 
quality index was established to compare veneer overall quality for different species/thickness. The 
method shows good potential in practical applications for increased material recovery, reduced glue 
consumption and improved panel performance. 
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1 Objectives 
• To develop a new method to characterize overall veneer surface quality in terms of its bondability and 

pressing behaviour; 
• To investigate the compression behaviour of Trembling aspen veneer under different temperatures 

and MCs; and  
• To determine the optimum panel densification for plywood and LVL products for improved bonding 

and stiffness performance and increased material recovery. 
 
 

2 Introduction 
Wood is a cellular, porous, anisotropic and visco-elastic material. Any machined surface of wood 
materials such as veneer, strand, fibre and lumber is rough and defective at various degrees.  The essence 
of wood composites manufacturing is to bring elements (veneer-to-veneer, strand-to-strand, fibre-to-fibre 
and lumber-to-lumber etc.) into intimate contact and then form adequate bonding under heat and pressure 
with the least amount of glue and the minimum densification required.  
 
At present, plywood and Laminated Veneer Lumber (LVL) are the two main veneer-based wood 
composite products in North America. Like other wood composites, hot pressing is the critical stage in 
LVL/plywood manufacturing where the layered structure is heated and compressed between two platens 
to create close contact and form bonds between veneer plies. During LVL/plywood hot-pressing, drastic 
changes in heat, moisture, panel densification and glue curing take place concurrently within a period of 
the pressing cycle. Effective bonds are achieved sequentially from surface to core under pressure with a 
certain level of panel densification. This densification, generally controlled by transverse compression 
(i.e., stress-strain relationship), viscoelastic (creep) and elastoplastic (springback) behaviour of an 
individual veneer ply under elevated temperature and varied moisture content (MC), will not only affect 
panel bonding strength but also panel bending stiffness. On one hand, a fair amount of panel densification 
is required to eliminate veneer surface irregularities to create sufficient veneer-to-veneer contact for 
required panel bonding strength and stiffness; Excessive densification, on the other hand, causes negative 
effects such as heavier products, wood cell wall fracture, thickness loss and dimensional changes after 
unloading or in service. In general, both veneer quality variables and the hot-pressing parameters used 
will determine manufacturing productivity, material recovery (final panel thickness), panel quality 
(delaminations and blows) and performance (bonding strength and bending stiffness). The former 
involves tree growth variables such as age, density, grain angle, earlywood/latewood and 
sapwood/heartwood, and veneer processing and machining variables such as MC, grade and veneer 
surface quality; the latter mainly includes platen temperature, platen pressure and the time needed for the 
innermost glueline to reach a target temperature. The optimization of the LVL/plywood hot-pressing 
operation will truly lead to improved manufacturing productivity, increased material recovery and 
enhanced panel quality and performance.  
 
LVL/plywood hot-pressing has been an important subject to researchers around the world during the past 
twenty years. However, since veneer surface quality changes from species to species, log-to-log and mill-
to-mill, most of the studies so far have been qualitative in nature, and the wide variations in veneer quality 
variables and hot-pressing parameters in these studies also made quantitative comparison very difficult. 
To date, due to the substantial variation of veneer surface quality and its natural complexity, the effect of 
veneer surface quality on its transverse compressibility, bondability, minimum densification required and 
material recovery has long been neglected. Currently, a trial and error method is still prevailing to 
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determine the hot pressing parameters in terms of species, lay-up and final panel products. As a result, 
panel quality remains a big issue to the LVL/plywood industry. In plywood manufacture, the bottom line 
is to achieve required panel quality (for example, target percent wood failure) while minimizing the panel 
thickness loss. To maximize the material recovery and reduce the manufacturing cost, a minimum 
densification required could be theoretically determined for a specific visually graded veneer. In contrast, 
in LVL manufacture, the bottom line is to achieve the target stiffness (modulus of elasticity) while 
increasing manufacturing productivity and reducing panel over-densification. For a given stress graded 
(stiffness group) veneer, an optimum range of densification could be rigorously established. 
 
As far as veneer surface quality is concerned, in general, three key veneer quality criteria are used, 
namely, surface roughness, thickness (average and its variation), and lathe checks (their depth and 
frequency). Surprisingly, the plywood/LVL industry has long been puzzled by the determination of the 
best quality attribute for making products because of such tremendous variations of veneer thickness, 
roughness and lathe checks. Although there are established methods for measuring veneer thickness and 
lathe checks, their individual and combined effect on panel bonding and quality has not been fully 
established. Currently, surface roughness is evaluated by surface texture parameters defined in standards 
such as ASME Standard B46.1-2002, ISO 4287-1997 or JIS B 0601-2001 (ASME 2003). Among many 
parameters, two key roughness parameters are generally used. One is the roughness average Ra, which is 
the arithmetic average of the absolute value of the profile height deviations recorded within the evaluation 
length and measured from the mean line; the other is the root mean square (RMS) roughness Rq, which is 
the root mean square average of the profile height deviations taken within the evaluation length and 
measured from the mean line. However, these two conventional parameters Ra and Rq are derived from a 
single roughness profile based on the point measurement. Also they are amplitude-based not spacing-
based, hence they may not adequately characterize the surface roughness/quality of veneer (DeJong et al 
2002, Sandak and Tanaka 2003, Sandak et al 2004). As shown in Figure 1, the shape of the three profiles 
of veneer surface roughness is dramatically different but they all have the same Ra.  
 
 

 

 
Figure 1 Veneer surface roughness profiles and the two key roughness parameters 
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To date, the individual and combined effect of the three veneer quality criteria on veneer bondability and 
compressibility has not been systematically studied. This study presents information on how veneer 
surface quality affects the veneer-to-veneer contact (bonding) and the minimum densification required, 
and how veneer is compressed under changing temperature and MC. 
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4 Materials and Methods 
One hundred and fifty 1/8-inch thick dried representatives Trembling aspen veneer sheets (4 x 4 -ft) were 
randomly selected from a mill in Eastern Canada and delivered to Forintek’s Vancouver laboratory. The 
average veneer MC was about 3% based on oven-dry weight. 
 
