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Abstract The effect of cross-sectional dimensions on
bow and surface checking were investigated, using the
boxed-heart square timber of two sugi cultivars with
dimensions 80, 120, and 140 mm and length 1.9 m taken at
two different heights above the ground. The smaller cross-
sectional timber tended to have larger bow, less surface
checking, and larger dimensional shrinkage. However, the
drying defects were different between the cultivars and
sampling heights, depending on the shrinkage properties of
the juvenile wood and the heartwood proportion in the core
part of the stem. The bow was larger in the smaller cross-
sectional timber in which the longitudinal shrinkage was
large in the juvenile wood. Surface checking was more
prominent in larger cross-sectional timber containing sap-
wood in its outer part, which suggested the surface
checking was induced by drying stress, owing to large
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moisture gradients between the heartwood and sapwood.
The cross-dimensional shrinkage of the timber was larger
in timber with larger tangential shrinkage.
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Introduction

The wood properties of sugi (Cryptomeria japonica D. Don)
vary within and among trees. In order to supply quality-
controlled timber and decrease wood processing costs, it is
expected that logs will be sorted by their wood properties and
processed in suitable ways. Sugi trees were planted in large
numbers during 1950—-1970 in Japan, and thinned trees have
been used as boxed-heart timber for poles and beams in
housing construction. The boxed-heart timber, which is
symmetrical about the pith, has little distortion by growth-
stress release during sawing. However, it sometimes has bow
and is susceptible to surface checking during drying. The
drying of the timber proceeds from the surface and begins to
shrink, while the interior can still be quite wet and not shrink.
The shrinkage of the surface-layer is restricted by the inner
layer, so tension drying stress is induced in the surface layer,
while compression drying stress is induced in the inner layer.
Tangential shrinkage is free at the corners of the timber, but is
restricted between the corners owing to the shrinkage
anisotropy between the tangential and radial directions,
which induces large tension drying stress [1]. When the stress
overcomes the tension strength of the timber, surface
checking is induced. Recently, to shorten the drying time and
prevent surface checking, various kiln-drying methods have
been developed [2]. However, there is little information on
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Table 1 Properties of the sample logs

Cultivar Sample N H (m) NRjoe Dy (cm) Dyw (cm) MChw (%) MOE,,, (GPa)
Mean SD Mean SD Mean SD Mean SD Mean SD
Boka-sugi B1 20 0.7-2.6 31 4 26.7 2.7 14.5 2.4 83.8 13.0 3.27 0.22
B4 20 6.4-8.3 20 4 19.7 2.0 73 1.8 87.4 14.0 5.48 0.46
Ryuunohige R1 10 0.7-2.6 49 1 24.9 3.1 16.8 2.8 99.6 18.2 7.73 0.68
R4 10 6.0-7.9 37 2 19.6 2.1 11.7 1.7 52.3 44 9.34 0.54

N number of trees, H height above the ground of the timber source, NR,,, number of growth rings, D;,, log diameter, Dy heartwood diameter,

MCpw moisture content of the heartwood, MOE;,, modulus of elasticity of the green logs, SD standard deviation

why the drying defects such as bow and surface checking vary
among timber that is dried together. The variations in the
drying defects are considered to be induced by multiple
wood-properties, which affect the water transportation, the
deformation of the timber, and the surface checking occur-
rence and elongation. Therefore, the moisture content, den-
sity, shrinkage, and mechanical properties are suggested to be
related to the bow and surface checking of the timber.

As for the variation of drying defects within sugi, Takeda
et al. [3, 4] reported the bow and surface-checking of boxed-
heart square timber were different between the sugi cultivars,
tateyama-sugi and boka-sugi. Our previous studies showed
that bow was large in the timber of sugi cultivars in which
microfibril angle (MFA) and longitudinal shrinkage were
large in the core part of the stem and declined outward [5, 6].
We also showed that timber with larger tangential shrinkage
and more sapwood exhibited surface checks of longer lengths
[7, 8]. The sapwood of the timber dries faster than the
heartwood; therefore, the moisture-content gradient and the
drying stress between the sapwood (surface) and heartwood
(inside) would be large during drying.

In accordance with tree growth and user requirements, the
timber products and sawing patterns are changing. In the 1970s
and 1980s, the effect of cross-sectional dimensions on drying
defects were examined, using boxed-heart timber with
dimensions 30-105 mm taken from small thinned trees [3, 9—
12]. They showed that bow was larger in smaller dimension
timber, while surface checking was more prominent in larger
dimension timber. One of the factors in the differences of the
small and large dimensions is thought to be the variation of the
wood properties from the core to the outer part of stem. Pre-
vious studies showed the juvenile wood portion exhibiting
large MFA, large longitudinal shrinkage, and small tangential
shrinkage, varied within trees and among trees [5, 7, 13—18].
Therefore, the size effects on the drying defects are expected to
vary depending on the juvenile wood properties of the timber.

In this study, to examine the factors related to the bow
and surface checking of sugi boxed-heart square timber, we
used two cultivars with different wood properties such as
shrinkage, density, and heartwood proportion. We kiln-
dried the timber of different cross-sectional dimensions and
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compared the bow, surface-checking, and cross-dimen-
sional shrinkage, and evaluated the relationships with the
wood properties.

Materials and methods
Materials

Twenty trees of boka-sugi (B) were taken from a forest
stand in Takaoka, Toyama prefecture, and ten trees of ry-
uunohige (R) were taken from a forest stand in Kikuchi,
Kumamoto prefecture (Table 1). Logs of 1.9 m length
were taken at two heights above the ground (lower height:
“timber 1”; upper height “timber 4”) for boxed-heart
square timber (Fig. 1). Disks were cut from both ends of
the logs to estimate the wood properties.

