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Abstract

Cryptomeria japonica (Japanese cedar) in Japan plantations are aging, and the main supply of timber in the market is shifting
from small- and medium-diameter to large-diameter logs. The effective utilization of these logs has become an important
issue in the timber industry. When producing timber-without-pith from large-diameter logs, an unavoidable warp occurs
because of the release of residual stress within the logs. Utilizing high-temperature drying with a load on these timbers has
achieved significant drying effects, and the residual stress-induced warp was corrected. However, high-temperature drying
has drawbacks, such as high energy consumption and the potential for thermal degradation. We applied low-vacuum-medium-
temperature drying (LVMT-drying, 10 days, 40 kPa, 80/55 °C (DB/WB)—90/65 °C (DB/WB)) with load (650 kgf/mz) to
the stacked timber sawn from large-diameter logs to address these questions. When LVMT-drying was successful, residual
stresses in timber-with-pith were reduced to nearly zero, and warps in timber-without-pith were reduced to less than 8§ mm,
i.e., below the Japan Agriculture Standard "Level 1" for 4000 mm timber, and the acceptance rate for "Level 1" increased
from 45% (green timber) to 85% (treated timber) in the most successful sample. LVMT-drying is a practical drying method
for timber from large-diameter logs because it is effective in reducing residual stress and correcting warps while shortening
the treatment period and avoiding thermal degradation.

1 Introduction

According to data from the Japan Forestry Agency, approxi-
mately half of all planted forests of Cryptomeria japonica
(Japanese cedar) are over 50 years old and have reached the
main cutting stage; this ratio is expected to increase further
in the future (Forestry Agency, Ministry of Agriculture,
Forestry and Fisheries Japan 2021). This implies that the
supply of large-diameter logs (defined as logs with a top
diameter > 30 cm) is expected to increase as Japanese cedar

P< Hiroyuki Yamamoto
hiro@agr.nagoya-u.ac.jp

Graduate School of Bioagricultural Sciences, Nagoya
University, Nagoya, Aichi 464-8601, Japan

Gifu Prefecture Research Institute for Forests,
Mino, Gifu 501-3714, Japan

Forestry and Forest Products Research Institute, Tsukuba,
Ibaraki 305-8687, Japan

trees age. Small- and medium-diameter logs usually yield
only one square or flat square timber-with-pith, but large-
diameter logs can produce two or more timber-without-pith.
This provides an opportunity to use large-diameter logs for
various applications, thereby increasing their economic
benefits. However, producing timber-without-pith by saw-
ing along the pith often results in undesirable warps, such
as crook and bow, owing to the release of residual growth
stresses in the log (Kiibler 1987; Gril et al. 2017).

Surface growth stress occurs in the outermost layer of
the secondary xylem during the lignification of the newly
formed xylem (Archer 1987; Yamamoto 1998; Gril et al.
2017). As the xylem grows layer-by-layer, growth stress
accumulates gradually within the tree stem, resulting in
residual stress distribution. The residual stress in the lon-
gitudinal direction of a log comprises compressive stress
closer to the pith and tensile stress closer to the bark (Gril
et al. 2017; Yamamoto et al. 2021). These stresses are in
equilibrium within the log before sawing. However, when
processing the log or cant along the pith, the release of
residual stress can lead to the lengthening of the part under
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compressive stress near the pith and shortening of the part
under tensile stress near the bark, causing a warp in the sawn
timber. Proper sawing patterns can reduce this warp but
often fail to meet the specifications required for the product
(Yamamoto et al. 2021).

It is essential to develop methods to reduce residual stress
to reduce the resulting warp and improve production yields.
At the same time, the cost and energy efficiency must be
improved to maximize the benefits of this process. Some
researchers have demonstrated the effectiveness of direct
heating methods, such as smoking and steaming, in reduc-
ing the residual stress in logs and timber (Tejada et al. 1997,
Okuyama et al. 1987). As the residual stress of the tree logs
is reduced, the warping caused by sawing is also reduced.
However, the direct heating method for logs makes it difficult
to set the treatment conditions, and problems such as over-
treatment occur frequently. Kiln drying is a well-established
technology for moisture removal from timber, and controlling
its drying conditions is relatively easier than using direct heat-
ing methods. Therefore, it is expected that adequate treatment
of timber in a drying kiln could cause moisture removal and
reduce the residual stress in timber (Maeglin et al. 1985; Keey
et al. 2000; Montero and Moya 2015; Moya et al. 2021; Moya
and Tenorio 2021a; ibid. 2021b).