Thirty sheets (4 x 4 -ft) were randomly selected representing the population of the veneer. Three hundred 
30 x 30 -mm Trembling aspen veneer specimens were cut and marked for compression tests with ten 
specimens from each sheet. The 5-point veneer thickness, weight, length and width of each specimen 
were measured and then density calculated. Before the compression test, these 300 specimens were kept 
in plastic bags. 
 
The remaining 120 veneer sheets were visually separated into three groups: smooth, medium rough and 
rough. Among them, ten 4 x 4 -ft veneer sheets were randomly selected from each group. From each 
group, one hundred 30 x 30 - mm veneer specimens were cut and marked for compression tests. For each 
specimen, its 5-point veneer thickness, weight, length and width were measured and then density 
calculated. Before the compression test, these 300 specimens were kept in plastic bags. 
 
To investigate the effect of temperature and MC on veneer transverse compression behaviour, one 4 -ft 
long fresh Trembling aspen log (12-inch in diameter) was acquired from the same mill in Eastern Canada. 
The log was sliced into 2.5-mm (1/10 -inch) thick veneer. Five sliced Trembling aspen veneer sheets (48 
x 10 - in) each were selected and dried to 3% and 6% MC respectively based on the oven-dry method. 
 
4.1 Method for Assessing Veneer Surface Roughness/Quality and Bondability 
To demonstrate the new method for evaluating veneer surface roughness/quality, ten 30 x 30 - mm 
specimens were randomly selected from each roughness group. At the ambient temperature, the 
compression tests of these thirty specimens were conducted at a load rate of 2 mm/min until the load 
reached the maximum (about 975 kg). For each test, the load-displacement curves were recorded and then 
plotted. Based on the load-displacement curves, a threshold load, the displacement under this load (the 
minimum compression required) and the corresponding displacement at the yielding point (the maximum 
compression allowable) were identified.  
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4.2 The Relationship Between the Minimum Compression Required and Key 

Roughness Parameters 
Five 30 x 30 - mm veneer specimens were randomly selected from each of three roughness groups. The 
surface roughness of these veneer specimens were evaluated using a SJ-400 Surface Roughness Tester, a 
stylus profilometer. The stylus of the SJ-400 Tester traced the minute irregularities of the veneer surface. 
Surface roughness was determined from the vertical stylus displacement produced during the detector 
traversing over the surface irregularities (Mitutoyo 2004). As shown in Figure 2, the roughness was 
evaluated across the grain at both tight side and loose side for each specimen. The overall veneer 
roughness parameter Ra is the square root of Ra at the tight side and Ra at the loose side. The overall 
veneer roughness parameter Rq also follows the same rule. After measuring veneer roughness, the 
compression tests of these fifteen specimens were conducted at the ambient temperature with a load rate 
of 2 mm/min until the load reached the maximum (about 975 kg). For each test, the load-displacement 
curves were recorded and then plotted. Based on the load-displacement curves, the minimum compression 
required at the threshold load for each specimen was derived. Finally, the correlation between the 
minimum compression required and the two key roughness parameters was established.  
 

  
a) loose side b) tight side 

 
Figure 2 Veneer specimens prepared for roughness measurement 
 
4.2.1 Veneer-to-Veneer Contact 

To identify the relationship between contact (bonding) area and the load applied, eight, ten and twelve 30 
x 30 - mm 1/8-inch thick aspen veneer specimens were randomly selected from each of the three 
roughness groups: smooth, medium rough and rough, respectively. Then, the roughness of each specimen 
was measured at both sides with the SJ-400 Tester. After that, four, five and six pairs of veneer specimens 
were generated for each of the three roughness groups, respectively. For each pair, plywood phenol 
formaldehyde (PF) glue was uniformly spread onto the tight side of one veneer specimen at an application 
rate of 35 lb/1000ft2 per single glue line. Then, parallel veneer-ply was generated by naturally stacking 
two veneer specimens in a loose-to-tight pattern along the same grain direction. At an ambient 
temperature (200C), the compression test of each parallel veneer-ply was conducted in a load-control 
mode and stopped when the load reached a desired target from 20 to 220 kg. During the compression, 
glue was transferred from the tight side of one specimen to the loose side of the other, displaying the 
bonding area (glue coverage map) when parallel veneer-ply was brought into contact at various loads. The 
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glue coverage (contact area) of each pair was visually determined, and the correlation between the contact 
(bonding) area and the load applied was established.  
 
4.2.2 Veneer-to-Plate Contact 

To further explore the relationship between the contact (bonding) area and the load applied, two 1/8 -inch 
thick 4 x 4 - inch dried Trembling aspen veneer sheets were selected from the smooth and rough groups, 
respectively. Twenty-four 2.5 x 2.5 -in (63.5 x 63.5 -mm) veneer specimens, each of them having almost 
same level of surface roughness, were cut from each sheet for compression tests at an ambient 
temperature (about 200C). Before doing the test, the 5-point veneer thickness, weight, length and width 
were measured and then density calculated. Then, plywood phenol formaldehyde (PF) glue was uniformly 
spread onto a smooth steel plate (5 x 5 -in) at an application rate of 35 lb/1000ft2. After that, the loose 
side of each veneer specimen was placed face-down to the glue-covered plate. The compression tests 
were conducted in a load-control mode at a load rate of 2 mm/min and then stopped when the load 
reached a desired target from 50 to 975 kg. During the compression, glue was transferred to the surface of 
the veneer loose side, displaying the bonding area (glue coverage map) when veneer and the steel plate 
were brought into contact at various degrees. After stopping the compression, the veneer specimens were 
carefully removed from the plate. Using an image analysis software, the glue coverage map of each 
specimen was taken and the contact (bonding) area (dark color) was evaluated in terms of the percentage 
of the specimen size. Finally, the correlation between the contact (bonding) area and the load applied was 
analyzed. 
 
