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ABSTRACT

In order to improve the bending strength performance of three-ply laminated wood panels and use them
as construction-grade panel materials, twelve types of three-ply cross-laminated wood panels whose
percentages of core lamina thickness versus total lamina thickness were 33%, 50%, and 80% were made
with sugi (Japanese cedar), and the effect of component ratio of the face and core laminae on their static
bending strength performance was investigated.

The moduli of elasticity (MOE), proportional limit stresses and moduli of rupture (MOR), perpendicu-
lar (C, type) and parallel (C; type) to the grain of face laminae markedly increased or decreased with
increasing percentage of core lamina thickness. The percentages of core lamina thickness at which each
strength property value of C; type became equal to that of C, type ranged from 65% to 80%. At each
percentage of core lamina thickness, the MOE and proportional limit stress of C; type were higher in
C,(45) specimens having perpendicular-direction lamina of 45° annual ring angle in the core than in
C,(90) specimens having perpendicular-direction lamina of 90° in the core, whereas there was little
difference in MOR between C(45) specimens and C(90) specimens. For 45° specimens having the core
lamina thickness from 60% to 70%, MOE as well as MOR parallel and perpendicular to the grain of face
laminae exceeded the corresponding requirement values of structural plywood with 21.0-mm thickness
specified in Japanese Agricultural Standards.

The measured MOEs of C, type were nearly equal to those calculated from true MOEs of individual
laminae, whereas the measured MOEs of C; type were smaller than the calculated MOEs, owing to the
effect of deflection caused by shear forces. The percentages of deflection caused by shear force versus
total deflection (¥;) were much greater in C(90) specimens than in C(45) specimens. The Y; for the
C,(45) specimen decreased with increasing percentage of core lamina thickness, while Ys for the C,(90)
specimen minimally varied.

Keywords: Anisotropy, annual ring angle, cross-laminated wood panels, modulus of elasticity, shear
force.

INTRODUCTION

Sugi trees are the most commonly occurring
species in Japanese forests. A very low modulus
of elasticity at the annual ring angle of 45° per-
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pendicular to the grain of sugi wood, which re-
sults from its low shear modulus in cross-section
(Ggt), becomes a problem when used for a panel
product. It is assumed that the strength perfor-
mance perpendicular to the grain can be im-
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proved by cross-laminating each layer so that the
grain direction is at a right angle to that of the
adjacent layer. Recently, cross-laminated wood
panels have been developed and used for appli-
cations such as wall and floor sheathing in wood
construction. In addition, cross-laminated wood
panels are expected to be superior in dimen-
sional stability and warp resistance. However,
there has been no research on the effect of per-
centage of face and core lamina thickness on the
static bending strength performance of cross-
laminated wood panels.

In a previous report on three-ply cross-
laminated wood panels that were composed of
three laminae with the same thickness (Park et
al. 2001), it was found that static bending
strength performance perpendicular to the grain
was markedly improved by cross-laminating,
and bending strength performance was markedly
influenced by annual ring angles of perpendicu-
lar-direction laminae used for the core as well as
the face. Moreover, for the cross-laminated
wood panels whose core was composed of
lamina perpendicular to the grain, the measured
values of modulus of elasticity (MOE) were
much lower than those calculated from the true
MOE of individual laminae. It was clarified that
this could be explained in terms of the effect of
deflections caused by shear forces owing to a
very small shear modulus in cross-section (Ggr)
of sugi. This result for cross-laminated wood
panels that had three laminae of the same thick-
ness was expected to be varied by changing the
percentage of faces and core lamina thickness.

The degree of anisotropy of strength proper-
ties for plywood that was expressed as ratios of
strength properties perpendicular to the grain of
face veneer versus those parallel to the grain of
face veneer of plywood can be varied over a
wide range by changing the percentage of face
and core veneer thickness (Asano and Tuzuki
1963; Okuma 1966).

In order to improve the bending strength per-
formance of cross-laminated wood panels and
use them as construction-grade panel materials,
in this study, three-ply cross-laminated wood
panels whose core lamina thickness versus total
lamina thickness was 33%, 50%, and 80% were

made with sugi; and the effect of core lamina
thickness on the degree of anisotropy of bending
strength performance and the change in effect of
the deflection caused by shear forces on bending
MOE with increasing percentage of core lamina
thickness were investigated. It is very difficult to
measure the bending strength properties perpen-
dicular to the grain of veneer constituting ply-
wood, but the bending strength properties per-
pendicular to the grain of lamina constituting
cross-laminated wood panel can be measured.
This is very advantageous to investigate the
bending strength performance of cross-
laminated wood panels.