In our previous study (Jiang et al. 2023), we focused on
the effect of high-temperature drying with load (HTD) to
reduce residual stress and correct the warping of Japanese
cedar timber. In Japan, heat treatments with temperatures
exceeding 100 °C are referred to as high-temperature treat-
ments, which is a series of kiln drying treatments compris-
ing three basic processes: steaming, high-temperature treat-
ment, and medium- and low-temperature treatments. It was
confirmed that the residual stress was eliminated, and the
warp was corrected to an acceptable level after HTD. How-
ever, the entire process, including high-temperature drying,
requires 12 days and results in elevated energy consumption.
Additionally, prolonged high-temperature treatment of wood
poses a risk of thermal degradation (Perré 2007; Matsuo-
Ueda et al. 2016; Jiang et al. 2023).

Vacuum drying is an effective method that takes advantage
of the principle that a low atmospheric pressure lowers the
boiling point of water. Because of its low atmospheric pressure
and boiling point, a vacuum dryer has the advantage that green
timber can be dried at lower temperatures, mitigating thermal
degradation, especially discoloration caused by high-tempera-
ture processing, and reducing the drying time and energy con-
sumption (e.g. Ressel 1994; Devahastin et al. 2004; Defo et al.
2004; Brenes-Angulo et al. 2017). In practical applications
of timber drying from large-diameter logs, it is more feasible
to conduct low-pressure, medium-temperature treatments in
massive drying kilns than to opt for complete vacuum process-
ing, thereby minimizing the operating costs of the drying kiln.
Therefore, low-vacuum medium-temperature or low-pressure
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medium-temperature drying (LVMT-drying) may be a viable
kiln drying method alternative to HTD for addressing thermal
degradation and reducing drying time. LVMT-drying lowers
the boiling point of water under reduced pressure conditions,
allowing wood to dry at low to medium temperatures. This can
be achieved using standard drying equipment capable of dry-
ing wood at low-to-medium temperatures under reduced pres-
sure. Simultaneously, LVMT-drying offers advantages such as
a reduced treatment period, which leads to lower energy con-
sumption compared to HTD and minimal impact on thermal
deterioration (Espinoza and Bond 2016; Perré 2007).

In this study, 50 large-diameter Japanese cedar logs were
selected as the research material, and several experiments
were conducted to refine the process of LVMT-drying to
achieve effective drying, reduce residual stresses, and correct
the warping of timber-without-pith.

2 Material and methods
2.1 Materials

In this study, 50 Japanese cedar (sugi) logs from a plantation
in the Gifu Prefecture were used. All logs were approxi-
mately 50 years old and had a top-end diameter greater than
30 cm, i.e., large-diameter logs. These logs were selected
for their rounded cross-sections and pith in the center. All
the logs were purchased from local lumbar dealers and pro-
cessed into cants in a sawmill. Tree trunks were felled at
a sufficient height from the ground, and straight logs with
lengths of 4000 and 6000 mm with as little taper as possible
were selected to avoid the effects of roots. A previous study
reported that different parts of logs have different growth
stress properties (residual stress on the surface) (Chau-
han and Entwistle 2010), whereas the radial distribution
of residual stress is uniform and axisymmetric along the
longitudinal direction in straight cedar logs (Matsuo-Ueda
et al. 2022). In this study, the upper and lower halves of each
log were considered to have almost the same residual stress
characteristics.

The material preparation process used in this study is
depicted in Fig. 1 and Table 1. The specific experimental
steps are illustrated in Figs. 2 and 3. Table 2 shows the
LVMT-drying schedule.