Wood properties

The heartwood area percentage (HWP) on the transverse
face of the boxed-heart square timber was calculated from
the heartwood radius and timber dimensions. When the
heartwood portion corresponded to the maximum inscribed

. 6.4-8.3 m (B)
80 mm 120 mm
80 mm 140 mm

Fig. 1 Sampling heights above the ground and cross-sectional
dimensions at each source height. B boka-sugi, R ryuunohige, shadow
heartwood, white sapwood
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circle, the HWP was 78.5 %. The moisture content of the
heartwood (MCgw) and the basic density (BD) were mea-
sured using small blocks cut at 20 mm intervals from the
pith to the edge of the timber and then averaged. The lon-
gitudinal shrinkage (o), tangential shrinkage (at), and
radial shrinkage (ar) from the green to oven-dry condition
were measured at 30-40 mm (i) and 60-70 mm (ii) from
the pith (suffix i and ii indicate the distances from the pith)
using small clear samples. The radial positions i and ii
corresponded to the edge of the timber of dimensions 80 and
140/120 mm. The dimensions of the small clear samples
were 5 (T) x 20-30 (R) x 50-60 (L) mm for ¢, and 20
(T) x 20 (R) x 5 (L) or 30 (T) x 30 (R) x 5 (L) mm for
or and or. These properties were measured in two dia-
metrically opposite directions, and averaged for each disk
and each piece of timber. The oy, was measured at the small
end of timber 1, and the large end of timber 4, because we
could not take enough samples at the other ends.

The logs were sawn into boxed-heart square timber with
the pith at the centers of both ends (Fig. 1). The cross-
sectional dimensions were 80 and 140 mm for timber 1,
and 80 and 120 mm for timber 4 (Fig. 1). The modulus of
elasticity of the green logs (MOE,,.) and the green timber
(MOEgr) were measured using the tapping method [6, 8,
19]. The rigidity (EI) was obtained from MOEgr and
dimensions of the green timber (Dg) using Eq. (1).

4

D
EI = MOEgr x % (1)

Table 2 Properties of the boxed-heart square timber

Kiln-drying

The boxed-heart square timber was kiln-dried in three
groups: (1) boka-sugi timber 1 of dimensions 80 mm
(Blgp) and 140 mm (Bly40), (2) boka-sugi timber 4 of
dimensions 80 mm (B4gy) and 120 mm (B4;,9), and (3)
ryuunohige timber 1 of dimensions 80 mm (Rlgg) and
140 mm (R1;49), and timber 4 of dimensions 80 mm
(R4g9) and 120 mm (R4,,y) (Table 2). In addition, for
comparison boxed-heart square timber of dimension
115 mm kiln-dried in two groups in our previous studies
was used: (4) boka-sugi timber 1 (Bl;;s), and (5) ry-
uunohige timber 1 (R1;;5) [6, 8]. The drying schedule was
as follows: steaming (85 °C dry bulb, 85 °C wet bulb, 8 h),
drying (85-95 °C dry bulb, 81-82 °C wet bulb, 136 h), and
conditioning (95 °C dry bulb, 91 °C wet bulb, 24 h)
(SKIF10LPT, Shinshiba).

Measurements of bow, surface checking,
and dimensional shrinkage

After kiln-drying, the bow distortion was calculated as the
sum of the maximum deflections of all the planes divided
by the length of the green timber [6]. The length and
number of surface checks on the four lateral faces were
measured, summed, and divided by the length of the green
timber as the total length of surface checks (TLSC), and the
number of surface checks (NSC) [8]. The average length of
the surface checks (ALSC) was obtained as the total length

Kiln group Sample D (mm) N HWP (%) MCqgr (%) MCpr (%) BD (kg/m®>) MOEgr (GPa)  EI (10° N m?)
Mean SD  Mean Mean SD Mean SD Mean SD  Mean SD
Boka-sugi
1 Blgg 80 10 100*** 0 64.4 6.1 20.3 32 332 16 243 0.36 8.6 1.18
4 Bl;;s 115 21 95.8 7.8 87.3 11.5 194 43 338 23 371 0.83 54.1 12.08
1 Bl 140 10 636 15.1 64.3 10.5 249*% 58 340 11 3.39%F* 0.25 110.4%** 8.86
2 B4gg 80 12 58.1*  25.1 81.1 14.0 132 55 334 14 504 0.37 18.5 1.19
2 B4, 120 8 357 159 111.5%** 123 16.1 59 320 14 5.69%** 036  99.6%**  7.15
Ryuunohige
3 Rlgg 80 6 100 0 78.7* 18.8 20.1 9.5 363 18 7.34 1.08 263 3.21
5 R1;;s 115 10 992 2.5 65.7 185 232 6.0 356 19 894 0.72 129.8 10.75
3 Rl49 140 4 936 12.8 485 16.0 17.1 5.5 361 12 8.61* 0.90 260.9%** 12.17
3 R4z, 80 5 100%** 0 48.0* 81 156 3.6 376 8 8.90 0.87 317 2.65
3 R4, 120 5 745 19.6 338 9.8 12.8 52 374 11 9.66 0.72  167.4*%** 9,99

Kiln groups 4 and 5 were from the previous study [8]

D cross-sectional dimension, N number of boxed-heart squares, HWP heartwood area percentage on the transverse face, MCgr moisture content
of the green timber, MCpr moisture content of the dried timber, BD basic density, MOEsr modulus of elasticity of the green timber, EI rigidity,