MATERIALS AND METHODS
Specimens

Sugi (Japanese cedar, Cryptomeria japonica
D. Don) with densities in the range of 0.358-
0.417 Mg/m® and having annual rings with radii
of curvature of more than 110 mm was used as
a raw material. A resorcinol-phenol resin type
adhesive formulated for a room temperature cure
was used, and the amount of spread was 300
g/m?. Cross-laminated wood panel specimens
and their preparation are shown in Fig. 1. The
longitudinal-direction laminae and perpendicu-
lar-direction laminae were made with sugi. The
longitudinal-direction laminae whose long axes
were parallel to the grain had dimensions of 2, 5,
6.7, 10, and 16 mm(T) x 20 mm(R) x 360
mm(L), and the annul ring angles of the laminae
were 90°. The perpendicular-direction laminae
whose long axes were perpendicular to the grain
had 45° and 90° annual ring angles. The perpen-
dicular-direction lamina with 45° had the lowest
MOE and the highest shear modulus in cross-
section (G,s-), while those with 90° had the
highest MOE and the lowest shear modulus in
cross-section (Ggp) as described in Park et al.
(2001). As shown in Fig. 1, the perpendicular-
direction laminae had the dimensions of 2, 5,
6.7, 10, and 16 mm (45°) x 20 mm (L) x 360
mm (45°) and of 2, 5, 6.7, 10, and 16 mm (T) x
20 mm (L) x 360 mm (R), and were prepared as
follows; the elements of 2, 5, 6.7, 10, and 16 mm
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Species : Sugi (Japanese cedar)
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L: Longitudinal direction,
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T: Tangential direction,

459 and16 (90 45"; Direction at 45" from tangential
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Three-ply glued lamination and
cut to 340mm in length

33% 50% 80%
C,(90)type C, (90) type

Cross-laminated wood panel specimens (20 mm X 20 mm X 340 mm)

Fic. 1. Cross-laminated wood panel specimens and their preparation. 33%, 50%, and 80% are the percentage of core
lamina thickness versus total thickness for cross-laminated wood panel specimens. 45 and 90 are annual ring angle in
degrees.
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(45°) x 20 mm (45°) x 180 mm (L) and of 2, 5,
6.7, 10, and 16 mm (T) x 20 mm (R) x 180 mm
(L) were made. Eighteen elements of each thick-
ness were side-jointed and then cut to 20 mm (L)
size in width. By combining these longitudinal-
and perpendicular-direction laminae, the follow-
ing twelve types of three-ply cross-laminated
wood panel specimens (20 mm x 20 mm x 340
mm) were manufactured; C (45)33%, C(45)50%,
C,(45)80%, C,(90)33%, C(90)50%, C,(90)80%,
C,(45)33%, C,(45)50%, C,(45)80%, C,(90)33%,
C1(90)50% and C,(90)80%. For C; type, the faces
were composed of longitudinal-direction laminae
and the core was composed of perpendicular-
direction lamina. For C; type, the faces were
composed of perpendicular-direction laminae
and the core was composed of longitudinal-
direction lamina. Forty-five and 90 indicated an-
nual ring angles of perpendicular-direction lami-
nae. 33%, 50%, and 80% indicated percentage
of core lamina thickness versus total lamina
thickness, which was the thickness of the fin-
ished cross-laminated wood panel. C; and C;
types were the specimens used to measure the
static bending properties parallel and perpen-
dicular to the grain of face laminae of cross-
laminated wood panels. The number per each
type of specimen was four.

Bending strength properties test

Static bending tests for cross-laminated wood
panel specimens were conducted using four-
point loading according to Japanese Agricultural
Standards (JAS) for structural laminated veneer.
The span was 300 mm, the distance between a
loading point and a supporting point was 100
mm, and the cross-head speed was 5.0 mm/min.
The deflection at the mid-span between the sup-
porting points was measured with a dial gauge,
and load-deflection curves were recorded with
an X-Y recorder. The schematic diagram of
bending test is shown in Fig. 2. The measured
deflection was apparent deflection containing
deflection caused by shear forces. The calcu-
lated MOE for each specimen was obtained us-
ing the equivalent cross-section method ex-

pressed in Eq. (1) from true MOE of individual
laminae (Utokuchi et al. 1998), and compared
with measured values of the cross-laminated
wood specimens.

E, +E.l, +E;l,
- I

)]

where E is the modulus of elasticity of the lam-
inated wood beam and E,, E,, and E; are the
moduli of elasticity of individual laminae. [ is
the moment of inertia for the cross-section of
laminated wood beam, and /,, I, and I; are the
moments of inertia of individual laminae about
the neutral axis of their cross-section.