2.2 Methods

2.2.1 Effect of the LVMT-drying to reduce residual stress
and correct warp (Experiment 1)

Kiln drying experiments were performed to investigate the
effect of LVMT-drying on the residual stress reduction and
warp correction. In the Experiment 1, 10 logs of 4000 mm
in length with a top-end diameter of approximately 320 mm
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Fig. 1 Overview of materials
(50 large-diameter logs)

(a) Experiment 1 (total 20 logs)

Average diameter

\_//over320mm

10 logs of 4000 mm are processed into 20
timber-with-pith (135 x 210 x 2000 mm)

(Type-A timber) for verifying residual
stress reduction due to LVMT-drying

(b) Experiment 2-1 (total 15logs) and 2-2 (total 15logs)

Type-A timber

Average diameter

320mm
\/‘/
10 logs of 4000 mm are processed
into 20 timber-with-pith (135 x 210 x
2000 mm) (Type-A timber) for
verifying residual stress reduction
due to LVMT-drying

Table 1 Overview of materials (timber from large-diameter logs)

10 logs of 4000 mm are processed into 20
timber-without-pith (210 x 135 x 4000 mm)
(Type-B timber) for verifying warp correction
due to LVMT-drying

2

\ Average diameter

5 logs of 6000 mm are cut into 5 logs of 4000 mm and
5 logs of 2000 mm. 4000 mm logs are processed into
timber-without-pith (210 x 135 x 4000 mm) (Type-B
timber) for verifying warp correction due to LVMT-
drying, and 2000 mm logs are processed into timber-
with-pith (40 x 270 x 2000 mm) (Type-C timber) for
residual stress measurement

Experiment Timber type Timber size Timber quantity Purpose
A timber-with-pith 20 Demonstrate effect of LVMT-drying on residual stress
(135 x 210 x 2000 mm) reduction
Experiment 1
B timber-without-pith 20 Demonstrate effect of LVMT-drying on warp correction
(210 x 135 x 4000 mm) ying P
A timber-with-pith 20 Demonstrate effect of LVMT-drying with midterm
(135 x 210 x 2000 mm) steaming on residual stress reduction
. timber-without-pith Demonstrate effect of LVMT-drying with midterm
E 21
xperiment B (210 x 135 x 4000 mm) 10 steaming on warp correction
c timber-with-pith 5 Measurement of residual stress of type-C log
(135 x 270 x 2000 mm) in green
A timber-with-pith 20 Verify effect of LVMT-drying with midterm steaming on
(135 x 210 x 2000 mm) residual stress reduction
. timber-without-pith Verify effect of LVMT-drying with midterm steaming on
Experiment 2-2 B (210 x 135 x 4000 mm) 10 warp correction
c timber-with-pith 5 Measurement of residual stress of type-C log

(40 x 270 x 2000 mm)

in green

Experiment 2-2 is a repeat of Experiment 2—1
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‘Type-A ?imi)e;
Average diameter
pover 320mm

N

(1) Processing 10 logs into10
timber-with-pith

|5 g £

~=Z. (2) Measuring warp of Type-B green timber flr:__j‘ -
(1) Processing 10 logs into 20 | ' jroo
-

timber-without-pith (Type-B timber)

S g

t
comparing

(2) Cross-cutting at the center into 10
pairs of end-matched Type-A timber

(3) Measuring residual stress distribution in
10 green radial grain boards

W; >

(4) Measuring residual stress distribution in
10 radial grain board sawn from treated

Type-Atimber

Heavy weight

Applying heavy load from top to stacked 10
Type-A and 20 Type-B timber and those
timber are treated by LVMT-drying

(4) Measuring residual stress distribution (3) Measuring warp of 20 treated

of 20 half radial grain boards sawn
from treated Type-B timber

Fig.2 Planning of Experiment 1

and 10 logs of 4000 mm in length with a top-end diameter
of approximately 460 mm were used, as shown in Fig. 1 and
Table 1. The plan for Experiment 1 is illustrated in Fig. 2.
Ten logs with a top-end diameter of approximately
320 mm were processed into 10 timber-with-pith
(135x210x4000 mm). These were cut at the center into
20 timber-with-pith P (135 x 210 x 2000 mm) (hereinaf-
ter, Type-A timber). Of these, 10 of the top-end parts were
processed into radial grain boards (40x210x2000 mm) to
measure the longitudinal residual stress in green Type-A
timber, which was evaluated as the released strain using the
strain-gauge method (Yoshida and Okuyama 2002). The other
ten butt-end parts were used in the kiln drying experiments.
Additionally, 10 logs with a top-end diameter of approxi-
mately 460 mm were processed into 20 timber-without-pith
(210% 135 %4000 mm) (hereafter, Type-B timber), and the
warp was immediately measured. These timbers were sub-
jected to kiln-drying treatment under a load (see Fig. 2). The
warp (mm) was defined as the deflection of the bow at the
middle of the concave side of the Type-B timber, as shown
in Fig. 2. Specific warp measurements were compared with
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Type-B timber, and processed into
20 half radial grain boards

the reference values specified in the Japanese Agricultural
Standards for Timber (Ministry of Agriculture, Forestry and
Fisheries Japan 2021).