4.3 Compression Tests 
To compare the difference in the minimum compression required and the maximum compression 
allowable between the smooth veneer and roughness veneer, one 1/8 -inch thick dried 4 x 4 -ft Trembling 
aspen veneer sheet each was selected from the smooth group and rough group, respectively. First, an area 
of 300 x 300 - mm was marked and a 30 x 30 - mm matrix was then drawn on the marked area. After that, 
one hundred 30 x 30 - mm veneer specimens were cut from each sheet and labelled sequentially. The 
average MC of veneer specimens was about 3%. The 5-point veneer thickness, weight, length and width 
of each specimen were measured and then density calculated. Further, the transverse compression tests 
were conducted for each specimen. Based on the load-displacement curves, the minimum compression 
required at the threshold load and the maximum compression allowable at the yielding point were 
derived, respectively. Through this test, the variation of the minimum compression required and the 
maximum compression allowable within the sheet and between the sheets can be investigated and the 
correlation between the minimum compression required and veneer thickness/density can be established.  
 
To investigate the effect of veneer temperature and MC on the compression behaviour especially the 
minimum compression required and the maximum compression allowable, 1/10 -inch sliced Trembling 
aspen veneer was used. The reason to choose sliced Trembling aspen veneer was that the veneer surface 
was rather smooth and uniform and no lathe checks occurred in the veneer.  In this way, the effect of 
veneer surface roughness, density and lathe checks could be minimized. In total, two hundred 30 x 30 - 
mm veneer specimens were cut from five selective sheets (48 x10 -in): half were wrapped with the plastic 
bags to keep a MC level of about 3% and the remaining half were left unwrapped for one week to achieve 
an average MC level of about 6% based on oven dry weight at the ambient environment. The compression 
test of these sliced veneer specimens was conducted using an apparatus with a temperature control. As 
shown in Figure 3, this apparatus can be affixed to the Instron machine for the test. The test was 
conducted at the following four temperatures: 200C, 500C, 1000C and 1500C. For each temperature, ten 
specimens were compressed to a maximum load of about 650 kg. Based on the load-displacement curves, 
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the relationship between the minimum compression required/maximum compression allowable and 
temperature/MC can be explored. 
 
To demonstrate the merits and real application of the new method, the 300 representative 30 x 30 - mm 
Trembling aspen veneer specimens were compressed in the Instron machine with a load control mode. 
Based on the load-displacement curve, the minimum compression required at the threshold load of 120 kg 
and the maximum compression allowable at the yielding point were derived, respectively to construct 
their frequency distribution for the veneer population. 
 
To compare the veneer surface quality among different species, one hundred and fifty 1/8 -inch thick 4 x 
8 –ft Mountain Pine Beetle (MPB) killed Lodgepole pine veneer, one hundred 1/8 -inch thick 4 x 8 –ft 
control Lodgepole pine veneer and one hundred 1/8 -inch thick 4 x 8 –ft White spruce veneer were 
randomly sampled from a plywood mill in Eastern B. C. For each species, sixty 30 x 30 - mm specimens 
were randomly cut from ten representative sheets. The thickness and weight of these veneer specimens 
were measured and then they were compressed in the Instron machine with a load control mode. Based on 
the load-displacement curve, the minimum compression required at the threshold load of 100 kg was 
derived for each specimen. Finally, the average and standard deviation of the minimum compression 
required were calculated for each species. 
 

 
 
Figure 3 The compression test at different levels of temperature and MC 
 
 

5 Results and Discussion 
5.1 Method for Assessing Veneer Surface Roughness/Quality and Bondability 
Currently, there are some existing technologies for measuring surface roughness/quality of materials 
(ASTM Standard B46.1-2002, 2003). The conventional stylus profilometer and optical scanning are the 
two main methods for surface roughness/quality measurement of veneer and other wood materials. The 
conventional stylus profilometer is widely accepted as the most accurate contact-type roughness device 
for laboratory and off-line use, whereas the optical method is generally accepted as the most effective 
non-contact surface profilometer in quality assurance and process control for laboratory off-line and 
potential on-line production.  
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1) Conventional stylus profilometer 
Since the measurement is done through a point contact, the readings from the profilometer are 
significantly affected by the sampling intervals, tip dimension (a tip radius of 5- 10 µm), shape of the 
steel tip (an angle from 29° to 90°), flank angle, excessive tip weight or pressure, and tilting of the stylus 
holder arm. All these factors distort the scanned profiles and reduce the accuracy of the measurement 
because of the difficulties in following steep transitions on the wood surface.  
 
2) Optical method 
Among the optical methods are various optical profilometers (mostly laser-based), microscopes, image 
analyzers, imaging spectrographs, interferometers, fibre-optic transducers, white light speckles, laser 
scatters, and optical light sectioning systems. The typical optical method utilizes laser displacement point-
sensor (LDS) techniques: either a position sensitive detector (PSD) or a charge coupled device (CCD). 
The latest non-contact laser profilometer “Viking” from Solarius Inc. comes with an X/Y moving axis 
platform mounted below a laser sensor which allows a fully automated surface inspection (Solarrius Inc. 
2004). However, the system is only designed for off-line quality control (QC) applications such as post-
production wear analysis of small metal parts and identifying microscopic defects with a measuring range 
from 2 to 10 mm. The main drawbacks of the optical methods are the poor conditions of the laser light on 
the wood surface, such as reflectance changes, flooding of the laser light on the wood surface, or diffusion 
of the light into wood, and the performance of the laser light position detector. For example, laser light 
can easily penetrate a low density (highly porous) wooden surface, causing more scattering, dispersion 
and absorption. Therefore, the accuracy of the optical method is significantly affected by many factors 
such as wood species, wood anatomical structure, anisotropy of wood properties, wood density (porosity), 
wood color variation, wood grain direction, sensor installation position, light reflection (or light 
intensity), profile shape, and laser scanning direction (parallel or perpendicular). All these factors make 
an interaction between laser light and the wood surface very complicated. In addition, all laser-scanned 
lines tend to average surface profile irregularities since all profile peaks and valleys scanned are rounded 
off, resulting in smaller roughness parameters. Further, the device is expensive and requires complicated 
data reduction to remove waviness and noise components caused by electrical signals or wood anatomical 
micro-roughness. As a result, the optical method has limited success for veneer surface characterization. 
It is still limited in the laboratory with small sample size and cannot yet be fully utilized for on-line 
surface roughness measurements in industrial applications. 
 
