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Warpage of dimensional lumber has been identified as the major issue for its use in wood construc-
tion prefabrication in North America. Face-gluing is a promising technique to mitigate warping
of dimensional lumber. This paper studies the dimensional stability and mechanical performance
of 2-ply face-glued lumber as a means of reducing warpage in both spruce-pine-fir (S-P-F) and
Douglas-fir (D. fir) lumber. Planks were paired and subsequently laminated based on their initial
dynamic modulus of elasticity (MOE) and shape compatibility. Warp was measured in twist, bow,
and crook at varying moisture contents. Mechanical performance was measured in terms of the MOE,
modulus of rupture (MOR), and shear strength. This pairing regime between component planks offers
a means to reduce the twist and bow tendencies of face-glued lumber while increasing the unifor-
mity of lumber strength. Flexural MOE and MOR performances were consistent with visual grades
No.1/No.2, showing the potential of face-glued lumber as a value-added product for the automatic

and elasticity
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prefabrication of wood constructions.

This is an open access article under the CC BY 4.0 license:
https://creativecommons.org/licenses/by/4.0/deed.en.

Introduction

Light-frame wood construction has been the major
construction system in North America for small resi-
dential houses since its invention in the 1840s. Mid-rise
light-frame wood construction has also gained increas-
ing market share as a viable and economic solution
for apartment buildings, due to the recent changes in
Canada allowing its use up to six stories. Dimensional
lumber has several benefits as a construction material:
it has a high strength-to-density ratio; it is renewable;
it sequesters carbon; and it is biodegradable at the end
of its life. However, one major disadvantage of dimen-
sional lumber is its tendency to warp under varying

" Corresponding author: amir.ghavidelesfahlan@unbc.ca

humidity and temperature conditions due to its aniso-
tropic and hydrophilic properties. This causes end-user
dissatisfaction with the quality of dimensional lumber
(Johansson et al., 1994). Warp in dimensional lumber is
an issue for the growing wood construction prefabrica-
tion industry in North America, where automatic fram-
ing equipment is designed to handle straight lumber. To
accommodate these limitations, dimensionally stable
laminated strand lumber (LSL) is often used instead,
increasing the cost and weight of construction. The
challenge is to create alternatives to LSL that are more
cost-effective and lighter. This has already been accom-
plished in European markets, where 2- and 3-ply face-
glued lumber, known as duo and trio lumber, is used
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Fig. 1. Face-glued lumber manufactured in North America (left) and Europe (right)

with the planks in specific orientations to reduce the
tendency of the lumber to warp.

Several studies have been conducted to date exam-
ining the mechanisms behind different parameters of
warpage (Cai and Dickens, 2007; Johansson and Kliger,
2002; Yoon and Park, 2002). Forms of warp in wood in-
clude cup, twist, bow and crook, all of which are caused
by complex spatial variations in the material properties
and spiral grain angle of the wood. Twist has been at-
tributed to several factors: the lumber’s spiral grain angle;
the species radial and tangential shrinkage coefficients
(Ormarsson and Cown, 2005); and its distance from
the pith (Ormarsson et al., 1999). As the spiral grain
angle in a board increases, so does its tendency to twist,
as the direction of shrinkage and swelling follows the
grain, causing directional variation in the dimensional
change throughout the wood. The species’ radial and
tangential shrinkage coefficients as well as the radius
of ring curvature influence the severity of this change.
As the radius of ring curvature increases towards the
pith, so does the ability of a board to twist (Ormarsson
etal., 1999). Ormarsson et al. (1999) also observed that
twist was not dependent on the ring orientation within
a board. Johansson and Kliger (2002) attributed bow
and crook to residual stresses in the wood and uneven
longitudinal shrinkage. Bow and crook tend to worsen
further from the pith, as they are influenced both by
the spiral grain angle of the wood and by its stiffness
properties (Ormarsson and Cown, 2005).

Eriksson et al. (2004) reported that halving a piece
of dry lumber and gluing the halves back together
with one board flipped radially reduces the tendency
to twist, and that symmetric cut and glue orientations
produced the greatest reduction in that tendency. Ser-
rano and Cassens (2001) found improvements in twist,
but not bow, with green gluing. Additionally, the re-
sults of Eriksson et al. (2005) show that different board
orientations in face-glued lumber with four boards
glued into a 2-by-2 matrix affected the severity of twist,
at varying moisture contents, although it is unclear how
the results of two-plane gluing transfer to one-plane
gluing. The effects of modulus of elasticity (MOE) on

warp tendencies in 2-ply face-glued lumber were not
examined in any of these studies.