Subsequently, 10 Type-A timbers and 20 Type-B tim-
bers were stacked, and four box-shaped concrete blocks,
each weighing 650 kgf with a base area of 2 mX 1 m, were
placed on the stacked timber to apply a total load of 2.6
tons. The loaded timbers were placed in a commercial kiln
(OHVA-1HSYV, Oi Innovation Corporation, Shimada, Japan)
and subjected to LVMT-drying over a total of 10 days at
80/55 °C (DB/WB)-90/65 °C (DB/WB), 40 kPa. Steaming
was applied in the first 12 h, and the sample was heated to
80 °C under standard atmospheric pressure (101 kPa). The
kiln-drying schedules are presented in Table 2(a).

After 10 days of treatment, the timber was removed from
the drying kiln, and the post-treatment warp of the Type-B
timber was measured. Subsequently, the Type-A and Type-B
timbers were processed into radial grain (402702000 mm)
and half radial grain (40 x 135 %2000 mm) boards to measure
the radial distribution of longitudinal released strain of the
residual stress, as explained in Sect. 2.2.3.
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Type-A timl:>er
- //
Average diameter
y over 320mm

(1) Processing 10 logs into10

timber-with-pith
Type-Atimber

(1) Processing 5 logs into 10 Type-B tim:>er
timber-without-pith (Type-B .
timber) comparing |

(4) Measuring residual stress of 10
half radial grain boards sawn from
treated Type-B timber

(1) Processing 5 Type-C
logs into 5 timber-with-
pith

Fig.3 Plannings of Experiment 2—1. 2-2 is a repeat of 2—1

2.2.2 Effect of the modified LVMT-drying to reduce residual
stress and correct warp (Experiment 2)

Experiment 2 was conducted with a modified LVMT-dry-
ing treatment that included a midterm steaming treatment
to improve the effectiveness of LVMT-drying and address
the cracking issue observed in Experiment 1. Experiment 2
comprised two separate trials designated 2—1 and 2-2, both
using the same type of material and experimental schedule.
Experiments 2—1 and 2-2 were very similar, and each trial

(2) Cross-cutting at the center
into 10 pairs of end-matched

(2) Measuring warp of green

—

- _1/ (3) Measuring residual stress distribution in

10 green radial grain boards

(4) Measuring residual stress distribution
in 10 radial grain board sawn from
treated Type-A timber

Applying heavy load from top to 10
stacked Type-A and 20 Type-B
timber and those timber are treated
by modified LVMT-drying

(3) Measuring warp of 10 treated
Type-B timber, and processing
into10 half radial grain boards

Type-C timber

(3) Measuring residual stress of 5 radial
grain board (Type-C timber)

(2) Processing 5 timber-with-
pith into 5 radial grain board

involved 10 logs 4000 mm in length with a top-end diameter
of approximately 320 mm and 5 logs 6000 mm in length with
a top-end diameter of approximately 460 mm, as shown in
Fig. 1 (b) and Table 1.

The experimental plots are shown in Fig. 3. As in Experi-
ment 1, 10 logs of 4000 mm in length with a top-end diam-
eter around 320 mm were processed into 20 Type-A timber.
Ten top-end timbers were processed into radial grain boards
(40x210x2000 mm) to measure the residual stress in the green
timber. The remaining 10 butt-end timbers were used for the
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Table2 LVMT-drying schedule

(a) LVMT-drying schedule in Experiment 1.

Quantity of timber Temperature and

Temperature and duration
duration of steaming m of LVMT-drying @

10 timber-with-pith
(135x210 x 2000 mm)
(Type-A timber)
80°C, 12 hours
20 timber-without-pith
(210 x 135 x 4000 mm)
(Type-B timber)

80-90°C (DB), 55-65°C
(WB), 40kPa, 228hours

(b) LVMT-drying schedule in Experiment 2-1 and 2-2

T t d
Quantity of timber emperature an

Temperature and duration
duration of steaming M of LVMT-drying

Temperature and

duration of midterm Temperature and duration

of LVMT-drying

steaming
10 timber-with-pith
(135 x 210 x 2000 mm)
(Type-A timber) 80-90°C (DB), 55-65°C 80°C, 100 kPa, 90°C (DB), 65°C (WB),