RESULTS AND DISCUSSION
Modulus of elasticity of laminae

The averaged moduli of elasticity (MOE) of
longitudinal- and perpendicular-direction lami-
nae are shown in Table 1. The average MOE for
the longitudinal-direction laminae with 90° an-
nual ring angle was 10.2 GPa, and the average
MOE values of the perpendicular-direction lami-
nae with 45° and 90° annual ring angles were
0.0817 GPa and 0.738 GPa, respectively. The
MOE of the perpendicular-direction lamina with
45° annual ring angle was considerably smaller
than that of 90° annual ring angle.

Stress-strain curves of cross-laminated
wood panels

Typical examples of stress-strain curves for
cross-laminated wood specimens are shown in
Fig. 3. The stress-strain curve of C, type exhib-
ited a distinct change in shape with increasing
thickness of longitudinal-direction laminae used
for the core. Large plastic deformations were
observed beyond the proportional limit at 33%
and 50% of core lamina thickness, whereas there
was little plastic deformation at 80% of core
lamina thickness. The breaking strain, which
was defined as strain generated when stress
reached the maximum value, decreased with in-
creasing thickness of longitudinal-direction
lamina used for the core. For C,(90) specimens
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Fic. 2. Schematic diagram of static bending test for cross-laminated wood panel specimen. F is shear force (= P/2) and

T is shear stress generated in beam of specimen.

having perpendicular-direction laminae of 90° in
the faces, numerous cracks occurred in speci-
mens beyond the proportional limit, whereas for
C,(45) specimens having perpendicular-
direction laminae of 45° in the faces, there were
no apparent cracks of perpendicular-direction
lamina in the faces until breaking point. This is
considered to be due to considerably greater

breaking deflection of perpendicular-direction
laminae of 45°. Unlike C, types, the MOEs
within the proportional region for C; types were
higher in C(45) specimens having perpendicu-
lar-direction lamina of 45° in the core than in
C,(90) specimens having perpendicular-
direction lamina of 90° in the core, regardless of
core lamina thickness. The breaking strain for
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TaBLE 1. Density and MOE of longitudinal- and perpendicular-direction laminae.
Annual ring Thickness Density(Mg/m’) MOE(GPa) Number
Type angle(®) (mm) AV CV(%) AV CV(%) of lamina
Longitudinal-direction lamina 90 2 0.403 35 10.3 10.4 16
5 0.383 34 9.87 8.9 16
6.7 0.394 2.8 11.2 72 24
10 0.391 33 9.60 11.9 8
16 0.389 23 9.70 6.3 8
Average 0.392 10.1
Perpendicular-direction lamina 45 2 0.387 34 0.0833 6.0 8
5 0.396 2.0 0.0788 3.8 8
6.7 0.395 2.8 0.0792 5.1 12
10 0.393 0.3 0.0875 23 4
16 0.388 0.3 0.0815 2.5 4
Average 0.392 0.0821
90 2 0.388 39 0.750 9.6 8
5 0.388 2.8 0.708 7.6 8
6.7 0.394 2.3 0.772 3.6 12
10 0.396 0.3 0.718 22 4
16 0.387 0.5 0.725 3.6 4
Average 0.391 0.735

AV: Average value, CV: Coeftficient of variation.

33% of core lamina thickness had lower values
in C,(45) specimens than in C(90) specimens,
whereas values for 50% and 80% of core lamina
thickness were found to be greater in C(45)
specimens. As shown in Fig. 3, for C/(45) speci-
mens, the stress-strain curves for 50% and 80%
of core lamina thickness showed long and es-
sentially straight lines beyond the proportional
limit. For C(90) specimens, numerous cracks
occurred, except for 80% of core lamina thick-
ness.

Modulus of elasticity of cross-laminated
wood panels

Results of bending tests for cross-laminated
wood panel specimens are shown in Table 2.

Modulus of elasticity

The relationship between the MOE and the
percentage of core lamina thickness of cross-
laminated wood panels is shown in Fig. 4. The
ratios of MOE of each core lamina thickness
versus MOE of 33% and the ratios of MOE of
90° specimens versus MOE of 45° specimens