SD standard deviation

Asterisks show significant differences between dimensions 80 and 140/120 mm at the same height for each cultivar (*** P < 0.001,
** P <0.01, * P <0.05)
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divided by the number of surface checks. The moisture
content of the green timber (MCgr) and dried timber
(MCpr) was obtained as a fraction of the oven-dry wood
weight. The dimensions of the green timber (Dgt) and the
kiln-dried timber (Dpr) were measured for the two sides
and averaged. The dimensional shrinkage of the timber
(ap) was obtained from Dgr and Dpr using Eq. (2)

op = (DGT — DDT)/DGT x 100 (2)

The differences in bow, surface checking, and
dimensional shrinkage were examined between the
dimensions 80 and 140 mm for timber 1, and between 80
and 120 mm for timber 4. The differences between the
dimensions were also examined by the Tukey—Kramer
HSD test, in which the 115-mm dimension timber 1 was
included. The difference between the source heights of the
logs (timber 1 and timber 4) was examined for the small-
dimension (80 mm) and large-dimension (140/120 mm)
timber, respectively. The correlations of bow, surface
checking, and dimensional shrinkage with the wood
properties were examined using the timber of dimensions
80, 120, and 140 mm.

Results
Wood properties

The heartwood diameter of the logs (Dyw) was smaller for
boka-sugi (B) than ryuunohige (R) at the same source
heights (Table 1). The MCyxw was similar between the
source heights for B, but higher for timber 1 than timber 4
for R.

The HWP was 100 % for Blgg, Rlgg, and R4go, but
B4807 B1140, B4120, R1140, and R4120 contained sapwood

Table 3 Shrinkage of the small clear specimens

(Table 2). The heartwood portion of the timber Bl 4,
B4,59, and R4;,¢ was smaller than the maximum inscribed
circle. The MCgt was different for the samples, depending
on the MCyw and HWP. The MCpr of B was a little higher
for the 140/120-mm dimension timber than the 80-mm
dimension timber. This might be because the interior of the
large dimension timber was not well dried. On the other
hand, the MCpt of R was a little higher for the 80-mm
dimension timber than the 140/120-mm dimension timber,
which might because of the higher MCgr of the small-
dimension timber. The BD was higher for R than B, but
was similar between the dimensions within each cultivar.
The MOEgt was higher for R than B, and higher for timber
4 than timber 1. The MOEgr was higher for the larger
dimension timber at the same source height, and the dif-
ferences between dimensions were large for B (B1 and B4,
P < 0.001), but small for R (R1, P < 0.05; R4, P = 0.08).
The EI was higher for R than B, and for larger dimension
than smaller dimension at both source heights for each
cultivar (P < 0.001).

For B, the oy was larger for the inner part (i) than the
outer part (if) and was larger for timber 1 than timber 4,
while the or was larger for ii than i and larger for timber 4
than timber 1 (Table 3). For R, the oy was larger for ii than
i, while the op was larger for i, which was expected to be
affected by that MFA was a little larger at the outer part of
stem as shown in our previous studies [5, 6]. The difference
between radial positions (i, ii) and between timber 1 and 4
were smaller for R than B. The oy at i was larger for B than
R, and ot was larger for R than B.

Bow

The bow of the kiln-dried timber was larger for the 80-mm
dimension timber than the 140/120-mm dimension timber,

Cultivar Sample Radial position oy (%) ot (%) oar (%) o/og (%/%)
Mean SD Mean SD Mean SD Mean SD
Boka-sugi Bl i 0.59 %% 0.418 5.59 0.44 2.32 0.23 2.43 0.20
il 0.269 0.184 5.82 0.23 2.63 0.20 2.29 0.14
B4 i 0.235 0.140 6.36 0.23 2.61 0.14 2.46 0.10
ii 0.180 0.039 6.50 0.17 2.64 0.11 2.47 0.08
Ryuunohige R1 i 0.117 0.036 7.32% 0.19 2.81 0.18 2.63 0.17
ii 0.234%%* 0.041 6.81 0.41 2.71 0.34 2.57 0.22
R4 i 0.156 0.063 7.20 0.28 3.19 0.26 2.28%* 0.18
ii 0.239%** 0.053 6.86 0.40 3.57%%* 0.20 1.95 0.18

oy, longitudinal shrinkage, o7 tangential shrinkage, oy radial shrinkage, op/0z tangential/radial shrinkage ratio, SD standard deviation

i 30 mm from the pith, ii 60-70 mm from the pith

Asterisks show significant differences between radial positions i and ii at the same height for each cultivar (*** P < 0.001, ** P < 0.01,

* P < 0.05)
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and intermediate for the 115-mm dimension timber. The
difference between the dimensions was large for B, but
small for R (Fig. 2; Table 4). For B, the differences
between the dimensions were larger for timber 1 than
timber 4 (Blgo and B1140, P < 0001, B480 and B4120,
P < 0.01). The bow was larger for timber 1 than timber 4
(Blso and B480, P < 0001, B1140 and B4]20, P < 0001)
The percentage of timber with bow was high for timber 1
and the small-dimension timber (Blgo, 100 %; Bl4,
100 %; B4go, 75 %; B4,59, 12.5 %). For R, on the other
hand, the differences between the dimensions were small
for both source heights (Rlgy and R149, P = 0.28; R4y

Boka-sugi Ryuunohige
15 . 15+ )
® Timber 1 & Timber 1
. O Timber 4 & Timber 4
é 10 10
c L L
£
2
o 5L 51
O
O L | C\) | O L I | ﬁ f

|
80 100 120 140
Dimension (mm)

80 100 120 140
Dimension (mm)

Fig. 2 Bow of the boxed-heart square timber of different dimensions.
Error bars show the standard deviations

and R4,,9, P = 0.07). There was no significant difference
between the source heights (R1lgy and R4gy, P = 0.41;
R149 and R4, P = 0.90). The percentage of timber with
bow was higher for large-dimension timber 1 (R1gg, 50 %;
R1140, 100 %, R480’ 80 %, R4120, 80 %)

The bow of the kiln-dried timber was positively corre-
lated with oy (r = 0.67, P < 0.001) when both cultivars
were included (Table 5; Fig. 3). Within each cultivar, the
correlation of bow with o was significant for B (r = 0.67,
P < 0.001), but not for R (r = —0.29, P = 0.22).