80°C, 12 hours

10 timber-without-pith

(210 x 135 x 4000 mm)
(Type-B timber)

(WB), 40kPa, 120 hours

12 hours 40kPa, 96 hours

(1) Duration includes temperature increasing time. (2) DB; dry bulb temparature. WB; wet tempearture

kiln drying experiments. Five logs of 6000 mm in length were
cut at 4000 mm from the top end, yielding five logs measuring
2000 mm in length and five logs measuring 4000 mm in length.
The five 2000-mm-logs were processed into radial grain boards
(40x270%2000 mm) (Type-C timber) to measure the resid-
ual stress in green timber, while the five 4000-mm-logs were
processed into 10 timber-without-pith (210X 1354000 mm)
(Type-B timber) and evaluated for warp properties.

Subsequently, 10 Type-A and 10 Type-B timbers were
stacked and subjected to 2.6 tons load to correct any warp. After
loading, those were placed into kilns and subjected to LVMT
drying at 80/55 °C (DB/WB))-90/65 °C (DB/WB) and 40 kPa
for a total duration of 10 days. Similar to Experiment 1, the
first 12 h of Experiment 2 involved steaming treatment, which
included raising the temperature and maintaining it at 80 °C.
However, in Experiment 2, an additional 12 h of steaming treat-
ment (hereafter, midterm steaming treatment) was introduced
when the treatment reached a total duration of 132 h to prevent
internal cracking (Dohi 2021). A standard atmospheric pressure
(101 kPa) was applied during the initial and mid-term steaming
treatments. The modified schedule is presented in Table 2 (b).

After undergoing modified LVMT-drying, the tim-
ber was removed from the drying kiln, and the warp in the
Type-B timber was subsequently measured. Subsequently,
Type-A and Type-B timbers were processed into radial grain
boards (40x270x 2000 mm) and half radial grain boards
(40 135x2000 mm), respectively, as shown in Fig. 3, and
their post-treatment residual stresses were measured. Full- and
half-grain boards used for measuring residual stresses were also
used to measure the moisture content in Type-A and Type-B
timber, respectively.
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2.2.3 Measurement of released strain of residual stress
in full and half radial grain boards

In this study, released strain was used to evaluate longitudi-
nal residual stress in each timber (Gril et al. 2017; Matsuo-
Ueda et al. 2022). We used the strain-gauge method, as illus-
trated in Fig. 4, to measure the radial distribution of released
strain resulting from longitudinal residual stress (Yoshida
and Okuyama 2002).

After processing the full- or half-radial grain boards from
the timber or logs, wire strain gauges with a gauge length of
10 mm (KFGS-10-120-C1-11 L3M3R, Kyowa Electronic
Instruments Co., Ltd., Tokyo, Japan) were attached at regular
intervals of 3 or 4 cm in the radial direction from the center to
both sides of the radial surface using a cyanoacrylate instant
adhesive (CC-33A, Kyowa Electronic Instruments Co., Ltd.).
The strain gauges were connected to a strain measuring device
(UDX-10A/B, Kyowa Electronic Instruments Co., Ltd.).

After the connection, a section approximately 1 cm from both
edges of the strain gauge was cut using a hand saw to release the
residual stress. The released strain was determined by calculating
the change in strain gauge values before and after cutting.

3 Results

3.1 Residual stress reduction and warp correction
by Experiment 1

The released strain in the green timber-with-pith (i.e.,
Type-A and Type-C timber) exhibited the highest positive
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Fig.4 Strain-gauge method to
measure longitudinal released
strain of residual stress

—_—

Strain measurement line

value (corresponding to compressive residual stress) near
the pith and the highest negative value (corresponding to
tensile residual stress) near the bark, as shown in Figs. 5,
7 and 8. This is consistent with previous reports on resid-
ual stress in Japanese cedar (Okuyama and Sasaki 1979;
Sasaki and Okuyama 1981; ibid. 1983; Okuyama and
Yamamoto 1992; Matsuo-Ueda et al. 2022).