Research into face-glued lumber has focused on
the use of lumber that originated from the same larger
piece and has symmetric and mirrored cut patterns
(Eriksson et al., 2004). Therefore, studies have not been
conducted to examine how face-glued lumber warps
when it contains boards with different origins and
therefore different MOEs and cut patterns. This may
be because of difficulties in finding a control population.

Unlike in Europe, 2-ply face-glued lumber has not
been identified in North American markets. Few exam-
ples of light-frame products have been identified, and
they are poorly distinguished in marketing from their
larger glue-laminated timber counterparts. Moreover,
structural face-glued lumber approved by the National
Lumber Grades Authority (NLGA) (2015) in Canada
has a different member arrangement than those in Eu-
ropean markets. As shown in Fig. 1, Canadian face-
glued lumber has several laminations on its thin faces,
rather than the wide face as seen in the European 2- and
3-ply face-glued products.

To address these research gaps, the objective of this
study is to develop 2-ply face-glued lumber by exam-
ining the dimensional stability and mechanical per-
formance of spruce-pine-fir (S-P-F) and Douglas-fir
(D. fir) face-glued lumber. Dimensional stability will be
measured in terms of the bow, crook, and twist of the
lumber, and the mechanical properties will be quanti-
fied in terms of the MOE, modulus of rupture (MOR),
and shear strength, with reference to North American
testing standards.

Materials and methods
1. Materials and fabrication

Sixty 19 x 89 mm? (1x4) by 2.43 m long ungraded Ca-
nadian S-P-F lumber planks were selected from a local
hardware store in Prince George, British Columbia. In-
store selection criteria eliminated planks with significant
defects and warp. Another group of twenty-four 2.70 m
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long 23 x 99 mm? rough sawn D. fir planks were selected
from 62 planks donated by a local sawmill. These were
chosen for minimal visual defects and sufficient thick-
ness to plane. The reference group consisted of six 1.80 m
long 38 x 89 mm?* (2x4) J-graded S-P-F lumber planks.
J-grade is a special lumber grade with minimal defects
and warp. The raw material was equilibrated to labora-
tory conditions over the course of 2 months.

Thirty face-laminated S-P-F and twelve laminated
D. fir pieces were fabricated. Planks were paired based
on their initial dynamic MOE and shape compatibility.
The lowest MOE plank was paired with the highest
MOE plank, the second lowest to the second high-
est, and so forth. MOE-paired planks whose shapes
were incompatible for gluing were re-paired to allow
gluing; six of the face-glued S-P-F boards were paired
in this way. In terms of the relative orientation of the
planks in the face-glued lumber, planks were oriented
with their sapwood on the bond line wherever possi-
ble. All face-glued D. fir boards achieved this ori-
entation; however, five of the 30 face-glued S-P-F
boards had one member’s heartwood on the bond
line. These five boards became the Type 2 face-glued

S-P-F subgroup; the others were designated Type 1.
These face-glued S-P-F subgroups are illustrated in
Fig. 2. One half (15) of the face-glued S-P-F boards
contained at least one pith part. Two of the reference
group also contained pith; however, no pith was ob-
served in the face-glued D. fir.

Before gluing, the rough sawn D. fir planks were
planed to 19 mm in thickness. All face-glued lumber
was bonded with LePage Polyurethane glue. Pressure
was applied with bar clamps while curing. After lam-
ination, all face-glued lumber was cut to 2.40 m and
the face-glued D. fir lumber was planed to 89 mm in
width. The edges of the face-glued S-P-F lumber were
only sanded to remove excess glue

2. Dimensional stability

The warp, quantified by the twist, bow, and crook, of the
face-glued lumber was calculated using the apparatus
shown in Table 1. The warp measuring apparatus is based
on similar devices used by Perstorper et al. (2001). These
measurements were determined using five linear variable
differential transformers (LVDTs), accurate to 0.1 mm.

Table 1. Warp measuring apparatus and definitions of twist, bow and crook

Definitions of warp

Twist = |tan'1 (}%ﬂ

Bow=w

u+x

Crook = ‘ —v|

where u, v,..., z are the displacements of the LVDTs (in mm) relative to the LVL calibration piece

Note: the geometric equations for warp do not include calibration to the LVL piece

Fig. 2. Two types of lamination orientations examined in the S-P-F group
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Displacements were calibrated to a piece of laminated
veneer lumber used as a straight stud reference. The
equations and the apparatus used to determine the twist,
bow, and crook are presented in Table 1.

