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ABSTRACT

We investigated the bending properties of compressed Japanese cedar (Cryptomeria japonica D. Don).
The specimens were compressed in the radial direction under 180°C for 5 h. Compression ratios (the ratio
of deformation to the initial thickness) were 33% and 67%. Young’s modulus was measured by flexural vi-
bration test and static bending test. As a result, the Young’s modulus obtained by loading in the radial (R)
and tangential (T) directions approached the value without shear influence as the length-to-depth ratio and
the span-to-depth ratio increased. In the same compression ratio, the Young’s modulus was closer to the
vatue without shear influence in loading in the T-direction than in the R-direction. This is because the
Young's modulus to shear modulus ratio of the tangential section was smaller than that of the radial sec-
tion. In the static bending test, the Young's modulus at the span-to-depth ratio of 14 used in major stan-

dards was not appropriate.
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INTRODUCTION

The surface, mechanical, and processing
properties of wood are improved by compress-
ing. Hence, there are various uses for com-
pressed wood.

As for the mechanical properties, since
Young’s modulus and strength in bending are
improved by compressing, compressed wood is
used in applications that need high strength qual-
ities such as flooring boards, handrails, and
frames of furniture. Studies have focused mainly
on the manufacturing and dimensional stability
of the compressed wood; nevertheless, there has
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Compressed wood, shear deflection, bending properties, Young’s modulus-to-shear ratio,

not been extensive research on the mechanical
properties (Asaba and Nishimura 2001; Hayashi
and Nishimura 2001; Iida et al. 1986; Inoue and
Norimoto 1991; Inoue et al. 1990, 1991a,b,
1993a,b).

The static bending test is one of the most im-
portant mechanical testing methods because
wood materials are frequently subject to bending
stress in everyday uses, and the static bending
test is easy to conduct. In the static bending test,
there is the value of span-to-depth ratio (/h)
used in the major standards, that is to say, //k in
the three-point bending test should be at least 14
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(ASTM 2000; JIS 1994), This value is based on
the contribution of the shear deflection to the
total measured deflection in the static bending
test, which corresponds to the Young’s modulus
to shear modulus ratio of each specimen (Bau-
mann 1922; Timoshenko 1955).

Properties of compressed wood differ from
those of untreated wood. Since it appears that the
influence of shear deflection is also changed
markedly by compressing, we think that the
bending properties cannot be evaluated properly
under the major standards.

In this study, bending tests were conducted
using specimens with various I/h and compres-
sion ratios. Then, the Young’s modulus thus de-
rived was compared to Young’s modulus without
the effect of shear deflection.

EXPERIMENT
Specimen

Japanese cedar (Cryptomeria japonica D. Don)
conditioned at 20°C, 65% relative humidity was
used as the experimental material. The specimens
were divided into 4 groups by loading directions
in the vibration and static bending tests (radial (R)
and tangential (T) directions) and compression
ratio (the ratio of deformation in the R-direction
to the initial dimension in the R-direction, 33%
and 67%). The dimensions of the cross sections
were 15 mm (R) X 30 mm (T) (Loading direc-
tion: R-direction, Compression ratio 33%),
30 mm (R) X 30 mm (T) (R-direction, 67%),
22.5 mm (R) X 25 mm (T) (T-direction, 33%),
and 45 mm (R) X 25 mm (T) (T-direction, 67%).
The specimens were compressed in the R-
direction at a temperature of 180°C for 5 h using
heated roller press. After compression, the speci-
mens were processed to 15 mm (T) X 10 mm (R)
X 130, 170, 230, 330, and 430 mm in longitudinal
(L) for the specimens loaded in the R-direction
and 15 mm (R) X 10 mm (T) X 130, 170, 230,
330, and 430 mm (L.) for the specimens loaded in
the T-direction. These specimens were applied to
the free-free flexural vibration and static bending
tests to obtain the properties of compressed wood.
Five specimens were used for each group. The
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specimens with 25 mm (T) X 10 mm (R) X 300
mm (L) and 25 mm (R) X 10 mm (T) X 300 mm
(L) were also made and used for controls without
compression.

Vibration test

To obtain Young’s modulus and shear modu-
lus, a free-free flexural vibration test as under-
taken by the following procedure. Figure |
shows the apparatus of the vibration test. Each
specimen was suspended by threads at the nodal
positions of a free-free vibration corresponding
to each resonance mode. Lateral vibration was
excited by impacting one end of each specimen
in the R- and T-directions with a small hammer.
The motion of the specimen was detected by a
microphone at the other end. The signal was
processed by a fast Fourier transtorm (FFT) sig-
nal analyzer to yield resonance frequencies.