After LVMT-drying treatment, the average mois-
ture content in Type-A timber was still quite high at
28.4 +10.6% (average + standard deviation), which is
close to the fiber saturation point, and four timbers still
had moisture content of around 40%, indicating that the
Type-A timber in Experiment 1 was not effectively dried
(see Table 3). As shown in Fig. 5 (a), the released strain
in Type-A timber was slightly smaller after LVMT-drying
than that in green timber. This indicates that the LVMT-
drying treatment can reduce residual stress to some extent.

The average moisture content after treatment in Type-
B timber was 13.8 +2.9%, reaching the 15% target (see
Table 3). The warp of Type-B timber was slightly lower
after LVMT-drying when compared than that of green tim-
ber (Fig. 6). The average value was less than 8 mm, i.e.,
below the JAS Standard "Level 1" for 4000 mm timber, and
the acceptance rate for "Level 1" increased from 45% (green
timber) to 85% (treated timber) (see Table 4). Furthermore,
as shown in Fig. 5(b), the residual stresses in Type-B timber
were irregularly distributed after the LVMT-drying treat-
ment, but their magnitudes were relatively small.

3.2 Residual stress reduction and warp correction
by Experiment 2

As shown in Fig. 7(a), there was a slight reduction in the released
strain of Type-A timber compared to that in green timber after
undergoing modified LVMT-drying in Experiment 2—1. This
indicated that the modified schedule with midterm steaming also
caused a reduction in residual stress. The moisture content of the
Type-A timber was not measured in Experiment 2—1.

In Experiment 2—1, the moisture content of Type-B tim-
ber after treatment varied widely (average 23.4 +26.4%),
with six pieces having less than 10%, the others being 18.4%,
22.0%, 66.1%, and 78.3% (see Table 3). This is probably due
to the uneven drying of the stacked timber. For the warp cor-
rection of Type-B timber, there was a slight decrease after
treatment when compared to that of green timber (Fig. 6).
The acceptance rate for JAS standard “Level 1” increased
from 20% (green) to 60% (treated), as shown in Table 4.
Furthermore, as shown in Fig. 7(b), the released strain of
Type-B timber after the LVMT-drying treatment showed a
specifically large contraction only around the pith, whereas
no clear large released strain was detected at other areas.

There was a large variation in the moisture content of the
Type-B timber in Experiment 2—1. The same experimental
arrangement was repeated as in Experiment 2-2 to ensure
the reliability of the results obtained in Experiment 2—1.

The moisture content of the Type-A timber in Experiment
2-2 achieved the target moisture content, with most of the

0.10
(a) Type-A timber (b) Type-B timber
/\a I‘ ~ " S
o L L% ya LS
< 005 v = , 5
s 7 5 \\ /, \\
9
S
5 0 S — \ A
-8 = N N * ~ P
) »~
8 A L4 - ‘e
E -0.05
—o- Treated Type-A -e- Green Type-A —e- Treated Type-B —e— Green Type-A
timber (n=10) timber (n=10) timber (10 pairs) timber (n=10)
-0.10 (same as in Fig.5 (a))
<15 -12 -9 -6 -3 0 3 6 9 12 15 -15 -12 -9 -6 -3 0 3 6 9 12 15

Distance from pith (cm)

Distance from pith (cm)

Fig.5 Residual stress before and after the LVMT-drying treatment in Experiment 1
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Table 3 Moisture content in Type-B timber after the LVMT-drying treatment

Experiment 1 Experiment 2-1 Experiment 2-2
Number Type-A timber | Type-B timber | Type-Atimber | Type-B timber | Type-A timber | Type-B timber
23.7 19.0 X 66.1 5.4 26.0
g 21.6 | 17.5 X 78.3 5.6 | 22.4
1) 19.7 | 10.8 X 18.4 6.8 | 8.7
e | |
= 20.6 10.2 X 22.0 8.1 10.8
o
— 18.1 13.2 X 7.3 6 14.2
1 1 1
E 18.1 i 17.8 X i 7.8 5.6 i 15.4
—_
5 39.3 12.5 X 9.8 11.1 9.1
£ 40.7 12.0 X 7.8 7.4 8.4
1 1 1
g 39.5 | 11.3 X | 7.7 11.8 | 7.0
£ 42.7 9.8 X 83 12.3 9.5
S
cp 14.1
qJ 1
o | 13.7
'5 1
G 14.0
(o]
*g‘ 15.9
*g 16.3
(=] 8.7
et
5 13.0
k7
3 17.0
= 15.9
12.8
Average (mm) 28.4 13.8 X 23.4 8.0 13.2
SD (mm) 10.6 29 X 26.4 2.7 6.4
Rate for target MC less
0% 65% X 60% 100% 80%
than 15% (%) ? ? ) ) °