were calculated from the average values of MOE
shown in Table 2 and are mentioned below. For
C, type, the MOE increased distinctly with in-
creasing thickness of longitudinal-direction
lamina used for the core from 33% to 80%.
MOE values of cross-laminated wood panels
were greater in C (90) specimens than in C (45)
specimens, regardless of core lamina thickness.
The ratios of MOE of each core lamina thickness
versus MOE of 33% core lamina thickness
were 1:2.80:10.4 for C,(45) specimens and
1:1.55:4.41 for C,(90) specimens; and the ex-
tent of the increase was much greater in C(45)
specimens than in C,(90) specimens. The MOE
values for C,(45) specimens were compared
with those for C, (90) specimens at each percent-
age of core lamina thickness, and the ratios of
the MOE for C,(90) specimens to those for
C,(45) specimens were 2.50 for 33%, 1.38 for
50%, and 1.06 for 80%. It was found that the
ratio decreased considerably with increasing
percentage of core lamina thickness. This is be-
cause the MOE values of C, types are gradually
ruled by longitudinal-direction lamina used for
the core with an increase in thickness of longi-
tudinal-direction lamina with a high MOE, and
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at 80%, there is little influence of perpendicular-
direction laminae used for the faces.

MOEs of C; types decreased linearly with in-
creasing thickness of perpendicular-direction
lamina used for the core in both annual ring
angles. However, unlike C, types, their values
were higher in C(45) specimens than in C,(90)
specimens. The ratios of MOE of each core
lamina thickness versus MOE of 33% core
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Stress-strain curves for cross-laminated wood panel specimens. 33%, 50%, 80%, 45 and 90 represent the same

lamina thickness were 1 : 0.84 : 0.52 for C(45)
specimens and were 1 : 0.79 : 0.54 for C(90)
specimens, and it was found that there was little
difference in the extent of the decrease between
both annual ring angles. The ratios of the MOE
for C;(90) specimens to those for C(45) speci-
mens were 0.61 for 33%, 0.56 for 50%, and 0.64
for 80%, which minimally varied with the core
lamina thickness.
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TaBLE 2. Results of bending tests for cross-laminated wood panel specimens.

T Density MOE PLS MOR BS
Types (%) (Mg/m®) (GPa) (MPa) (MPa) (1072 mm/mm)
C.(45) 33 0.412 (1.0) 0.492 (7.8) 6.08 (3.6) 11.8 (5.6) 3.83 (12.1)
50 0.411 (1.8) 1.38 (5.3) 12.3(2.5) 21.3(6.7) 2.96 (21.4)
80 0.402 (1.8) 5.12 (4.5) 31.1(5.7) 46.5 (7.2) 1.67 (20.2)
C. (90) 33 0.413 (1.8) 1.23 (2.8) 5.53(31.4) 11.1(9.3) 2.61(39.7)
50 0.405 (3.2) 1.91(10.3) 9.48 (21.4) 19.1 (13.6) 1.94 (22.1)
80 0.401 (2.6) 5.42(7.3) 31.1 (3.7) 46.8 (4.9) 1.61 (12.7)
C, 45) 33 0.408 (0.9) 9.19 (3.7) 429 (4.5) 51.7 (1.7) 0.873 (33.9)
50 0.401 (1.3) 7.86 (7.0) 37.8 (8.5) 49.1 (7.0) 2.20 (11.7)
80 0.409 (1.1) 4.76 (6.6) 19.7 (7.6) 27.5(6.4) 2.58 (2.7)
C, (90) 33 0411 (2.4) 5.62 (5.4) 28.9 (7.0) 50.8 (3.5) 1.44 (4.0)
50 0.399 (1.8) 444 (5.1) 22.9 (8.0) 44.8 (6.5) 1.55 (8.6)
80 0.409 (0.8) 3.03(3.4) 17.2(2.2) 28.2(6.7) 1.75 (13.5)

T is the percentage of core lamina thickness. MOE is bending modulus of elasticity, PLS is proportional limit stress, MOR is bending modulus of rupture, BS
is breaking strain. Each value is the average of four measurements, and each value in parentheses is the coefficient of variation (%). 45 and 90 in parentheses

are annual ring angle(®).
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Fic. 4. Relationships between MOE and percentage of
core lamina thickness of cross-laminated wood panel speci-
mens. Each value is the average of four measurements.

The degree of anisotropy of MOE was ex-
pressed as a ratio of MOE perpendicular to the
grain of face lamina (for C; type) versus MOE
parallel to the grain of face lamina (for C; type)
of cross-laminated wood panels. These values
were calculated using average values of MOE
shown in Table 2 and were 0.053 for 33%, 0.179
for 50%, and 1.08 for 80% in 45° specimens,
and were 0.220 for 33%, 0.430 for 50%, and
1.79 for 80% in 90° specimens. Their values for
both annual ring angles were distinctly varied by

changing core lamina thickness, and the extent
of the change was greater in 45° specimens than
in 90° specimens. In the case of cross-laminated
wood panels with 80% core lamina thickness,
the MOE value of C, type was greater than that
of C, type for both annual ring angles, and the
values of anisotropy were found to be greater
than 1.