The results suggest the variation of bow with the timber
dimensions and source heights was affected by the varia-
tion of ¢y within the stems. For B, the small-dimension
timber exhibited large bow, while the large-dimension
timber exhibited small bow. This might be because the
small-dimension timber is occupied with the portion of the
stem with the large o, while the large-dimension timber
included in the outer part the portion of the stem with the
small oy (Table 3). The difference in bow between the
dimensions was larger for timber 1 than timber 4, which
might be because the oy in the juvenile wood and the
portion of the stem with large o were larger at the bottom
of the stem [5]. For R, on the other hand, the bow was
small for all the dimensions and at both source heights,
which might be because the oy was small within the stem.

The bow of the kiln-dried timber was negatively cor-
related with MOEgr and the specific MOEg/BD

Table 4 Bow, surface checking, and dimensional shrinkage for the timber of different dimensions

Sample D (mm) Bow (mm/m)  Surface checks

Dimensional shrinkage

Total length (mm/  Number (count/  Average length Max. length (%)
m) m) (mm)
Mean SD Mean SD Mean SD Mean SD (mm) Mean SD
Boka-sugi
Blg, 80 10.8%#k% 57 2° 5 0.1° 0.2 30° 0 30 1.86% 0.55
Bl,;s 115 4.7° 37 134° 202 0.9° 1.1 151° 111 640 - -
Blyo 140 2.7° 1.3 380%#x 258  33%wkx 109 ]44° 109 900 1.62° 0.36
Bdgy, 80 1.3%# 09 191° 178  0.9° 07  192° 86 610 3.65° 0.90
B4,y 120 0.1° 0.2 1198 410 2.6 1.4 534k 229 1730 3.24% 0.53
Ryuunohige
Rlg, 80 1.3° 1.7 2047 141 0.9° 08 278 155 540 4 48w 0.61
Rlys 115 1.28 1.6 102° 190 047 08 3117 233 1005 2.35° 1.02
Rl 140 0.8* 03  279° 283 0.7° 05 5127 453 970 2.46° 0.57
Rdgy 80 2.3 1.7 87" 142 04° 0.6  195° 156 480 3.58° 0.50
R4, 120 0.9 0.8 3357 326 1.8% 06  190° 198 980 2917 0.91

The mean and SD of the average length of surface checks was obtained for the timber with surface checking

D cross-sectional dimension, SD standard deviation

Asterisks show significant differences between dimensions 80 and 140 mm for timber 1, and 80 mm and 120 mm for timber 4, for each cultivar

(*¥** P < 0.001, ** P < 0.01)

ab Significant differences among dimensions within each cultivar and source height (B1, B4, R1, R4) by the Tukey—Kramer HSD test (P < 0.05)
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Table 5 Correlation coefficients between bow and the wood properties

N HWP® MC3 BD? o MOE%; MOE/BD? El*
All samples 60 0.388** 0.200 —0.222 0.666%** —0.523%** —0.564%*%%* —0.364**
Boka-sugi 40 0.635%** 0.233 —0.064 0.674%%%* —0.714%%* —0.687%** —0.448**
Ryuunohige 20 0.263 —0.163 0.268 —0.288 —0.025 —0.088 —0.317
N number of boxed-heart squares
*#k* P <0.001, ** P < 0.01
4 See Table 2
° See Table 3
Fig. 3 Relationships between
the bow, longitudinal shrinkage, y=13.81x-0.833 y=-13.5logx+12.4 y=-4.90logx+25.7 ® Bl
MOEgr, and EL. MOEgy and EI 20| r=0.666" ® L s o r=0.546"" x Blus
see Table 2. *#*P < 0.001. The £ ° * * O Blio
regression equations were S o X o x B Bi4go
obtained using the samples kiln- E L :‘<. 8 % 0 B4io
dried in this study, without S : ¢ Rlso
Bl1s and Rlyys @ ° oAt o + Rlns
° o As Dot A
L A h g9 0% || & Rluwo
0 05 10 5 10 0 100000 200000 | * Ej‘”
Longitudinal shrinkage (%) MOE_, (GPa) El (N+m?) - =

(P < 0.001) (Table 5; Fig. 3), which is consistent with the
results of our previous study [6]. The bow was negatively
correlated with EI (P < 0.01) (Table 5; Fig. 3).

Surface-checking

The TLSC and NSC were different for the dimensions,
source heights, and cultivars (Fig. 4; Table 4). The trends
with the dimensions were similar for the TLSC and NSC.
For B, the 140/120-mm dimension timber exhibited longer
TLSC and larger NSC than the 80-mm dimension timber
(Blgo and B1140, P < 001, B480 and B4120, P < 001) For
R4 also, the larger dimension timber exhibited longer
TLSC and larger NSC (R4gy and R4;,9, TLSC P = 0.08,
NSC P < 0.01). In these samples, the percentage of timber
with surface checking was higher for the larger dimension
timber (Blgg, 10 %; Bli4, 90 %; Bdgo, 75 %; B4,
100 %; Rdgp, 40 %; R4149, 100 %). On the other hand, for
R1, the TLSC and NSC were not significantly different
between the dimensions (R1gg and R1,49, TLSC P = 0.30,
NSC P = 0.31), and the percentage of timber with surface
checking was similar (R4gg, 83 %; R4159, 75 %).

The average lengths of the surface checks were longer
for the larger dimension timber for all samples, except R4.
The maximum lengths of the surface checks were also
longer for the larger dimension timber for all the samples.