The initial moisture content of all groups was mea-
sured at around 8%. The humidity chamber used to
condition the lumber to the two other target moisture
contents, 13% and 18%, is shown in Fig. 3. At each target
moisture content, the warp and dynamic MOE were
measured, using the applied apparatus and a stress wave
device, respectively. Three weeks were needed to con-
dition the lumber from 8% to 13% MC, and then again
from 13% to 18% MC. At the end of the last conditioning
phase, the face-glued and reference S-P-F lumber had
a moisture content of 16%, while that of the face-glued
D. fir lumber was 19%. The temperature was maintained
at 21 °C (the temperature of the laboratory). The mois-
ture content of the lumber was monitored daily, using
a Delmhorst” RDM3™ pin-type resistance moisture meter.

3. Mechanical properties

Twelve randomly selected face-glued S-P-F boards and
all twelve face-glued D. fir boards underwent mechan-
ical testing to determine the flexural MOE, MOR, and
shear strength of the groups, once dimensional stability

measurement was complete. Stress wave tests to deter-
mine dynamic MOE (MOE,) were conducted on all
lumber planks using a FAKOPP Microsecond Timer
before lamination and then again on the reference
boards and resulting face-glued lumber at each target
moisture content. In the setup shown in Fig. 4, the
time-of-flight (TOF) in us for a stress wave created
at the left transducer by the hammer to reach the right
terminal is related to the by equation (1). The velocity
of longitudinal acoustic waves in a wood member can
be determined through TOF acoustic measurement.
In this method, a mechanical or ultrasonic impact gen-
erates a longitudinal wave within the wood member
(Arriaga et al., 2023; Nocetti et al., 2024).

L 2
MOE, =p (=) 1000000 (1

where L is the length of the board (m), and p is the
mass density of the board (kg/m®) determined from
the dimensions and mass of the board.

In comparing the dynamic MOE of the lumber
planks to the face-glued lumber, the moisture content
adjustment factor introduced by Barrett and Hong
(2010) was applied to the dynamic MOE of the com-
ponent lumber planks.

Fig. 3. Humidity chamber used to adjust the moisture content of specimens

Fig. 4. Stress wave test setup to determine the dynamic MOE of the board
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Fig. 5. Bending test setup (left) and block shear test setup (right)

Flexural MOE and MOR were determined by center
point edgewise bending tests, with reference to ASTM
(2015) Standard D198. The lumber was cut to 1958 mm
to allow a span-to-depth ratio of 20 with one depth of
overhang on each end. ASTM Standard D198 (2015)
specifies equations (2) and (3) for the determination of
flexural MOE () and MOR. The setup is shown in Fig. 5.
A loading rate of 5.0 mm/min was applied.

MOE, = % (2)
f ™ abdia
3Pmax!

MOR === (3)

where P is the increment of applied load on the spec-
imen (N), P, 1is the applied load on the specimen
at failure (N), b is the width of the specimen (mm),
d is the depth of the specimen (mm), [ is the distance
between the reaction supports (mm), and 4 is the in-
crement of deflection of the specimen under the incre-
mental load (mm).

The shear strengths of the specimens were deter-
mined following ASTM Standard D905 (2013). Per-
centage wood failure was calculated. The bond area was
2500 mm? and specimens were loaded at 0.90 mm/min.
The shear strength (fv) is given by equation (4). Fig. 5
shows the test setup.

(4)

_ Pmax
fo==7

where b and d are respectively the width and depth
of the specimen’s bond area (mm).

Results and discussion
1. Dimensional stability

The dimensional stability performance of the face-glued
S-P-F lumber over the S-P-F reference group is mixed.
The results are shown in Fig. 6. The change in warp
between groups with varying moisture contents are
compared at a 95% significance level (a = 0.05). From
8% to 13% moisture content, the face-glued S-P-F
lumber has a higher stability in crook (p = 0.00), but
lower stability in bow (p = 0.00) compared to the ref-
erence group. From 8% to 16% moisture content, the
face-glued lumber is still less stable in bow (p = 0.00);
however, no difference is seen in the change in crook
compared to the reference group (p = 0.33).

Examining the performance of the different plank
orientations in face-glued S-P-F lumber, Type 2 lum-
ber is more stable than Type 1 lumber from 8% to
13% and from 8% to 16% moisture content (p = 0.00
in both cases).