For 45° specimens, as shown in Fig. 4, MOE
value of C, type became nearly equal to that of
C, type at 80% core lamina thickness, which
indicated the isotropy of MOE. On the other
hand, the isotropy of MOE for 90° specimens
was shown to occur at 65% core lamina thick-
ness. The value for 45° specimens agreed with
the percentages for the isotropy of plywood re-
ported by Asano and Tuzuki (1963) and Okuma
(1966), whereas the value for 90° specimens was
lower than those in their report. It was found that
MOE values for 45° specimens and 90° speci-
mens at which the C, type was equalized to the
C, type were 4.9 GPa and 3.7 GPa, respectively;
and the MOE value which yielded isotropy was
greater in 45° specimens than in 90° specimens.
It is specified in the requirement of MOE for
structural plywood of JAS that MOEs parallel
and perpendicular to the grain of face veneer of
plywood with 21.0-mm thickness are 55 kgf/cm®
(5.4 GPa) and 35 kgf/cm?® (3.4 GPa), respec-
tively. For 45° specimens, MOE parallel to the
grain of face laminae exceeded the former value
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and MOE perpendicular to it exceeded the latter
value over the core lamina thickness from 60%
to 70%. For 90° specimens, both of the MOE
values did not exceed the requirement values at
any core lamina thickness.

Effect of deflection caused by shear forces on
bending MOE

Deflection of beam for four-point bending is
shown as follows

PI,(31> - 41,%) kP,
yu_ym+ys_ 4bh3E +2th
PL, (31— 41,7) 240 E
= 3 1+ 2 gl @
4bh’E 31°-41> G

where y,, is the deflection caused by bending
moment; y, is the deflection caused by shear
force; E is the true MOE; G is the shear modu-
lus; P is the applied load; b and A are the width
and height of the beam, respectively; [ is the
span; /; is the distance between the loading point
and the supporting point (//3); k is 6/5 in the case
of a rectangular cross-section (Sakai 1970).
From Eq. (2), MOE calculated from the de-
flection caused by bending moment is as follows

240> E
] 3)

E=E |1+—— =
“[ 317412 G

where E_ is the apparent MOE.

The E/G values are required for obtaining the
true MOE from apparent MOE. The true MOEs
for longitudinal-direction lamina and perpen-
dicular-direction laminae of both annual ring
angles were calculated using Eq. (3). E/G values
of longitudinal-direction lamina (E, /G g = 18.1)
and perpendicular-direction lamina (Eg/
Grr=35.3) of 90° annual ring angle were cal-
culated from the relation between the square of
the height/span ratio and the compliance (1/E) as
was reported in a previous report (Park et al.
2003); and the E/G value (E,5-/G4s-=0.585) of
perpendicular-direction lamina of 45° annual
ring angle was calculated from the two equations
between 1/E and 1/G and annual ring angle as
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were reported in a previous paper (Park et al.
2001). The averaged density and MOE of lami-
nae used for obtaining E/G values described
above were 0.382 Mg/m® and 9.04 GPa for lon-
gitudinal-direction lamina, 0.378 Mg/m’ and
0.074 GPa for perpendicular-direction lamina of
45°, and 0.387 Mg/m® and 0.690 GPa for per-
pendicular-direction lamina of 90°. The values
were close to those of laminae used for this
study. The calculated MOE values of cross-
laminated wood panels were obtained using the
equivalent cross-section method (Eq. (1)) from
the true MOE of individual laminae. Figure 5
shows the ratios of the measured MOE to cal-
culated MOE of cross-laminated wood panels.
For C, type whose faces were composed of per-
pendicular-direction laminae, the ratios were
0.97-1.07, and there was little difference be-
tween the measured values and the calculated
values. However, for C; type whose faces were
composed of longitudinal-direction laminae, the
ratios were 0.84-0.93 for C(45) specimens and
0.51-0.55 for C(90) specimens, and it was
found that for C(90) specimens, the measured
values were considerably lower than calculated
values. As described in previous reports (Park et
al. 2001, 2003), this can be explained in terms of
the effect of deflection caused by shear forces,
depending on E/G ratio of Egs. (2) and (3). In
the previous report (Park et al. 2001), the con-
tribution of glueline to MOE of parallel-
laminated woods was investigated in order to
obtain the effect of deflection caused by shear
forces on MOEs of cross-laminated wood pan-
els. However, in this study, there was no inves-
tigation on the contribution of glueline to MOE
of parallel-laminated woods because the effect
of the percentage of core lamina thickness of
cross-laminated wood panels was the focus of
this research. Hence, the contribution of glueline
to MOE was discussed using the result of the
previous paper. The contribution can be ex-
pressed by the following equation:

Ev B
Cy ==X 100(%) 4)
B
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Fic. 5. R, (ratio of measured value of MOE to value calculated from true MOE of laminae) for cross-laminated wood
panel specimens. Each value is the average of four measurements, each value in parentheses is the standard deviation. Open
poles: 45° annual ring angle; filled poles: 90° annual ring angle.