From the first resonance mode, Young’s mod-
ulus of Euler-Bernoulli’s elementary theory
(Egg) was obtained as follows:
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FiG. 1. Apparatus for vibration test.
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where p, L, f and m, are density, length, reso-
nance frequency of the first mode and constant
(= 4.73), respectively. This Young’s modulus
contains the contribution of shear deflection and
rotary inertia in flexural deflection.

Next, Young’s modulus(E,,;,) and shear mod-
ulus were calculated by Goens-Hearmon regres-
sion (Goens 1931; Hearmon 1958) based on
Timoshenko’s bending theory (Timoshenko
1921). By this regression, the Young’s and shear
moduli are separated from each other using sev-
eral resonance modes, and the contribution of
shear deflection and rotary inertia are eliminated
from the Young’s modulus. The resonance
modes used for the calculation were 1st—10th
ones. By vibrating a specimen in the R- and T-
directions, the shear moduli of the LR-plane
(G, ) and LT-plane (G, ;) were obtained, respec-
tively. The calculation procedure is described in
Kubojima et al. 1996,

Static bending test

The static bending test was performed using
centerpoint loading over 100-, 140-, 200-, 300-,
and 400-mm spans with the load applied in the R-
and T-directions. The crosshead speed was 5
mm/min. Load (P) and loading period were si-
multaneously recorded by a measuring system
(Instron Corporation, Universal Material Test
System Model 5569) at intervals of 0.1 s. Loading
point displacement (y) was calculated by multi-
plying the crosshead speed with the loading pe-
riod. From the load-deflection diagram, the static
bending Young’s modulus (£, ) was obtained by
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where [, b, h and a are span, width, and depth of
the specimen and slope of linear part of the P-y
relation, respectively (JIS 1994). This Young’s
modulus is an apparent value that contains the
contribution of shear deflection like Egp.

RESULTS AND DISCUSSION
Vibrational properties

Table | shows the vibrational properties of the
compressed wood and controls. Young’s and
shear moduli were increased by compressing in
almost all of the cases. The increase in Young’s
modulus in vibrating in the R-direction was sim-
ilar to that in the T-direction, whereas G, in-
creased much more than G .

In the compressing process, the surface part of
a specimen is compressed first. Hence, the density
around the surface is increased but that around the
neutral axis does not change markedly. Young’s
and shear moduli tend to increase with this in-
crease in density. In bending on the cross section
of the specimen, the axial stress is maximum on
the surface of the specimen and 0 on the neutral
axis, while shear stress is maximum on the neutral
axis and 0 on the surface. Therefore, the surface
and center parts bear the axial stress and shear
stress, respectively, in the case of vibrating in the
R-direction. This explains why Young’s modulus
was increased while shear modulus did not
change noticeably and why the Young’s modulus
to shear modulus ratio (£/G) increased.

TaBLE 1. Vibrational properties of compressed wood and control.
Loading direction Compression ratio Density |g/cm?] Erqn [GPal G [GPa] SErai/G
R Control 0.38 (0.01) 10.8 (0.9) 0.66 (0.06) 19.5(3.2)
R 33% 0.52 (0.04) 12.1(2.8) 0.60 (0.10) 24.5(7.3)
R 67% 0.97 (0.10) 214 (5.6) 0.91 (0.24) 30.0 (11.8)
T Control 0.36 (0.01) 10.4 (0.2) 0.60 (0.03) 20.5 (0.8)
T 33% 0.54 (0.08) 14.3 (2.8) 1.38 (0.26) 12.9 (2.5)
T 67% 0.94 (0.09) 22.7(4.5) 2.58 (0.52) 10.7 (2.4)

Note: Ery, is Young’s modulus with the contributions of shear deflection and rotary inertia eliminated and G is shear modulus of the LR- and LT-planes when
loading in the R- und T-directions, respectively. s is the shear deflection constant, which is 1.18 in vibration of wood (Nakao et al. 1984). Values are of 5 specimens

averages and standard deviations are shown in parentheses.
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In contrast, when vibrating in the T-direction,
density can be regarded as uniform in the vibrat-
ing direction, and the high density part bears
both the axial and shear stresses. Thus, Young’s
and shear moduli were increased, and then, E/G
was not increased.