“x” stands for no data. The values in the small gray column do not pass "15%" of the target moisture content

20
/E\ Exp 1 Exp 2-1 Exp 2-2
£ MC: 13.8+2.8% |MC: 23.4+26.4% MC: 13.2+6.1%
~ 15
o
2
E
=
m 10
o -
o
>
-
e 5
g
&
=

0

Green Treated Green Treated Green Treated
n=20 n=20 n=10 n=10 n=10 n=10

Fig.6 Warp of Type-B timber before and after LVMT-drying treat-
ment in Experiments 1, 2-1, and 2-2. The horizontal dashed-line
indicates “Level 1” of the JAS standard of 4000 mm timber. MC
stands for moisture content of timber after the LVMT-drying treat-
ment
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moisture content below 10% (Table 3). In Experiment 2-2,
the released strain of the residual stress in the Type-A timber
showed a greater reduction than in Experiments 1 and 2-1
after treatment (Fig. 8(a)).

The average moisture content in Type-B timber after
treatment was almost the same as in Experiment 1 (average
13.2 +6.1%), with eight pieces reaching the target of 15%,
the other two being 26.0% and 22.4% (see Table 3). As
shown in Fig. 6, LVMT-drying corrected warp in Type-B
timber, but the average value was slightly higher than the
JAS standard "Level 1.” Acceptance rate for JAS standard
“Level 1” increased from 0% (green) to 50% (treated) (See
Table 4). The acceptance rate after treatment was not as
high, but this was due to the relatively large warp at the time
of green timber compared with that in Experiments 1 and
2—-1. As shown in Fig. 8(b), the distribution of the released
strain of the residual stress in Type-B timber after treat-
ment was relatively irregular but small, indicating that no
systematic stress distribution was caused in Type-B timber
by the LVMT-drying treatment.
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Table 4 Warp of Type-B timber

4 Discussion

Experiment 1

Experiment 2-1

Experiment 2-2

After After After
Green Green Green
treatment treatment treatment
1.5 7.5 12.5 14.0 18.0 11.0
3.0 1.5 10.5 13.0 20.0 10.0
4.5 1.5 10.5 9.5 16.0 6.5
9.0 2.5 12.0 9.5 18.5 4.5
8.5 7.5 8.0 1.0 16.5 13.0
— 10.0 2.0 7.5 5.0 16.0 5.7
g 9.0 3.5 14.5 4.0 10.0 14.0
E 5.0 9.5 17.0 5.0 9.0 8.0
-g 5.0 7.5 8.5 4.5 11.0 10.0
g 5.0 4.5 10.5 5.0 12.0 8.0
1
(]
o 10.5 6.0
>
= 9.0 3.0
bS]
a 9.0 3.0
—
f;" 12.5 8.0
6.5 2.5
3.0 6.5
9.5 10.0
8.5 5.0
8.0 5.5
12.5 8.5
Average(mm) 7.5 5.3 11.2 7.1 14.7 9.1
SD(mm) 3.0 2.7 2.8 4.0 3.7 2.9

Acceptance rate for
JAS "Level 1"(%)

45% 85%

20% 60%

0% 50%

“x” stands for no data. The values in the small gray column do not pass "Level 1" of the JAS

standard

The results of Experiments 1 and 2 indicate that LVMT-dry-
ing can bring the moisture content of timber close to the tar-
get of approximately 15% if uneven drying does not occur in

the stacked timber and the moisture content of the log is not
extremely high. At the same time, LVMT-drying is effective in
reducing the residual stress in Type-A timber, and in combina-
tion with loading, LVMT-drying has the potential to correct
warping in Type-B timber.
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Fig. 7 Residual stress before and after treatment of Experiment 2—1
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Fig. 8 Residual stress before and after treatment of Experiment 2—2

Previous studies have shown that the effect of heat treat-
ment on the reduction of residual stress is generally observed
at treatment temperatures above 80 °C (Tejada et al. 1997,
Jiang et al. 2023). Usually, in the early stages of kiln dry-
ing, the moisture content of timber is high, and tempera-
tures above 80 °C facilitate hemicellulose hydrolysis and
lignin softening (Tejada et al. 1998). This weakens the bonds
between cellulose bundles in the cell walls and eventually
leads to the relaxation of residual stress in the log or timber-
with-pith (Hon and Shiraishi 1991; Shen et al. 2020; Tejada
et al. 1998; Salmen 1984; Eriksson et al. 1991; Furuta et al.
2000; Gril et al. 2017; Chen et al. 2021). This explains the
results of the present study to some extent.