2.91 x 10E™" + 1.050 (correlation coefficient

where E was the MOE calculated from the true (
r = 0.823"", where " is significant at 1% level).

MOE of individual laminae, and E, was the

MOE calculated from the measured MOE (E,)
of laminated wood panels and included the con-
tribution of glueline. In the previous report (Park
et al. 2001), the ratio (R,) of E /Eg, was propor-

R, can be calculated from Eg using this equation
and E, was obtained, where E,, =R, - Eg.

Table 3 shows E,, Eg, E., the percentage of
deflection caused by shear forces versus total

deflection caused by bending moment and shear
force (Y,), and the percentage of contribution of

tional to the reciprocal of Ej, and the regression
equation between them was as follows: R, =

TaBLE 3. Effect of deflection caused by shear forces and glueline on MOE for cross-laminated wood panel.

T E Eg E Y, C

Types (%) (Gll)xa) (GPa) (GI;{a) (”7;) (%g)
C.(45) 33 0.492 (7.8) 0.493 (6.8) 0.530 10.2 10.9
50 1.38 (5.3) 1.32(5.1) 1.49 35 72

80 5.12 (4.5) 5.08 (5.8) 5.52 6.1 5.6

C.(90) 33 1.23(2.8) 1.17 5.1) 1.29 24 75
50 1.91 (10.3) 1.79 (13.2) 2.00 0.0 6.6

80 542 (1.3) 5.50 (8.2) 5.67 8.1 55

C, 45) 33 9.19 (3.7) 10.9 (6.9) 115 20.1 53
50 7.86 (7.0) 8.69 (8.0) 9.16 14.3 53

80 4.76 (6.6) 5.15(9.7) 5.44 12.7 5.6

C, (90) 33 562 (5.4) 10.9 (6.8) 11.6 516 53
50 4.44 (5.1) 8.74 (9.4) 921 51.8 53

80 3.03 (3.4) 5.54 (9.5) 5.85 48.2 55

E, is measured value of MOE, Ej is the MOE calculated from true MOE of laminae. E, and Eg are the average of four measurements, and each value in
parentheses is the coefficient of variation (%). E, is the value of true MOE calculated from the measured MOE (E,,) averaged from four measurements. Y is
the percentage of deflection caused by shear forces versus total deflection by bending moment and shear force and is obtained using Eq. (4). C, indicates
contribution of glueline to MOE of cross-laminated wood panel and is obtained using Eq. (5). T and 45, 90 in parentheses are the same as in Table 2.
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glueline to MOE (C,). Y can be obtained by the
following equation.

_ya_ym =y «
Y, ——y x 100 =75 X 100(%)

o vy

Y, for C, type were 0%—10.2%, and the effect
of deflection caused by shear force was small.
However, Y, values for C; types were 12.7%—
20.1% for C,(45) specimens and 48.2%—51.8%
for C;(90) specimens, and it was found that the
effect of deflection caused by shear force was
much greater in C(90) specimens than in C(45)
specimens. From the previous report (Park et al.
2001), shear moduli in cross-section of perpen-
dicular-direction laminae were 126 MPa in 45°
annual ring angle and 19.1 MPa in 90° annual
ring angle; and it was found that the shear modu-
lus of perpendicular-direction lamina of 45° was
6.6 times greater than that of perpendicular-
direction lamina of 90°. Beams with perpendicu-
lar-direction lamina of 45° annual ring angle in
the core had shear modulus 4.2-6.4 times
greater than the beams with that of 90° annual
ring angle. Therefore, Y values for C(45) speci-
mens were much smaller than those of C;(90)
specimens, regardless of core lamina thickness.
Y, values for C/(90) specimens hardly varied
with increasing core lamina thickness. This is
considered to be the reason that the change in
E/G was small because both shear modulus and
MOE decreased with increasing core lamina
thickness as described in Table 4. Y, values for
C,(45) specimens decreased with increasing core
lamina thickness. This was due to the decreased

®)

TABLE 4. Change of E/G with increasing percentage of
core lamina thickness of cross-laminated wood panel
specimens.