For the small dimension timber of B and the large
dimension timber of both cultivars, timber 4 exhibited
longer TLSC and larger NSC than timber 1 (B1go and B4,
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TLSC P < 0.01, NSC P < 0.001; B1y49 and B4, TLSC
P <0.001, NSC P =043; Rlj4 and R4, TLSC
P =0.79, NSC P = 0.02). On the other hand, for the
small-dimension timber of R, timber 1 exhibited longer
TLSC and larger NSC than timber 4, although the differ-
ence was not significant (R1gy and R4gy, TLSC P = 0.20,
NSC P = 0.31).

The correlations between surface checking and wood
properties were similar between TLSC and NSC. When all
the samples were included, the TLSC was negatively corre-
lated with HWP (r = —0.49, P < 0.001) and BD (r =
—0.38, P < 0.01) (Table 6; Fig. 5). Within each cultivar, the
relationships were also negative for HWP (B, r = —0.47,
P <0.01;R,r=—-0.43, P = 0.06) and BD (B, r = —0.35,
P <0.05; R, r = —0.51, P <0.05). The correlations of
TLSC with o and ag were not significant either for all the
samples (o, r = —0.07, P = 0.59; ag, r = 0.07, P = 0.61),
or within each cultivar (B, o, r = 0.26, P = 0.11, og,
r=0.31P =0.05R,ar,r=0.19,P = 043, 0, r = 0.17,
P = 0.48). There was no significant correlation between
surface checking and the transverse shrinkage ratio (op/oR),
either. When the correlations were examined for timber
containing only heartwood (HWP100 % from Blgy, Rlgy,
and Rd4gg), the TLSC was positively correlated with ot
(r = 0.50, P < 0.001), but the correlation with BD was not
significant (r = 0.16, P = 0.46).

The difference in surface checking among the samples
in this study might be explained by the difference in the
HWP. When all the samples were included, the HWP
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Fig. 4 Total length and number of surface checks for boxed-heart
square timbers of different dimensions. Error bars show the standard
deviations

exhibited the highest correlations with the TLSC and NSC
among the wood properties examined. In the timber that
contained sapwood on the outside, the drying stress would
be large between the dry sapwood at the surface and the
wet heartwood on the inside. The larger dimension timber
contained more sapwood and had more prominent surface
checking for B1, B4, and R4. For R1, both the small- and
large-dimension timbers were mostly occupied with the
heartwood and exhibited similar levels of surface checking.
The R1,49 timber had sapwood only at the corners (HWP
was 94 %), which might not have affected the drying stress
between the corners. When surface checking was compared
between source heights, timber 4 contained more sapwood
and exhibited more prominent surface checking than tim-
ber 1, except that R4g, was occupied with the heartwood
and exhibited similar level of surface checking with R1gy.

The correlation analysis showed the BD and ar also
affected the variation in the surface checking variation. In
the timber of low BD, the transverse strength would be low
and the timber would be susceptible to the formation and
elongation of surface checks. Among the samples, the
surface checking was the most prominent for B4,, in

which the BD was the lowest. In the timber with large or,
the drying stress in the tangential direction would be large.
The surface checking was more prominent for B4 than B1,
and for R1g, than R4g,, which suggested it was affected by
the larger tangential shrinkage of B4 and Rlg.

When all the samples were included, the TLSC was not
significantly correlated with MOEgt (r = 0.09, P = 0.52)
and the specific MOEgt (r = 0.18, P =0.17) (Fig. 5;
Table 6). For the timber containing only heartwood, the
TLSC was positively correlated with MOEgt (r = 0.43,
P < 0.05) and the specific MOEgr (r = 0.47, P < 0.05)
(Table 6).

Dimensional shrinkage

The dimensional shrinkage of the kiln-dried timber was
larger for the 80-mm dimension timber than the 140/120-
mm dimension timber, although there was no significant
difference between the dimensions except for R1 (Table 4).
It might be attributed to shrinkage that was not homoge-
neous from the surface to the center of the timber, with the
outside of the timber having shrunken more than the inside.

Among the samples, the dimensional shrinkage was the
largest for Rlgg. It was larger for B4 than B1. The large
dimensional shrinkage of Rlgy, might be attributed to the
large o at the radial position i in R1 (Table 3). The larger
dimensional shrinkage for B4 than B1 might be attributed
to the larger ot for B4 (Table 3). The dimensional
shrinkage had a negative correlation with MCprt and a
positive correlation with o (Table 6; Fig. 6), which sug-
gested it was affected by the degree of drying and the
tangential shrinkage. The correlation of dimensional
shrinkage with BD was not significant (Table 6). This
suggested the factors affecting the dimensional shrinkage
do not coincide with those of surface checking, which was
significantly correlated with BD.

The dimensional shrinkage of the timber was positively
correlated with MOEgT and the specific MOEgt (Table 6;
Fig. 6). This might be because MOEgt and the specific
MOEgt were correlated with ot (P < 0.001).

