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Abstract

Aged conifer forests in Japan are expected to produce large-diameter logs, defined
as logs with a top-end diameter of 30 cm or more. However, the knowledge and
techniques for industrial processing of large-diameter logs of Japanese wood spe-
cies have not been sufficiently developed. This study was aimed at characterizing the
longitudinal component of residual stress distribution of large-diameter logs of sugi
(Japanese cedar, Cryptomeria japonica), a major tree species cultivated in Japan,
as the processing yield of primary lumber from large-diameter logs is affected by
the magnitude and distribution pattern of the residual stress. The radial distribu-
tions of the released strain of residual stress, tensile Young’s modulus, and residual
stress were measured using 63 logs. The radial distributions of the released strain
and residual stress showed typical patterns reported in previous studies: contraction
near the bark and elongation near the pith in the released strain, tensile stress near
the bark, and compressive stress near the pith. The radial distributions of Young’s
modulus showed a typical pattern: low near the pith and high near the bark. The
difference between the maximum and minimum released strains in each log var-
ied widely among individuals, which was expected to result in a wide variation in
crooking when rip sawing. The longitudinal uniformity and axial symmetry of the
radial distribution of the released strain and residual stress were experimentally con-
firmed, which lays the groundwork for improved understanding of the residual stress
in sugi logs.
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Introduction

In the 1960s, forest plantations were promoted in Japan, and the area of such
plantations increased greatly to satisfy the increasing domestic demand for wood.
The excess demand for wood subsequently changed into excess supply, caus-
ing stagnation in forestry production activities, and wood production decreased
until the 2000s (Forestry Agency, Ministry of Agriculture, Forestry and Fisheries
Japan 2013). Approximately 40% of forests in Japan are planted, mostly coni-
fer trees, covering nearly 10.5 million hectares. The growing stock is steadily
expanding, mainly in planted forests, and reached approximately 3.3 billion m?
from planted forests by the end of March 2017. Half of the planted forests are
more than 50 years old and are entering their harvesting period (Forestry Agency,
Ministry of Agriculture, Forestry and Fisheries Japan 2019).

Aged forests are expected to produce large-diameter logs, which are logs with
a top-end diameter of 30 cm or more, as defined by the Japanese Agricultural
Standards for Logs (Ministry of Agriculture, Forestry and Fisheries Japan 2007).
However, the knowledge and techniques for industrial processing of large-diam-
eter logs of Japanese wood species have not been sufficiently developed because
small- or middle-diameter logs have been the main products. The lack of knowl-
edge and techniques has caused a bottleneck in the utilization of large-diameter
logs. As wood production has slightly increased in the last two decades (Forestry
Agency, Ministry of Agriculture, Forestry and Fisheries Japan 2019), develop-
ing a technique based on scientific studies will help the wood industry and be a
great opportunity to increase the consumption of forest products in Japan. Thus,
the Forestry Agency led the “large-diameter log project” to develop knowledge
and techniques concerning the harvesting, grading, sawing, and drying of large-
diameter logs.

Large-diameter logs enable the production of square lumber without the pith,
or at one side of the pith, from a single log, while lumber with a usually centered
pith is sawn from a single small- or middle-diameter log. Lumber without the pith
is crooked by the redistribution of the residual stress in the tree.

During the growth of a straight tree, growth stress (or surface growth stress) is
generated in newly formed xylem. Then, the surface growth stresses accumulated
during the secondary growth cause the 3-D distribution of stress in the trunk,
which is referred to as residual stress. The longitudinal component of the resid-
ual stress (hereinafter, the residual stress) generally shows tensile stress near the
bark and compressive stress around the pith. The redistribution of the residual
stress by sawing lumber, especially ripping along the pith, causes lumber crook-
ing (Archer 1987; Kiibler 1987; Gril et al. 2017).