The length-to-depth ratio (I/h) and E/G relate
to the contribution of shear deflection to the total
measured flexural deflection: Young’s modulus
by Euler-Bernoulli’s elementary theory (Egp)
cannot be obtained appropriately in the flexural
vibration test when L/h is small and E/G is large
because the contribution of shear deflection to
the flexural deflection is large (Kubojima et al.
1996, 1997; Matsumoto 1956; Mead and Joan-
nides 1991).

As shown in Fig. 2, E, obtained by the first
resonance mode approached the Young’s modu-
lus without shear deflection and rotary inertia
by the Goens-Hearmon regression (E;yy) as Lk
increased in vibrating in both the R- and T-
directions. In the same compression ratio,
Epy/Erqy was larger in vibrating in the T-
direction than in the R-direction. This was be-
cause the Young’s modulus to shear modulus

Compression ratio 33%
1.05 T | T I
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ratio of the LT-plane (E/G,,) was smaller than
that of the LR-plane (E/G, ;). Vibrating in the
R-direction, E g/E;, was larger for the 33%
compression ratio than for the 67% ratio. This
is because E/G at 33% compression was
smaller.

Static bending properties

We think that the findings obtained by the
flexural vibration test mentioned above are ap-
plicable to the static bending test. The contribu-
tion of shear deflection to bending deflection in
static bending using center point loading that af-
fects the Young’s modulus is estimated as fol-
lows (Baumann 1922):

N _SE (ﬁjz

» o G\l
where y_ and y, are shear deflection and bending
deflection, respectively. This equation is not per-
fect (Yoshihara et al. 1998; Yoshihara and Mat-

sumoto 1999) because additional deflection is
produced by the distorted stress distribution near

Compression ratio 67%
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FiG. 2. Changes in Young’s modulus of compressed wood by Euler-Bernoulli’s elementary theory (E,,) at various

length-to-depth ratios (L/h).



214

Compression ratio 33%
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Compression ratio 67%
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FiG. 3. Changes in Young’s modulus of compressed wood by static bending test (E;) at various span-to-depth

ratios (I/h).

the leading point derived from the stress concen-
tration (Uemura 1981; Dong et al. 1994). How-
ever, it is understood qualitatively that large E/G
and small /a4 (thick beams) make the contribu-
tion of shear deflection to bending deflection
large.

According to the relationships of E /E,., - I/h
shown in Fig. 3 corresponding to each compress-
ing ratio, £, became stable around E;; when I/h
was large in loading in both the R- and
T-directions. At the same compression ratio,
E /E ., was larger in vibrating in the T-direction
than in the R-direction. This is because the
Young’s modulus to shear modulus ratio of the
LT-plane was smaller than that of the LR-plane as
was the case with E p/E.,,. Loading in the R-
direction, E/E,, was larger for 33% compres-
sion ratio than 67%, because Young’s modulus to
shear modulus ratio for 33% compression was
smaller. Therefore, we concluded that specimens
with high I/, that is to say, thin beams and long
beams, could obtain appropriate Young’s modu-
lus of compressed wood.

Here, the value of span-to-depth ratio of 14,
which is effective to measure static bending in
Young’s modulus without the influence of shear

deflection in ASTM (2000) and JIS (1994) was
examined. For this purpose, the average of
E /By at /h = 40 when E, was closest to
E.oy Was compared to that at I/h = 14 using a t-
test. The t-values in Table 2 show that they were
different at 1% significant level in any loading
direction and compression ratio. Hence, E, at I/h
= |4 in the major standards was too small to be
accurate. Further experiments are needed to ob-
tain the proper values of I/h for various com-
pressing ratios or Young’s modulus to shear
modulus ratios.

CONCLUSIONS

We examined the Young’s modulus of com-
pressed wood using the flexural vibration test

TABLE 2. T-values in comparing the average of E ,/E ., at
I/h =40 to that at I/h = 4.

Compression ratio

33%

8.852%%*
12.497*+*

67%

4 460%*
8.955%*

Loading direction

R
T

*#] % significant level.
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and the static bending test. The results were as
follows.

(1) The value of E,; approached E., as L/h
increased in vibrating in vibrating in both the R-
and T-directions. In the same compression ratio,
Epp/Er, was larger in vibrating in the T-
direction than in the R-direction. This is because
E/G, . was smaller than E/G, . (2) The value of
E became close to E;;, when I/h was large in
static loading in both the R- and T-directions. At
the same compression ratio, £ /E;,, was larger
in loading in the T-direction than in the R-
direction. This is because £/G,; was smaller than
E/G, ., as was the case with E g /E . In the
static bending test of the compressed wood, the
Young’s modulus at I/h = 14 used in major stan-
dards was not appropriate.
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