At present, both the conventional stylus profilometer and optical method are very slow (0.3 ~ 0.6 mm/s) 
based on the point-measurement along a single line. A single line measurement deviates far from the real 
surface profile of veneer due to the anisotropic nature of wood. To accurately assess wood surface 
roughness/quality, many line-scans need to be done to generate a 3-D raw surface map, as shown in 
Figure 4. Hence, they are very tedious and labor intensive, and cannot provide instant surface roughness 
information, which limits them to off-line applications only. Also they are destructive, and only suitable 
for small samples (generally 8 ~ 15 mm in length) cut from a big sheet or a panel. Meanwhile, the data 
reduction process is generally complicated from the measured profile. Calculated roughness parameters 
for the surface profile significantly depend on the filtering method and filter cutoff frequency. It is 
difficult to correlate any single roughness parameter to wood machining/processing parameters and 
surface quality criteria.  
 
To date, there has been no commonly established quantitative parameter for characterizing veneer surface 
roughness/quality and no specific standard has been recommended and widely used in the wood industry 
(Fujiwara et al 2004).  
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Figure 4 Typical 2-D and 3-D surface profiles 
 
To quickly evaluate veneer surface quality in terms of its bondability and compressibility, a novel method 
was developed to measure an averaged quality criterion over a predefined area. As an example, two 30 x 
30 -mm Trembling aspen veneer specimens (one smooth and the other rough) were selected. They had the 
same wood density (0.470 g/cm3) and MC (3%). Using an Instron testing machine at Forintek, veneer 
compression test was conducted at ambient temperature (200C) in the transverse (thickness) direction 
until crossing a yielding point. Figure 5 shows the load-displacement curves of these two Trembling 
aspen veneer specimens. At the linear elastic stage, they displayed almost the same magnitude of slopes 
(compression MOE) but with different levels of delays in displacement, namely d1 and d2 prior to the 
linear elastic stage. This delayed elasticity at the early stage of compression was believed to be mainly 
caused by different levels of veneer surface roughness/quality. The load level required to identify the 
roughness/quality effect was also found to be species-dependent but is rather consistent for any specific 
species. For 30 x 30 - mm specimens, this load level is generally from 100 to 150 kg at a 200C ambient 
temperature and a 3% MC. As an example, this threshold load level was about 120 kg for Trembling 
aspen veneer and about 100 kg for white spruce and lodgepole pine veneer. 
 
For viscous-elastic and porous materials like veneer and other wood materials, non-linear load-
displacement occurs at the early stage of compression. As shown in Figure 6, it is proposed that simply by 
measuring displacements of veneer and other wood materials under transverse compression with a 
predetermined threshold load, their overall surface roughness/quality and bondability can be classified 
and quantified. This threshold load can be identified by a compression test under which the transition of 
the load-displacement curve from a non-linear stage to a linear stage occurs.  
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Figure 5 Effect of veneer roughness/quality on compression indicated by the early stage 
load-displacement curve 

 
 
Figure 6 Method for evaluating veneer surface roughness/quality and bondability 
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5.2 The Relationship Between the Minimum Compression Required and the Two 

Key Roughness Parameters 
Among 15 specimens used for roughness measurements, there appeared to be two density groups: low 
density (average 0.420 g/cm3 from 0.397 to 0.430 g/cm3) and high density (average 0.520 g/cm3 from 
0.512 to 0.524 g/cm3). Of 15 Trembling aspen veneer specimens, one was out of the range of the 
roughness tester. After measuring the roughness parameters, these 15 specimens were compressed one-
by-one with the Forintek’s Instron machine to obtain the load-displacement curves. Figures 7 and 8 show 
the load-displacement curves for the low-density group and high-density group, respectively. They 
demonstrate that the effect of the veneer density was mainly shown in the linear-elastic range with 
different slopes. Figure 9 shows the plots of the load-displacement curves for ten veneer specimens, 
which clearly indicates that the optimum threshold load for 30 x 30 - mm specimens is about 120 kg. In 
this study, the displacement of each specimen under this threshold load was derived from each load-
displacement curve. Figure 10 shows that the correlation between the displacement and roughness 
parameters Ra and Rq is very good with R2 ranging from 0.85 to 0.87, which indicates that the 
displacement obtained under the threshold load is a good indication of overall veneer surface 
roughness/quality. Note that this correlation was obtained with the data from the single line measurement 
at each side of the veneer specimen. It is expected that the correlation could be further improved through 
multi-line measurements at each side with the stylus profilometer. The results demonstrate that the 
method developed is fast and accurate, and suitable for evaluating veneer surface roughness/quality on an 
area averaging basis. 
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Figure 7 Load-displacement curves for low-density Trembling aspen veneer 
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Figure 8 Load-displacement curves for high-density Trembling aspen veneer 
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Figure 9 Load-displacement curves for Trembling aspen veneer (mixed density) 
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Figure 10 The correlation between displacement and two key roughness parameters  
 
Figure 11 shows that at the early stage of compression, the relationship between stress and strain exactly 
follows an exponential pattern for different levels of veneer surface roughness/quality:  
 

σ = 0.05 e Kε  (1) 
 
where σ is the stress, ε is the strain and K can be defined as the surface roughness index. The rougher the 
surface, the smaller the K value. Based on Figure 11, on average, the roughness modulus of veneer ranges 
from 8.5 MPa to 27.5 MPa. For different levels of veneer surface roughness/quality, the roughness index 
K will be different.   
 