T E G
Type (%) (GPa) (MPa) E/G
C,(45) 33 115 191 60.2
50 9.15 230 39.8
80 5.47 157 34.8
C,(90) 33 11.6 45.5 255
50 9.18 33.5 274
80 5.87 26.2 224

E means E. value (the value of true MOE calculated from measured MOE).
G is shear modulus in cross-section. 7 and 45, 90 in parentheses are the same
as in Table 2.
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E/G value because MOE decreased markedly
with increasing core lamina thickness and the
decrease in shear modulus was small.

Proportional limit stress of cross-laminated
wood panels

The relationships between proportional limit
stress and percentage of core lamina thickness of
cross-laminated wood panels are shown in Fig.
6. The proportional limit stress for C, type in-
creased markedly with increasing core lamina
thickness, and unlike MOE, the value was higher
in C,(45) specimens than in C,(90) specimens,
except for 80% core lamina thickness. In con-
trast, the proportional limit stress for C; type
decreased markedly with increasing core lamina
thickness, and it was found that the value was
higher in C,(45) specimens than in C,(90)
specimens, regardless of core lamina thickness.

The degrees of anisotropy of proportional
limit stress, which were expressed as ratios of
proportional limit stress perpendicular to the
grain to the grain of face laminae versus that
parallel to the grain of face laminae of cross-
laminated wood panel, were 0.142 for 33%,

h
=

A:CJ_ @'5)
A:C I (45)
O:C, (90)

b [ =
] =] =]
T T T

Proportional limit stress (MPa)
=
]

1 L 1 L 1 1 1 1 L

0 10 20 30 40 50 60 70 80 90 100
Percentage of core lamina thickness (%)

=

Fic. 6. Relationships between proportional limit stress
and percentage of core lamina thickness of cross-laminated
wood panel specimens. Each value is the average of four
measurements.
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0.325 for 50%, and 1.58 for 80% in 45° speci-
mens, and 0.191 for 33%, 0.414 for 50%, and
1.81 for 80% in 90° specimens. These values
were distinctly different when changing the per-
centage of core lamina thickness, and there were
little differences in the extent of the change be-
tween both annual ring angles. As shown in Fig.
6, the percentages of core lamina thickness at
which the proportional limit stress of C, type
was equalized to that of C; type was 75% for
C,(45) specimens, and was 65% for C;(90)
specimens. And the average proportional limit
stresses for C(45) specimens and C(90) speci-
mens at which C type was equalized to C; type
were 24 MPa and 20 MPa, respectively.

Modulus of rupture of cross-laminated
wood panels

The relationships between the modulus of
rupture (MOR) and the percentage of core
lamina thickness of cross-laminated wood speci-
mens are shown in Fig. 7 and the breaking strain
of cross-laminated wood specimens is shown in
Table 2. For C, type, the MOR increased mark-
edly with increasing thickness of longitudinal-
direction lamina used for the core. Unlike MOE,

60

MOR (MP2)
(=]

201 A:C, @5)
A C I (45)
10} O:C, (90)
@®:C | (90)

1 1 L L 1 1 1

0
0 10 20 30 40 50 60 70 80 90 100
Percentage of core lamina thickness (%)
Fic. 7. Relationships between MOR and percentage of

core lamina thickness of cross-laminated wood panel speci-
mens. Each value is the average of four measurements.

the MOR values for 33% and 50% core lamina
thickness were slightly higher in C,(45) speci-
mens than in C,(90) specimens, whereas the
value for 80% core lamina thickness was higher
in C (45) specimens. The ratios of MOR of each
core lamina thickness versus MOR of 33% core
lamina thickness were 1 : 1.81 : 4.00 for C, (45)
specimens and were 1 : 1.72 : 4.20 for C,(90)
specimens. The extent of the increase was lower
than that of MOE because the breaking strain
decreased considerably with increasing core
lamina thickness as shown in Table 2. The MOR
value for C, (45) specimens was compared with
that for C,(90) specimens at each percentage of
core lamina thickness, and the ratios of the MOR
value for C,(90) specimen to that for C,(45)
specimen were 0.94 for 33%, 0.90 for 50%, and
1.01 for 80%. Unlike MOE, there was little dif-
ference in MOR values between both annual
ring angles.

The MOR values of C; types decreased mark-
edly with increasing thickness of perpendicular-
direction lamina used for the core in both annual
ring angles. The values for 33% and 50% of core
lamina thickness were slightly higher in C,(45)
specimens, whereas values for 80% core lamina
thickness were higher in C(90) specimens. The
ratios of MOR of each core lamina thickness
versus MOR of 33% core lamina thickness were
1:0.95: 053 for C(45) specimens and were
1:0.88 :0.56 for C;(90) specimens. As shown
in Table 2, the breaking strain for C,(45) speci-
mens increased markedly with increasing thick-
ness of perpendicular-direction lamina used for
the core, but there was little difference in the
extent of the decrease between the MOR and the
MOE. The ratios of the MOR for C;(90) speci-
mens to those for C (45) specimens were 0.98
for 33%, 0.91 for 50% and 1.03 for 80%.