However, in the Type-A timber in Experiments 1 and 2-1,
only a limited amount of the residual stress was reduced,
whereas the rest was retained internally (see Fig. 5(a) and
7(a)). In Experiment 1, the average moisture content of Type-
A timber was 28.4 +10.6% even after LVMT-drying treat-
ment, indicating that the drying effect was not sufficient. In
contrast, the moisture content decreased to below the target
15% and the residual stress was almost completely reduced
after LVMT-drying in Experiment 2-2 (Fig. 8(a)). These
results suggest that drying and heating may play an important
role in the reduction of residual stress in timber-with-pith (i.e.,
Type-A timber). In other words, if drying is inadequate, nei-
ther residual stress reduction nor warp correction is success-
ful. If this is the case, the LVMT-drying treatment should be
based on a stable operating regime that avoids uneven drying
in stacked timber and optimizes treatment schedules.

Green Type-B timber warps because residual stresses are
elastically released by separating them from the log. When
green Type-B timber is elastically stacked and straightened
by placing a weight on top, the original residual stresses
are reintroduced into the Type-B timber (Yamamoto et al.
2021). Some or all of these stresses were reduced during the
LVMT-drying treatment based on the same mechanism as
the residual stress reduction in the Type-A timber. Removing
the weight from the stacked timber after the LVMT-drying

@ Springer
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treatment caused a warp in the Type-B timber because the
remaining residual stresses were elastically released. In this
study, the average warp value of Type-B timber after treat-
ment was reduced to some extent compared to that before
treatment (Fig. 6). LVMT-drying was effective in correcting
warp, but some timber remained warped beyond the JAS
standard "Level 1" (8 mm for 4000 mm timber). This was
presumably due to an insufficient reduction in the reintro-
duced stresses.

Previous studies have demonstrated that the warp of
timber-without-pith decreases significantly after high-tem-
perature drying (HTD), which significantly reduces residual
stresses (Jiang et al. 2023). After the HTD treatment, the
distribution of the residual stress tended to be rather uniform
along the x-axis (i.e., the radial distance from the pith). From
the perspective of warp correction alone, HTD appears to be
the superior treatment method. However, considering that
the treatment period for LVMT-drying is 10 days, which
is shorter than the 12-day treatment of HTD, even though
correction of warp after treatment is not fully guaranteed,
it remains a practical option if the warp of the green timber
is already close to the JAS-acceptable level of 8 mm or if
further processing (e.g., correction sawing) for warp correc-
tion is possible. In addition, LVMT-drying has the advan-
tage of avoiding thermal degradation associated with heat
treatment, for example, preserving the original color of the
wood as much as possible (Matsuo-Ueda et al. 2016). Even
at temperatures up to 90 °C the LVMT-drying treatment did
not cause the thermal degradation of wood that is observed
in the HTD treatment up to 120 °C.

5 Conclusion

In the present study, timber-with-pith and timber-with-
out-pith processed from large-diameter Japanese cedar
logs were subjected to low-vacuum-medium-temperature
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drying (LVMT-drying) (10 days, 40 kPa, at 80/55 °C (DB/
WB) to 90/65 °C (DB/WB)) and 12 h of initial and mid-
term steaming at 80 °C) under load (650 kgf/m?). The
following conclusions were drawn.

(1) LVMT-drying treatment with load can reduce residual
stress in timber-with-pith and correct warp in timber-
without-pith sawn from large-diameter logs, although
not as effectively as the high-temperature-drying treat-
ment (HTD treatment).

(2) If the LVMT-drying is inadequate, neither residual
stress reduction in the timber-with-pith nor warp cor-
rection in the timber-without-pith is successful. If the
LVMT-drying treatment is performed appropriately,
this method reduces the residual stresses and corrects
the warp. Thus, the LVMT-drying treatment should
be based on a stable operating regime that avoids une-
ven drying in stacked timber and optimizes treatment
schedules.
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