Relationships between bow, surface-checking,
and dimensional shrinkage

The bow was negatively correlated with the TLSC (r =
—0.40, P < 0.01), the NSC (r = —0.33, P < 0.01), and the
dimensional shrinkage (r = —0.44, P < 0.001) (Table 7).
The TLSC was positively correlated with the NSC
(r =0.60, P < 0.001). The results are consistent with
those of our previous study using 115-mm dimension
timber [8]. There was no significant correlation between
the surface checking and dimensional shrinkage.
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Table 6 Correlation coefficients between surface checking, dimensional shrinkage, and the wood properties

N HWP? MCir BD? o R arloR MOE4 MOEg/BD
Total length of surface checks (TLSC)
All samples 60 —0.490%** 0.096 —0.376%* —0.072 0.067 —0.147 0.085 0.181
Boka-sugi 40 —0.466%* 0.020 —0.351* 0.257 0.310 —0.188 0.574%#%%* 0.615%%%*
Ryuunohige 20 —0.428 0.316 —0.508* 0.189 0.169 —0.156 0.191 0.342
HPWI100 % 25 0.246 0.155 0.498°* 0.297 0.136 0.428" 0.469*
Number of surface checks (NSC)
All samples 60 —0.346%* 0.35]1%* —0.267* —0.145 0.126 —0.272% —0.072 —0.027
Boka-sugi 40 —0.257 0.392% —-0.171 0.147 0.377* —-0.272 0.219 0.241
Ryuunohige 20 —0.511* 0.143 —0.162 0.003 0.391 —-0.471 0.260 0.298
HPW100 % 25 0.217 0.219 0.505* 0.390 —0.090 0.470* 0.503*
Dimensional shrinkage
All samples 60 —0.043 —0.336%* 0.192 0.457%3%:* 0.312% 0.076 0.4427%3%* 0.467%%*
Boka-sugi 40 —0.426%* —0.599%* —0.069 0.314%* 0.368%* —0.166 0.669%** 0.638%*%*
Ryuunohige 20 0.437 0.344 —0.311 0.364 —0.161 0.326 —0.641%** —0.611%**
HPW100 % 25 —0.015 0.498* 0.779%%%* 0.674%%* —-0.014 0.624#%%* 0.635%%%*
HWP 100 % timber contained only heartwood
N number of boxed-heart squares
P < 0.001, ** P <0.01, * P <0.05
? See Table 2
® see Table 3
® Blso, x Bliis, O Bliswo, W B4sgo, O B4120, @ Rlso, + R1115 O Rli40, & Réeo, & R4i120
2500
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Fig. 5 Relationships between the total length of the surface checks and the wood properties. HWP and MOEgr see Table 2. ot see Table 3.

#**P < 0.001, **P < 0.01
Discussion
Factors affecting the drying defects

Sagioka et al. [9] compared the boxed-heart square timber
of tateyama-sugi with dimensions of 50, 70, and 100 mm
and showed that the bow and twist decreased with the
dimensions, while the number and total length of the sur-
face checks increased. Saito et al. [10] compared the
boxed-heart square timber of boka-sugi with dimensions of
45 and 70 mm and showed that the bow and twist
decreased with the dimensions, while the number of sur-
face checks increased. Takeda et al. [3] compared the

@ Springer

boxed-heart square timber of tateyama-sugi and boka-sugi
with dimensions of 70 and 90 mm and showed that the bow
and twist were larger for the smaller dimension timber,
while the total length of the end checks and the surface
checks were longer for the larger dimension timber. Nak-
ano and Saito [11] examined the boxed-heart square timber
with dimensions 30-105 mm and showed that the per-
centage of timber ranked in the high grade for bow and
twist increased with the dimensions, while that for surface
checking decreased. These studies showed the common
trend that the smaller dimension timber had larger bow and
twist and less prominent surface checking. This study
showed the same results for bow and surface checking with
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Fig. 6 Relationships between the dimensional shrinkage and the wood

#EP < 0.001, **P < 0.01

Table 7 Correlation coefficients between bow, surface checking, and
dimensional shrinkage

TLSC NSC Dimensional shrinkage
Bow —0.397** —0.334%* —0.435%*%*
TLSC 0.595%%*%* 0.056
NSC —0.193

TLSC and NSC see Table 6. 60 boxed-heart squares were used
#% P < 0.001, ** P <0.01

boxed-heart square timber dimensions of 80 and
140/120 mm. Twist was not observed, which might be
because the dimensions were larger than those in the pre-
vious studies.

This study showed the dimension effect of the boxed-
heart square timber on the bow was different for the cul-
tivars and source heights. This depended on the oy of the
juvenile wood, which is highly affected by the MFA [5].
The bow of the boxed-heart square timber is considered to
be caused by the radial growth not being eccentric and the
longitudinal shrinkage not being completely symmetrical
with respect to the pith. The side of the timber with larger
longitudinal shrinkage will shrink more than the other side,
and when the longitudinal shrinkage is large, the difference
between the sides will be larger. The bottom of the tree
stems tend to bend and grow with eccentricity, and have
the compression wood. Takeda et al. [4] compared the
boxed-heart square timber with dimensions of 70 mm
taken from straight trees and bent trees and showed that the
bow with drying was larger for the bent trees, while the end
checking was longer for the straight trees. They also
reported that the tree growth was more eccentric for the
bent trees than the straight trees and that the compression
wood is present not only in the bent trees, but also in the
straight trees, and the bow with drying increased with the
compression wood area percentage. Yamada et al. [1]

properties. MCpr and MOEgr see Table 2. ot see Table 3.

showed that the eccentricity affected the tension drying
stress and the surface checking of the sugi boxed-heart
timber. If the trees contained compression wood, the
shrinkage eccentricity would be larger.

This study showed the dimension effect on the surface
checking was different for the source heights and cultivars,
depending on the proportion of heartwood and sapwood. It
is suggested that a high proportion of sapwood induced
more surface checking, because the drying stress between
the sapwood and the heartwood would be larger when the
timber contains more sapwood. In order to confirm the
effect of the heartwood proportion on the drying checks,
the moisture gradient, shrinkage, drying stress and stress
relaxation, and occurrence of drying checks will need to be
monitored with different heartwood proportions. To
understand the variation of surface checking, not only the
variation of the moisture content [20-22] and shrinkage [5,
71, but also the variation of the tangential strength [23] and
viscoelasticity [24-26] will need to be studied. A desirable
drying schedule for timber containing a large portion of
sapwood would reduce the moisture content gradient from
the surface to the interior of the timber. For example, Noji
et al. [27] showed that a local steam explosion treatment
reduced the moisture gradient through the thickness during
drying, and the drying stress, and surface checks.