The degrees of anisotropy of MOR, which
were expressed as ratios of MOR perpendicular
to the grain of face laminae versus that parallel
to the grain of face laminae of cross-laminated
wood panel, were 0.228 for 33%, 0.434 for 50%,
and 1.69 for 80% in 45° specimens, and were
0.219 for 33%, 0.426 for 50%, and 1.66 for 80%
in 90° specimens. Values for both annual ring
angles varied distinctly by changing core lamina
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thickness, and there was little difference in the
degree of anisotropy of MOR between both an-
nual ring angles, regardless of core lamina thick-
ness. The degree of anisotropy of MOR de-
creased with increasing core lamina thickness
from 33% to 50% in both annual ring angles, but
at 80% the MOR of C, type was greater than
that of C; type, and the extent of the change was
greater than that of MOE.

As shown in Fig. 7, the MOR values for C
and C; types for both annual ring angles were
equalized at about 70%, and for 45° specimens,
the value was lower than that of MOE, and for
90° specimens, the value was slightly higher
than that of MOE. It was found that their values
were lower than 80% of the percentage for the
isotropy of plywood reported by Asano and Tu-
suki (1963) and Okuma (1966). The MOR val-
ues that yielded isotropy were 36 MPa for 45°
specimens and 35 MPa for 90° specimens and
this difference was very small. It is specified in
the requirement of MOR for structural plywood
of JAS that the MORs parallel and perpendicular
to the grain of face veneer of plywood with 21.0-
mm thickness are 260 kgf/cm2 (25.5 MPa) and
180 kgf/cm? (17.7 MPa). For both 45° and 90°
specimens, MOR parallel to the grain of face
laminae exceeded the former value and MOR
perpendicular to it exceeded the latter value over
the core lamina thickness from 50% to 80%.

CONCLUSIONS

In order to improve the performance of three-
ply cross-laminated wood panels made with sugi
and use them as construction-grade materials,
the effects of component ratio of the face and
core lamina on their static bending strength per-
formance were investigated. The MOE propor-
tional limit stresses, and MOR perpendicular
(C, type) and parallel (C; type) to the grain of
face laminae were distinctly varied by changing
the percentage of core lamina thickness, and the
extent of the change in MOE of C, type was
greater in C,(45) specimens than in C,(90)
specimens. It was found that the degrees of an-
isotropy of static bending strength properties of
C,/C, for cross-laminated wood panels can be
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varied over a wide range by changing the com-
ponent ratio of the face and core laminae. At
each percentage of core lamina thickness, the
MOE and proportional limit stress of C; type
were higher in C(45) specimens than in C(90)
specimens, whereas there was little difference in
MOR between C,(45) specimens and C,(90)
specimens. For 45° specimens, there were no
apparent cracks of perpendicular-direction
lamina in the faces until breaking point. MOEs
parallel and perpendicular to the grain of face
laminae exceeded the requirement values of
MOE of structural plywood with 21.0-mm thick-
ness specified in JAS over the core lamina thick-
ness from 60% to 70% and for both 45° and 90°
specimens, MORs parallel and perpendicular to
it exceeded the requirement values of MOR over
the core lamina thickness from 50% to 80%.

The MOE for C, type was minimally affected
by the deflections caused by shear forces,
whereas that for C; types was distinctly affected
by it, and the effects were considerably greater
in C;(90) specimens than in C;(45) specimens. It
was found that for C (90) specimens, its effect
was hardly varied and was very great because of
a very high and nearly constant ratio of E/G,
even by changing the percentage of core lamina
thickness.

Therefore, it was found from the results of
this study that construction-grade cross-
laminated wood panels were possible to be made
even with sugi having low density. It is sug-
gested that cross-laminated wood panels are nec-
essary to have about 70% core lamina thickness
if they are required to behavior like isotropic
material in bending strength. The reduction in
MOE due to deflection caused by shear forces
can be smaller by using the perpendicular-
direction lamina with 45° annual ring angle for
the core. Cross-laminated wood panels are con-
sidered to be materials whose excellent strength
properties parallel to the grain of wood are taken
full advantage of. Strip and plank having very
various dimensions can be shown as possible
elements constituting cross-laminated wood
panels. Very long finger-jointed elements are
possible. Hence, log with a small diameter and
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residual wood can be also used as their raw ma-
terial.
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