By taking ln for both sides of the equation (1), we have 
 
lnσ = ln 0.05 e Kε 
Also, lnσ = ln (P/a) and lnσ = ln P – ln a  
Further we have ln 0.05 e Kε  = ln (0.05) + K * ε  and  ln 0.05 e Kε  = -3 + K* d/t     
Thus, ln P – ln a = -3 + K * d/t (2) 
Finally, we can arrive at 

K = 
d

taP *)3ln(ln +−
 (3) 

 

 
 
  12 

 



Establishing the Optimum Panel Densification for Performance Plywood/LVL Products – New Method Developed to Measure Veneer Quality and Bondability 

 
 
where P is the load applied, which is determined from the load-displacement curve; a is the area of the 
specimen; t is the thickness of the specimen and d is the displacement under the load. Based on equation 
(3), under a given load P, when displacement d increases, the roughness index K will decrease indicating 
a rougher surface. In addition to the displacement d at the predetermined threshold load, the roughness 
index K could also be used to classify the roughness grade of veneer and other wood materials.  
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Figure 11 Definition of veneer roughness index  
 
 
5.3 The Relationship Between Contact (bonding) Area and Load Applied  
5.3.1 Veneer-to-Veneer Contact 

Figures 12, 13 and 14 show the load-displacement curves for 4 smooth, 5 medium rough and 6 rough 
parallel veneer-ply, respectively. By comparison, the rough parallel veneer-ply had larger displacement 
before the linear elastic range started. After stopping compression, each parallel veneer-ply was carefully 
detached and the bonding area estimated. As shown from Figure 12, two parallel veneer-ply S1-S2 and 
S5-S6 almost followed the same load-displacement curve but with different ultimate compression loads. 
Figure 15 helps visualize the veneer surface roughness/quality with the coverage of glue. It demonstrates 
that: 1) the bonding areas of parallel veneer-ply change with the applied loads: 25 kg for S1-S2 with a 
45% glue coverage, and 158 kg for S5-S6 with a 93% glue coverage; and 2) the higher the load level 
applied, the larger the glue coverage area or bonding area.  
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Figure 12 The load-displacement curves for four smooth parallel veneer-ply 
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Figure 13 The load-displacement curves for five medium rough parallel veneer-ply 
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Figure 14 The load-displacement curves for six rough parallel veneer-ply 
 

  
a) load at 24kg (40 psi for S1-S2) b) load at 158kg (250 psi for S5-S6) 

 
Figure 15 Change of bonding area with the load applied 
 
Figure 16 shows the relationship between the contact (bonding) area and the load applied for 15 
Trembling aspen parallel veneer-ply (30 x 30 - mm). It demonstrates that the correlation follows a power 
pattern. Under a small load from 20 kg to 40 kg, the difference in contact (bonding) area between the 
smooth, medium rough and rough veneer is very small. However, under a larger load, the smooth veneer 
seems to have a larger contact (bonding) area than the rough veneer. At a threshold load of about 120 kg, 
the contact (bonding) area reaches about 80%. Thus, about 80% of the effect of surface irregularities or 
roughness can be eliminated at this threshold load level.  
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Figure 16 The relationship between contact (bonding) area and the load applied for 

Trembling aspen parallel veneer-ply 
 
5.3.2 Veneer-to-Plate Contact 

Figure 17 shows the load-displacement curves for forty-eight 2.5 x 2.5 -in veneer specimens. As shown in 
Figure 18, the relationship between the contact (bonding) area and applied load again follows a power 
pattern. In general, at the same load, the smooth veneer had higher contact (bonding) area than the 
rougher veneer.  
 
As shown in Figure 19, for a 2.5 x 2.5 -in specimen, the contact (bonding) area reached about 90% at a 
threshold load level of about 535 kg, which is equivalent to 120 kg for a 30 x 30 - mm specimen 
established before. The results again demonstrate that for an area of 30 x 30 - mm, the threshold load 
recommended at 120 kg would eliminate a majority of the effect of Trembling aspen veneer surface 
roughness or irregularities to achieve about 90% contact (bonding) area.  Therefore, we envision that for 
any specific veneer, the displacement under the threshold load defines the minimum compression required 
(densification) to achieve adequate bonding since all plywood products have to meet a minimum 
requirement of 80 percent wood failure. This minimum compression required (displacement) not only 
reveals the bondability and compressibility of veneer and other wood materials but also benchmarks their 
inherent material recovery which is surface roughness/quality-dependant.  
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Figure 17 The load-displacement curves for forty-eight 2.5 x 2.5 -in Trembling aspen veneer 

specimens 
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Figure 18 The effect of veneer surface roughness on contact area at different loads  
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Figure 19 The relationship between contact area and the load applied for Trembling aspen 
veneer 
 
5.4 The Implication, Impact and Application of the New Method 
5.4.1 The Implication of the New Method 

5.4.1.1 Revised Wood Compression Theory 

 in 
ory and practice. In theory, the general wood compression theory would need to be modified. 

igure 20 shows a compression load-displacement curve for one 30 x 30 –mm 1/8- inch thick Trembling 
ory would include four 

 1965; Ellis and Steiner 
Z hich has long been overlooked but is critically important, 

should be named as “non-linear conformation”. During this stage, the contact area increases nonlinearly 
irectly reveals the compressibility and bondability of veneer 

and other wood materials such as veneer-to-veneer and strand-to-strand and their minimum compression 

The new method developed for evaluating veneer surface roughness/quality has significant implication
both the
F
aspen veneer specimen. As shown in Figure 20, the revised wood compression the
stages instead of commonly defined three (Fukuyama and Takemura 1962; Bodig
2002; hou and Dai 2005). The first stage, w

with the load applied. It is this stage that d

required for achieving adequate contact (about 90% of bonding area). 
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Figure 20 Revised wood compression theory with four stages 
 
For plywood products, the implication is that the veneer is required to reach this critical compression 
level (the minimum compression required) to achieve the target bonding performance (80 percent wood 
failure) while maximizing material recovery. For LVL products, the indication is that, in order to achieve 
target product performance (stiffness and strength) while maximizing material recovery, there are 
constraints to avoid both under-densification and over-densification. The optimum range of veneer 
densification is from the minimum compression required to the maximum compression allowable (the 
yielding point). Beyond the yielding point, the cell walls of wood materials start to fracture, resulting in 
lower panel bonding strength and stiffness and reduced dimensional stability. Without considering the 
first stage of non-linear conformation, there would be no benchmark to deal with the variation in wood 
surface roughness/quality. As a result, the relationship between the product performance and material 
recovery cannot be characterized.  
 