In terms of twist, no significant difference is seen
in the change in twist between the face-glued and ref-
erence S-P-F group or between the Type 1 and Type 2
orientations from 8% to 13% or 8% to 16% moisture
contents. The lack of difference between the change
in twist of these groups conflicts with the results of
Eriksson et al. (2004), who found a reduction in twist
tendencies when boards were bifurcated and glued
back together with one board flipped. There may be an
explanation for this. Eriksson et al. (2004) used a ref-
erence group from the same log and position as the
face-glued boards and not high-quality J-graded boards.
This suggests that the twist tendency of the face-glued
S-P-F is as good as the high-quality J-graded boards.
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Fig. 6. Twist, bow and crook of S-P-F and D. fir face-glued lumber

ONo Pith

@EPith

Bow (mm/m)

Crook (mm/m)

Twist (*/m)

Fig. 7. Effect of the presence of pith on the warp of face-glued lumber

Moreover, Ormarsson et al. (1999) observed that
twist in 3-ply face-glued lumber may be more pro-
nounced if the component plank orientations are not
contrasting. The results of this study indicate that that
bow can worsen as well. This suggests that differences
in the properties of the component planks, such as
differences in their MOE and their ring orientation,
influence the shape stability of the resulting face-lami-
nated board. These differences may be more pronounced
in our results, as the origin and ring orientation of the
planks are uncontrolled.

As seen in Fig. 6, changes in twist and bow between
S-P-Fand D. fir face-glued lumber follow similar trends,
whereas in crook, similar trends are observed between
the face-glued and reference S-P-F groups. This sug-
gests that changes in twist and bow between moisture
contents is influenced by lamination; however, spe-
cies-specific factors may dominate in the case of crook.

Fig. 7 summarizes the effects of the presence of pith
on the dimensional stability of the face-glued S-P-F
lumber. Face-glued S-P-F lumber containing at least
one pith part is less stable in crook (p = 0.03) and bow
(p = 0.04) than samples without pith between 8% and

16% moisture content (a = 0.05). Differences in twist
are not significant (p = 0.44). The mean differences in
the change of bow, crook and twist from 8% to 16%
moisture content were 1.4 mm, 1.3 mm, and 0.1°. The
standard deviation for the change in bow and crook
is also less for face-glued boards without pith than for
those with a pith part (1.1 mm vs. 2.5 mm and 0.6 mm
vs. 1.9 mm respectively).

These results show the tendency for bow and crook
in face-glued S-P-F lumber to increase with the pres-
ence of at least one pith part, in contrast to the behavior
of solid lumber, which tends to have less bow and crook
closer to the pith (Ormarsson et al., 1999). The increase
in bow and crook with the presence of pith may stem
from differences in the coefficients of shrinkage/swell-
ing and directional MOEs between component planks.

The influence of the percentage difference in the
dynamic MOE of the component planks of a face-glued
board on its warp was examined with respect to the dy-
namic MOE of the face-glued lumber and by grouping
both the S-P-F and D. fir lumber together. As seen in
Table 2, there is a significant increase in all warp param-
eters for boards with an MOE difference greater than
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Table 2. Mean and significance results comparing the warp in face-glued lumber with more or less than 20% difference

in MOE between component planks

MOE difference Bow Crook Twist
<20% 2.5 mm 2.1 mm 1.8°
Mean
>20% 6.6 mm 4.3 mm 3.1°
P-value (H0 =0, a=0.05) 0.00 0.03 0.03
Difference Yes Yes (but likely no) Yes

Fig. 8. Influence of the difference in the initial MOE of two component planks on the warp of face-glued lumber

20%; however, the statistical changes in crook likely
result from the two outliers observed in Fig. 8c. More-
over, the variability of change in twist and bow tends

to increase as the difference in MOE increases. These

results show that bow (and twist as product of bow and

crook) tendencies of face-glued lumber are sensitive to

the relative change in the longitudinal bending stiffness

of the component planks. These results are supported

by Li et al. (2016)as a key geometry parameter, was

independent of three key material parameters; and

(4, who found that cupping was influenced by changes

in the tangential shrinkage coeflicient and tangential

MOE of 2-ply face-glued densified balsam fir. By this

model, crook would not be sensitive to changes in the

longitudinal MOE of 2-ply face-glued lumber, as this

change is through the thickness of the lumber and not
its width. Therefore, minimizing the longitudinal MOE

difference between component planks minimizes the

tendency of face-glued lumber to bow. These stiffness

sensitivities to warp also agree with the results of Or-
marsson and Cown (2005), and may explain the im-
provements in twist observed by Eriksson et al. (2004);
it can be assumed that there is little variation in MOE
between component planks sawn from adjacent posi-
tions within the same log.