Our previous study using 115-mm dimension timber
showed the effect of tangential shrinkage on the surface
checking [8]. However, in this study the effect of the tan-
gential shrinkage was observed only when the HWP was
100 %. The large variation of the HWP might have
affected surface checking strongly. The transverse shrink-
age ratio had no observed effect, as shown in our previous
study [8].

The effect of the growth conditions on the drying defects
is a subject of future research. Even in the same cultivars,
the wood properties might be different due to the growth. If
the initial tree growth is fast, the portion of the juvenile
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wood will be larger. If the growth is fast, ring width and the
proportion of earlywood with low density and high MFA
will be larger [28]. Site quality and crown volume could
possibly vary the heartwood diameter[29].

Indicator for timber sorting

Saito et al. [10] pointed out that the main drying defect was
surface-checking for tateyama-sugi in which the MOE was
high, but it was bow for boka-sugi in which the MOE was
low. In our previous study [6] and this study, the timber
with lower MOE exhibited larger bow. These results sug-
gested that the timber which is susceptible to large bow can
be sorted before drying by the MOE. Furthermore, this
study examined the effect of rigidity and showed that the
rigidity was much lower for the smaller dimension timber,
which exhibited larger bow. The softening of green wood
at high temperature might reduce the rigidity, which might
also affect timber deformation during kiln-drying. The
variation of wood properties relating softening is a future
study.

The significant correlations between the surface check-
ing and HWP for all the samples, and between the surface
checking and MOE for timber with 100 % HWP suggested
that the HWP and MOE could be useful indicators for
sorting the timber that is susceptible to surface checking.
The moisture content (MC) of the green wood has large
variation within sugi, especially in the heartwood [20-22],
and the initial MC of the timber before drying is highly
correlated to the final MC of the timber after drying [30].
Therefore, to reduce the variation in the final MC of the
timber, sorting the timber by the initial MC before drying is
effective [30-32]. Nakashima [30] and Sugimori et al. [32]
suggested that not only the initial MC, but also the heart-
wood proportion affected the final MC of the timber.
Kawabe et al. [33] showed that the heartwood MC affected
the distribution of the internal stresses and moisture content
during drying. This study suggested that the heartwood
proportion affected not only the drying speed and final MC,
but also the surface checking.

In order to increase the yield and decrease the pro-
cessing energy, it is desirable for the finishing thickness to
be the minimum. This study showed significant correla-
tions between the dimensional shrinkage of the timber and
the MOE, which suggested that the MOE could be an
indicator to predict dimensional shrinkage.

Conclusions
The larger dimension boxed-heart square timber of sugi

exhibited smaller bow, more prominent surface checking,
and less dimensional shrinkage; however, the dimension

@ Springer

effect was different for the cultivars and the source heights
of the logs. The dimension effect on bow depended on the
oy, of the juvenile wood, while the dimension effect on
surface checking depended on the heartwood proportion
and the or. The dimension effect on dimensional shrinkage
depended on the or. The MOE which is related to the oy
and o, and the heartwood proportion which is related to
moisture distribution might be useful indicators of these
drying defects.

Acknowledgments We express our gratitude to Dr Trevor Jones,
Dr. Naohiro Kuroda, and Dr. Mario Tonosaki for suggestions
regarding the manuscript.

References

1. Yamada N, Fujii Y, Okumura S (2009) Estimation of drying
stress in a longitudinally hollowed boxed-heart lumber using
finite element method. J Soc Mater Sci Jpn 58:286-291

2. Kuroda N (2007) Development of fundamental research on dry-
ing of boxed-heart square timber of sugi (Cryptomeria japonica).
Mokuzai Gakkaishi 53:243-253

3. Takeda K, Nakatani H, Oomori M (1981) Tateyama-sugi to boka-
sugi kanbatsuzai no zaishitsutokusei (Wood properties of tatey-
ama-sugi and boka-sugi). Wood Technol 46:13-16

4. Takeda K, Nakatani H, Oomori M (1984) Tateyama-sugi to boka-
sugi kanbatsuzai no zaishitsutokusei (II): ate to ryuuboku no
seijou, zaishitsu tono kankeinitsuite (Wood properties of tatey-
ama-sugi and boka-sugi (II): relationships between compression
wood, tree form, and wood property). Wood Technol 56:1-6

5. Yamashita K, Hirakawa Y, Ikeda M, Nakatani H (2009) Longi-
tudinal shrinkage variations within trees in sugi (Cryptomeria
Jjaponica) cultivars. J] Wood Sci 55:1-7

6. Yamashita K, Hirakawa Y, Saito S, Nakatani H, Ikeda M (2011)
Bow variation caused in kiln-drying of boxed-heart square timber
for sugi (Cryptomeria japonica) cultivars. J Wood Sci
57:363-370

7. Yamashita K, Hirakawa Y, Ikeda M, Nakatani H (2009) Tan-
gential and radial shrinkage variation within trees in Sugi
(Cryptomeria japonica) cultivars. ] Wood Sci 55:161-168

8. Yamashita K, Hirakawa Y, Saito S, Ikeda M, Nakatani H, Ohta M
(2012) Surface-check variation caused in conventional kiln-dry-
ing of boxed-heart square timber for sugi (Cryptomeria japonica)
cultivars. J Wood Sci. 58:259-266

9. Sagioka M, Oomori M, Yoshida N (1973) Tateyama-sugi kan-
batsuboku no zaishitsushiken (Wood property test of tateyama-
sugi thinning trees). Wood Technol 14:7-11