5.4.1.2 Overall Veneer Quality Index 

From material quality, bondability and material recovery points of view, the ratio of the minimum 
compression required (dmin) over the nominal thickness (t) of the veneer or strand characterizes its overall 
quality when comparing the quality of veneers or strands from different species/thickness and sources. 
This is because the surface roughness/quality of the veneer or strand changes with its thickness. In 
general, the thicker the veneer or strand, the rougher the surface and the lower the material recovery. 
However, the thicker veneer or strand could lead to higher manufacturing productivity and less glue 
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consumption. As a result, there exists an optimum thickness of veneer or strand to balance the material 
recovery and manufacturing cost. 
 

Overall quality index of veneer (or strand) = 1 –  t
dmin   (4) 

 
Where dmin is the minimum compression required, and t is the nominal thickness of veneer/strand. The 
larger the index, the better the quality of the veneer/strand.  
 
In practice, the method provides a fast and objective way of measuring the surface roughness/quality of 
veneer and other wood materials such as strands, and more importantly, their bondability and the 
minimum compression required for achieving adequate contact (bonding). Based on the principle of this 
method, a portable surface roughness/quality meter and a stationary surface roughness/quality tester or 
potentially on-line surface roughness/thickness tester can be designed and fabricated. As shown earlier in 
Figure 6, the key parts of the design would be an apparatus for applying a 100~150 kg load onto an area 
of about 30 x 30 -mm and a displacement sensor (LVDT) to measure the corresponding displacement 
under this load. For each wood species, the threshold load level can be established at the selective MC or 
temperature levels through quick compression tests for correction. Once the relationship between the 
displacement (or roughness modulus) and roughness parameters is established, the method proposed 
could be used to classify and assess surface roughness/quality of veneer and other wood materials and 
characterize their bondability and compressibility. In particular, this method shows good potential to 
establish the standard for surface quality/roughness of veneer and other wood materials. The method 
could also be used to quantify the effect of weathering (erosions) on wood surfaces, providing a new way 
for assessing durability of wood and wood composite materials in the exterior/interior applications 
(Arnold et al 1992). So far, no similar method has been found through a patent search in US and Canada 
(Patent No 4313172, 5486924, 5614602 and 6629452). 

d Maximum Compression Allowable 

s stated, one hundred 30 x 30 - mm veneer specimens each from one smooth veneer sheet and one rough 

 
5.4.1.3 Characterization of the Minimum Compression Required an

A
veneer sheet were prepared, measured and compressed under the ambient temperature. The data were 
reconstructed in 10 x 10 matrix and plotted. Figure 21 shows the density map and thickness map of the 
smooth veneer sheet and rough veneer sheet, respectively. It can be seen that for this small 300 x 300 -
mm area, there were a significant variations in both density and thickness within each sheet, and on 
average, the smooth veneer had the larger density and smaller thickness variation than the rough veneer. 
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Figure 21  The maps of density (left) and thickness (right) for 300 x 300 -mm Trembling 

aspen smooth (top) and rough (bottom) veneer  
 
Figure 22 shows the map of the minimum compression required at an area of 300 x 300- mm for the 
smooth veneer and rough veneer, respectively. It can be seen that although there was a variation within 
each sheet, on average, the minimum compression required was larger with the rough veneer than the 
smooth veneer. This indicates that the rough veneer requires more compression to achieve adequate 
bonding. 
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Figure 22 The map of the minimum compression required for Trembling aspen smooth (t

and rough (bottom) veneer 
 
Figure 23 shows the map of the maximum compression allowable at an area of 300 x 300- mm for the 
smooth veneer and rough veneer, respectively. It can be seen that there was a large variation within each 
sheet, on average, the maximum compression allowable of the smooth veneer was about 8.5% smaller 
than that of the rough veneer. This indicates that the rough veneer could sustain more compression before 
th
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Figure 23 mpression allowable for Trembling aspen smooth (top) 

on between the minimum compression required and veneer density (R = 
0.05). This demonstrates that the first stage of the compression (non-linear conformation) is almost not 
affected by the wood density but by the surface quality or irregularities alone. Recall that the correlation 
between the minimum compression required and roughness parameters Ra and Rq gave R2 = 0.85 ~ 0.87, 
it is concluded that along with some effect of veneer thickness variation and possibly lathe checks, the 
minimum compression required mainly measures the effect of surface roughness. As a result, it is 
believed that the minimum compression required identified through the compression test is the overall 

 
Figures 24 and 25 show the correlation between the minimum compressions required and veneer 
thickness and density for these two hundred 30 x 30 - mm veneer specimens, respectively. There was 
little correlation between the minimum compression required and veneer thickness (R2 = 0.07). Again 
there was little or no correlati 2 
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surface roughness/quality index and has direct indication of bondability, compressibility and recovery of 
veneer and other wood materials. 
 

y = 0.342x - 0.772
R2 = 0.07

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

2.90 2.95 3.00 3.05 3.10 3.15 3.20 3.25 3.30

Veneer thickness (mm)

M
in

im
um

 c
om

pr
es

si
on

 re
qu

ire
d 

(d
: m

m
)