2. Mechanical properties
As seen in Fig. 9, both the face-glued D. fir and S-P-F

lumber meet Select Structural (SS) grade in terms of
their dynamic MOE at all examined moisture contents.

At 8% moisture content, the average densities of the
face-glued S-P-F, the reference S-P-F and face-glued
D. fir lumber were 440, 470, and 500 kg/m3 respec-
tively. Most notably, gluing the boards based on initial
MOE reduced the MOE standard deviation from 2,000
to 460 MPa and from 2,200 to 990 MPa in the face-
glued boards for D. fir and S-P-F respectively, creating
more predictable stiffness characteristics. However, as
described in section 3.1.2, this pairing pattern results
in higher warp tendencies in face-glued lumber with
greater differences in the MOE of their component
planks. Therefore, the results suggest that pairing planks
for minimal difference in MOE reduces the warp ten-
dencies of the boards, but may increase the variation
in the MOE of the face-glued lumber, as the group
averaging effects seen in Fig. 8 would be lessened.

In terms of flexural MOE, the face-glued S-P-F and
D. fir lumber performed well at a mean of 9,600 and
11,500 MPa respectively at 12% moisture content. The
flexural MOEs were less than the dynamic MOEs, but
this was expected and has been observed by others
(Wang, 2013). Face-glued S-P-F had a mean MOR of
45.3 MPa, and 58.2 MPa was observed for the face-
glued D. fir. All specimens failed in tension, often at
knots. As seen in Table 3, both the flexural MOE and
MOR results are consistent with CSA 086 (2014) No.1/
No.2-graded lumber.

The efficacy of the face-glued lumber in terms of
block shear strength was not as high. Table 3 shows
the mean and fifth percentile values for the block shear
tests. The mean shear strength for the face-glued S-P-F
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Table 3. Mechanical testing results for flexural MOE, MOR, and block shear strength

Flexural MOE MOR 1.
Mean Parametric CoV Mean Tolerance Parametric 25th  Mean Parametric
Group (MPa) 25% percentile (%) (MPa) limit percentile (MPa) 25" percentile
(MPa) (MPa) (MPa) (MPa)
S-P-F 9600 7300 12 453 29.0 18 4.9 3.2
D. fir 11500 10100 5.7 58.2 39.0 17 7.2 4.5

Fig. 9. Dynamic MOE of face-glued lumber at different moisture contents, and comparison with the MOE of raw
material and Select Structural grade

lumber (4.9 MPa) was below the minimum allowable

mean shear strength (5.3 MPa) and both face-glued

groups were well below CSA 0122 (2016) wood failure

tolerances. Wood failure ranged from 0% to 30% in the

face-glued S-P-F lumber and from 0% to 60% in the

face-glued D. fir lumber, averaging 15% and 20% wood

failure respectively. These wood failure percentages are

well below the specified minimum mean of 80% wood

failure and the fifth percentile tolerance limit of 60%
given in CSA 0122 (2016). Despite this, the face-glued

D. fir lumber did meet the minimum allowable mean of
6.65 MPa. Both groups also met the CSAO122 (2016)

minimum allowable shear strength of a test specimen.
These results show the limitations of bar clamps in con-
trolling the quality of the glue line, and highlight the

importance of ensuring uniformly distributed pressure

and the correct application time of the glue.

Conclusions

This study investigated the dimensional stability and
mechanical properties of 2-ply face-glued Spruce-Pine-
Fir (S-P-F) and Douglas-fir (D. fir) lumber to address
the warpage issues that challenge the wood construction

prefabrication industry in North America. The re-
search demonstrated that face-gluing is an effective
technique for mitigating warp, particularly in crook,
while maintaining the strength properties of the lumber.
However, the results indicated that while face-glued
lumber shows improved stability in some aspects, it also
exhibited greater bow tendencies, particularly when
the modulus of elasticity (MOE) differences between
component planks exceeded 20%. This highlights the
importance of carefully selecting and pairing planks
with minimal MOE differences to reduce the risk of
warp, especially bow.

The mechanical performance of the face-glued
lumber was promising, with both S-P-F and D. fir
meeting Select Structural (SS) grade requirements for
dynamic MOE. Flexural MOE and modulus of rupture
(MOR) results were consistent with industry standards,
demonstrating the potential of face-glued lumber as
a value-added product in the construction industry.
However, challenges remain in achieving consistent
glue lines and adequate shear strength, as the block
shear strengths for face-glued lumber fell below the
specified tolerances, likely due to limitations in the
gluing process, such as the use of bar clamps.
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