10. Saito T, Oomori M, Yoshida N (1974) Boka-sugi kanbatsuboku
no zaishitsushiken (Wood property test of boka-sugi thinning
trees). Wood Technol 18:5-9

11. Nakano T, Saito H (1977) Quality and utilization of thinning.
Wood Ind 32:143-148

12. Takino S, Sasaki H, Kawai S (1985) Structural properties of sugi
from the Shikoku districts. Wood Res Tech Notes 20:78-86

13. Ono K (1967) Hita-sugi no zaishitsu ni tsuite (I) (Wood quality of
hita-sugi I). Bull Kyushu Branch Jpn For Soc 21:155-156

14. Ono K, Hirota K, Ishii T (1970) Hita-sugi no zaishitu ni tsuite (II)
(Wood quality of hita-sugi II). Bull Kyushu Branch Jpn For Soc
24:263-264

15. Ono K, Hirota K, Ishii T (1970) Hita-sugi no zaishitu ni tsuite
(III) (Wood quality of hita-sugi I1I). Bull Kyushu Branch Jpn For
Soc 24:265-266



J Wood Sci (2014) 60:1-11

11

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ono K, Hirota K, Ishii T (1973) Hita-sugi no zaishitsu ni tsuite
(IV) (Wood quality of hita-sugi IV). Bull Kyushu Branch Jpn For
Soc 26:255-256

Ono K, Ishii T (1984) Hita-sugi kanbatsuzai no hinsyubetsu
zaishitsutokusei ni tsuite (Wood quality of the thinned tress of
hita-sugi cultivars). Bull Kyushu Branch Jpn For Soc 37:235-236
Zhu J, Takata K, Iijima Y, Hirakawa Y (2003) Growth and wood
quality of sugi (Cryptomeria japonica) planted in Akita prefec-
ture I. Variation of some wood quality indices within tree stems.
Mokuzai Gakkaishi 49:138-145

Sobue N (1986) Measurement of Young’s modulus by the transient
longitudinal vibration of wooden beams using a fast Fourier trans-
formation spectrum analyzer. Mokuzai Gakkaishi 32:744-747
Nakada R, Fujisawa Y, Hirakawa Y, Yamashita K (1998) Lon-
gitudinal change of the green moisture content in the stem of
Cryptomeria japonica D. Don. Mokuzai Gakkaishi 44:395-402
Nakada R, Fujisawa Y, Hirakawa Y, Yamashita K (2003)
Changes in water distribution in heartwood along stem axes in
Cryptomeria japonica. J Wood Sci 49:107-115

Hirakawa Y, Fujisawa Y, Nakada R, Yamashita K (2003) Wood
properties of sugi clones selected from plus trees in Kanto
breeding region. Bull FFPRI 2:31-41

Fujimoto N, Goto K, Mataki Y (1999) Fracture toughness of the
surface layer of the boxed-heart square timber of sugi associated
with drying check. J Soc Matel Sci Jpn 48:223-228

Fujimoto N, Tachiwana K, Oouchi K, Mataki Y (2001) Tension
creep of surface layer and compression creep of inner layer
perpendicular to the grain in sugi boxed-heart square timber.
J Soc Matel Sci Jpn 50:914-919

Moriizumi S, Fushitani M, Kaburagi J (1971) Viscoelasticity and
structure of wood I: effect of position in tree trunk on stress
relaxation. Mokuzai Gakkaishi 17:431-436

26.

217.

28.

29.

30.

31.

32.

33.

Moriizumi S, Fushitani M, Kaburagi J (1973) Viscoelasticity and
structure of wood II: relationships between fluctuation in fine
structure in tree trunk and stress relaxation. Mokuzai Gakkaishi
19:81-87

Noji K, Masaoka H, Gotou J, Fujiwara S, Kanagawa Y (2002)
Change of released surface strain during drying with high tem-
perature heating by radio frequency under vacuum after a local
steam explosion treatment. Mokuzai Gakkaishi 48:129-135
Perstorper M, Johansson M, Kliger R, Johansson G (2001) Dis-
tortion of Norway spruce timber Part 1: variation of relevant
wood properties. Holz Roh Werkstoff 59:94-103

Thara N (1972) A dendrometrical study on heartwood formation
of forest trees. Bull Kyushu Univ For 46:1-129

Nakashima Y (2002) Moisture content variation of sugi (Cryp-
tomeria japonica D. Don) square-sawn timber with pith dried at
conventional and high temperatures. Bull Iwate Prefect For
Technol Center 10:7-12

Nakashima Y (2005) Effect of density of green wood and high-
temperature drying time on dispersions moisture content of sugi
square-sawn timber with pith. Bull Iwate Prefect For Technol
Center 13:17-21

Sugimori M, Hayashi K, Takechi M (2006) Sorting sugi lumber
by criteria determined with cluster analysis to improve drying.
For Prod J 56:25-29

Kawabe J, Sakamoto K, Fujimoto N, Mataki Y (1993) Vacuum-
drying with high-frequency heating of sugi logs: variation of
internal stresses in drying for red-heat and black-heart logs.
Mokuzai Gakkaishi 39:284-292

@ Springer



	Effect of cross-sectional dimensions on bow and surface checking of sugi (Cryptomeria japonica) boxed-heart square timber dried by conventional kiln drying
	Abstract
	Introduction
	Materials and methods
	Materials
	Wood properties
	Kiln-drying
	Measurements of bow, surface checking, and dimensional shrinkage

	Results
	Wood properties
	Bow
	Surface-checking
	Dimensional shrinkage
	Relationships between bow, surface-checking, and dimensional shrinkage

	Discussion
	Factors affecting the drying defects
	Indicator for timber sorting

	Conclusions
	Acknowledgments
	References