 
Figure 24 The correlation between the minimum compressions required and veneer thickness 
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Figure 25 The correlation between the minimum compressions required and veneer density 
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Figure 26 shows the load-displacement curves of the 30 x 30 - mm 1/10-inch thick sliced Trembling 
aspen veneer specimens with a focus on the first stage (non-linear conformation) and the second stage 

inear elastic), and Figure 27 shows the entire load-displacement curves over a temperature range of 20° 
to 150°C. Figure 26 demonstrates that on average, although the load level required to reach the minimum 
compression required depends on the temperature of the veneer specimens (the higher the temperature, 
the lower the load required), the minimum compression required does not change with the temperature. 
Following the same pattern, Figure 27 demonstrates that although the entire load-displacement curves of 
sliced Trembling aspen veneer specimens change with temperature, the maximum displacement allowable 
does not change with the temperature. Therefore, we could arrive at the following important conclusion: 
both the minimum compression required and the maximum compression allowable are inherent material 
behaviour and independent of temperature. 
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Figure 26 The minimum compression required over a temperature range 
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Figure 27 The maximum compression allowable over a temperature range 
 
Figure 28 shows the effect of MC on the minimum compression required and maximum compression 
allowable. As shown in Figure 28, the range between the minimum nd the 
maximum compression could be defined as the optimum range of densification for veneer and other wood 
materials. Overall, as shown in Figure 29, the temperature and MC mainly affect material compression 
MOE and the level of the threshold load required to achieve the required compression, but they do not 
affect the minimum compression required and the maximum compression allowable. This phenomenon 
could also be explained by the modified Hooke’s law as follows: 
 

σ =  ϕ (ε) MOE ε  (5) 

 
here ε is the compression strain, σ is the applied stress (platen pressure), MOE is the veneer 

ture, and ϕ (ε) is the 
d stage (linear elastic) 

f the stress-strain curve becomes flatter, hence the compression MOE reduces.  This will result in a 
reduced load or stress since veneer is easier to be compressed. But in this case, the magnitude of 
compression would stay unchanged. The implication of this finding is that the minimum compression 
required (surface roughness/quality) and the maximum compression allowable of veneer and other wood 
materials can be measured at any combination of temperature and MC as long as the threshold load is re-
examined. Likewise, the maximum compression allowable of veneer and other wood materials can also 
be easily determined as long as the first stage of non-linear conformation is considered. In practice, it will 
be more convenient to measure the minimum compression required (indication of surface 
roughness/quality) and maximum compression allowable under the ambient temperature and oven-dry or 
air-dry conditions.  

compression required a

W
compression modulus, which is the function of veneer density, MC and tempera
train function. When veneer temperature and MC increase, the slope at the secons

o
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Figure 28 The effect of veneer MC on dmin and dmax (1/10-inch sliced Trembling aspen 
veneer) 

 
Figure 29 Illustration of the effect of veneer temperature and MC on dmin  
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5.4.2 The Impact of the New Method  

The new method developed establishes an overall quality (plus recovery) index for veneer and other wood 
materials. With this method, the surface roughness/quality, bondability and compressibility of veneer and 
other wood materials can be quickly evaluated; and the minimum compression required for achieving 
adequate bonding and the maximum compression allowable for performance plywood/LVL products can 
be easily determined for increased panel bonding quality and improved material recovery. The method is 
simple, fast, non-destructive, and more objective than existing methods simply because it directly relates 
to the interfacial contact (bonding) of veneer-to-veneer or strand-to-strand. 
 
As shown in Figure 30, with one single compression test under a predetermined threshold load, we could 
obtain the following important parameters for veneer and other wood materials: 

• Average roughness/quality index 
• Average thickness  
• The minimum compression required for adequate interfacial contact, or recommended 

compression ratio (CR) for quality bonding  
Plus  
 

• Visualization of surface roughness/quality with glue spots and bonding area and 
• Wood bondability tester or bonding quality analyzer.  

 
To develop a bondability tester, a simple image analysis program can be developed and implemented to 
determine the number and size of glue spots and percent bonding area. By doing internal bonding (IB) 
and thickness swelling (TS) tests, the failure mode, internal bonding strength (IB) and thickness swelling 
(TS) can be examined in terms of temperature, MC, glue spread level, time and applied pressure. As a 

me su face 

The new method would assist the plywood/LVL industry in the following areas: 
 
a. Increase recovery of wood materials

result, the optimum glue spread and pressing para ters can be determined in terms of 
roughness/quality and other characteristics. 
 

r

 
 
Veneer surface roughness/quality has a big impact on the minimum compression required. Based on the 
compression tests with different levels of veneer roughness/quality, the required compression ratio (CR) 
for plywood to achieve adequate interfacial contact (bonding) generally ranges from 5 ~ 15%. This range 
provides a good opportunity for the industry to reduce plywood thickness loss while achieving target 
percent wood failure. Currently, some plywood mills are generally peeling thicker veneer (0.127 ~ 0.130 -
inch dry veneer thickness for nominal 1/8 -inch veneer) and using a larger-than-normal platen pressure for 
compression. The new method indicates that on one hand, veneer peeling thickness could be reduced 
(peeling thicker veneer could be unnecessary) if the surface quality of veneer could be controlled and 
improved. On the other hand, the platen pressure should be adjusted dynamically for CR control in terms 
of veneer surface quality. It is estimated that with a 2% increase in veneer recovery, an ordinary mill can 
realize about $500,000 savings annually.   
 
 
 
b. Improve surface quality & bonding strength and enhance product performance 
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With the measurement of veneer surface roughness/quality, the log conditioning and veneer peeling 
parameters can be adjusted. As a result, plywood glue-bonding strength and percent wood failure can be 
improved for performance or appearance based applications. 
 
c. Reduce glue consumption 
 
Currently, it is estimated that the glue cost for a typical 350 million square ft/y (3/8 -inch basis) plywood 
mill is $3.15 million. To deal with increasing rougher veneer for target 80 percent wood failure, the glue 
spread level has been increased from 32-lb/1000 ft2 to 35-lb/1000 ft2 per single glueline or so. As a 

sult, the glue cost increase is more than $270,000 annually. Using the new method for surface 

lity, it becomes possible 
to d er  is effective and if so, how much glue is needed in terms of 
ven  r

re
roughness/quality control, the annual savings in glue cost can be more than $135,000 when processing 
50% of rougher veneer. With the measurement of veneer surface roughness/qua

et mine if increasing t
eer oughness/quality. 

he glue spread
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Figure 30 Multiple outputs of the new method 
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5.4.3 The Applications of the New Method 

The method developed can be potentially used to develop: 
• a portable surface roughness/quality meter or stationary (bench-top) surface roughness/quality 

tester  
• a potential on-line (intermittent) surface roughness tester and  
• a wood bonding quality analyzer 

 
Figure 31 shows the frequency distribution of the minimum compression required dmin for three hundred 
30 x 30 -mm 1/8-inch representative Trembling aspen veneer specimens. 
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Figure 31 Frequency distribution of the minimum compression required for 1/8-inch thick 
mill peeled Trembling aspen veneer 
 
Figure 31 demonstrates that for the population of 1/8 -in thick mill peeled Trembling aspen veneer, in 
order to achieve a target 80 percent wood failure (80% bonding area) for the ven
minimum compression required is about 0.35 mm. At this compression level, about 82% of the 
population of veneer specimens have gone through the first non-linear conformation stage, creating about 
90% veneer-to-veneer bonding area.  The remaining 18% of the population of veneer have still not 
achieved 90% bonding area, which could still be acceptable based on the standard re ments. As a 
result, to make quality plywood/LVL products, the minimum compression ratio (CR) ired for this 
Trembling aspen veneer should be about 11.3%.  

eer products, the 

quire
 requ
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Figure 32 compares the minimum compression required (the surface roughness/quality) between five 
different species/thickness of veneer (bar stands for ± one standard deviation). It can be seen that the 1/10 

ollowed by 1/8 -inch peeled 
Tre li
lodgepo  white spruce veneer. However, the peeled Trembling aspen veneer 
has e  to the variation of the minimum 
com  the sheets, the actual compression required for 

eneer population should be determined from the frequency distribution of the minimum compression 

-inch sliced Trembling aspen veneer has the lowest compression required, f
mb ng aspen veneer, 1/8 -inch lodgepole pine veneer, 1/8 -inch mountain pine beetle (MPB) killed 

le pine veneer and 1/8 -inch
th largest variation for the minimum compression required. Due
pression required within each sheet and between

v
required. 
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Figure 32 Comparing the minimum compression required in terms of species/thickness 

ent 
 surface quality, the 1/8 -inch white spruce veneer is the lowest, 

llowed by the 1/8 -inch MPB-killed lodgepole pine veneer, 1/8 -inch lodgepole pine veneer, 1/8 -inch 

 
Table 1 and Figure 33 compare the overall veneer surface quality index for veneers from differ
species/thickness. In terms of the overall
fo
peeled Trembling aspen veneer and 1/10 -inch sliced Trembling aspen veneer. However, as far as the 
material recovery is concerned, the actual veneer thickness and its variation need also to be considered. 
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Table 1 Overall quality index of veneers from different species/thickness 
 

Veneer quality 
criterion 

1/8" peeled 
Trembling 

aspen veneer 

1/10" sliced 
Trembling 

aspen veneer 

1/8" MPB-killed 
lodgepole pine 

veneer 

1/8" 
lodgepole 

pine veneer 

1/8" white 
spruce 
veneer 

Average of minimum 
compression required (mm) 0.278 0.197 0.301 0.288 0.377 

Std. Dev. of minimum 
compression required (mm) 0.054 0.031 0.052 0.044 0.040 

Average veneer thickness 
(mm) 3.074 2.452 3.236 3.027 3.131 

Std. Dev. of veneer 
thickness (mm) 0.142 0.129 0.105 0.085 0.102 

Required compression for 
quality bonding (mm) 0.350 0.248 0.387 0.361 0.443 

Overall veneer quality 
index 0.890 0.902 0.878 0.886 0.860 
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Figure 33 Comparing the overall veneer quality index for different species/thickness 
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Figure 34 shows the frequency distribution of the maximum compression allowable dmax for 1/8 –inch 
ick mill peeled Trembling aspen veneer. It can be seen that for the Trembling aspen veneer population, 

at the target compression level o bo would experi all 
fracture. I ood cel re t n eng ially 
internal bonding (IB) strength, a du perf L , the 
maxim mpression ratio (CRma ) of LVL products can be determined as follows: 
 

CR  = d get / tactua   *100%  (6) 
 
Whe ression level, which can be determined from the frequency distribution of 
the maximum ession allowabl  veneer tion and  the m  vene ness. 
In the case of peeled 1/8 -inch Trembling aspen veneer, dtarget is 0.550 mm, tactual  is 3.074 mm,  hence the 
resultin . 
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Figure 34 Frequency distribution of the maximum compression allowable for 1/8-inch thick 
mill peeled Trembling aspen veneer 
 
In summary, based on the frequency distribution of the minimum compression required and the maximum 
compression allowable for 1/8-inch mill peeled Trembling aspen veneer, the optimum range of panel 
densification can be determined. For plywood products, to reduce the thickness loss while achieving the 
target bonding strength (area), the optimum densification (compression ratio) should be about 11.3%. 

aximizing 
the material recovery, the optimum range of panel densification should be from 11.3% to 18.0% for this 
Trembling aspen veneer.  

Similarly, for LVL products, to increase the panel stiffness and dimensional stability while m
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6 Conclusions 
The new method developed can directly measure overall surface roughness/quality of veneer and other 
wood materials in terms of its bondability and compression behaviour. Based on this concept, the 
optimum level of densification can be established for plywood and LVL products. The case study 
emonstrates the critical importance of surface roughness/quality on product bonding and mated

re
rial 

covery. As demonstrated, the th ou lso chmark the surface quality of veneer 
ther wood materials for redu sed recovery, improved product bonding 
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