The magnitude and distribution pattern of the residual stress control the extent
of crooking (Okuyama and Sasaki 1979; Ormarsson et al. 2009; Yamamoto et al.
2021). Crooking requires multiple sawings to correct the dimensions, resulting in
a decrease in yield. The yield of lumber from large-diameter logs is also affected
by the sawing pattern (Matsumura et al. 2012, 2013), namely, the process of
releasing the residual stress. To improve the yield, it is important to characterize
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the residual stress of logs in relation to the distortion by various sawing patterns.
Several large-scale studies have been conducted to understand the characteristics
of residual stress distributions primarily for hardwood or fast-growing species
in which crooking due to residual stress was severe: over 200 Eucalyptus trees
(Eucalyptus gigantea) (Jacobs 1945), 202 beech trees (Fagus silvatica) (Nikolov
et al. 1968) and 86 beech trees (Saurat and Guéneau 1976). Growth stress and its
related problems have also been highlighted for softwood species (Johansson and
Ormarsson 2009; Ormarsson et al. 2009). However, few systematic studies for
softwood species have been conducted, with Nikolov et al. (1967) investigating
33 pine trees (Pinus sylvestris), 30 spruce trees (Picea excelsa) and 81 fir trees
(Abies alba).

In this study, the aim was to characterize the residual stress distribution in large-
diameter sugi (Japanese cedar, Cryptomeria japonica) logs. Sugi is a major soft-
wood species cultivated in Japan and accounts for 58% of the volume of the domes-
tic wood supply; it is mostly used as sawn lumber. Although the artificial forests of
sugi in Japan are in steep mountains, they grow very straight and tall owing to care-
ful maintenance of frequent thinning and pruning. The decrease in yield of large-
diameter sugi logs due to residual stress is not as severe compared to hardwood or
fast-growing species; however, the economic loss due to lumber crooking is con-
sidered serious. In this study, a sufficient number of large-diameter sugi logs was
used to measure the longitudinal component of the released strain of the residual
stress (hereinafter, the released strain) and the tensile Young’s modulus. The radial
distribution of the residual stress and its variation among individuals were character-
ized by calculating the residual stress from the released strain and Young’s modulus.
It was also attempted to clarify whether the residual stress distributions were uni-
form in the same trunk. The results will promote further studies on growth stress
and related problems.

Materials and methods
Materials

Sixty-three logs of sugi from Ibaraki Prefecture, Japan, were used. Logs that are
as symmetrical as possible were selected for the model experiment. The logs were
4 m long and had top-end diameters of 33.7—45.9 cm. Table 1 shows the averages,
standard deviations, and maximum and minimum values of fundamental log data:
number of growth rings of butt end of the logs, weight, length, diameter, den-
sity, and dynamic Young’s modulus by the tapping method. The trees were felled
between 1 and 3 months before the experiment and stored outside at a log market.
The logs were brought to the experiment site 2 weeks before the experiment. They
were debarked, covered with a tarp to avoid drying, and stored outside until the
experiment.

Sample preparation and log processing are shown in Figs. 1 and 2, respectively.
Each 4 m log was cut into end-matched pairs of 2 m butt-end and 2 m top-end logs
(Figs. 1a and 2a). Two pairs were used to compare the residual stress distributions
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Fig. 1 Log processing: a crosscutting of a 4 m log into 2 m logs, b rough sawing of a board by using a
single bandsaw, and ¢ smoothing and thickness tuning by using a planer

butt end

4 m logs cut into pairs of
end-matched 2 m logs

—> crooking measurement n;: number of 4 m logs
s

n,: number of boards

n, =50 (c)

Fig.2 Sample preparation and geometry

among different tree heights in the same longitudinal plane (Fig. 2a), while 11 end-
matched pairs were used to compare the residual stress distribution in the longitudi-
nal planes perpendicular to each other (Fig. 2b). For the other 50 end-matched pairs,
the butt-end logs were used to measure the residual stress, and the top-end logs were
rip sawn to measure crooking (Fig. 2c). Three butt-end logs from these pairs were
also used to check the uniformity of the residual stress among different tree heights
in the same plane (Fig. 2c).

Five-centimeter unedged boards with pith were sawn by using a bandsaw and
planed using a single surface planer into 4 cm boards, with the pith positioned 1 cm
from the surface (Figs. 1b and c). Immediately after planning, the boards were cov-
ered with a plastic sheet to avoid drying, and strain measurement was performed
within 2 days. The moisture contents of the boards were measured after the whole
experiment and confirmed that the samples remained above the fiber saturation point
throughout the experiment.
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strain gauges

cutting lines to
release residual
stress

specimens for
tensile test

Fig. 4 Measurement of released strain of the residual stress: a strain gauges on a board, b after crosscut-
ting one side adjacent to strain gauges by using a handsaw to release the residual stress, and c¢ a strip after
releasing the residual stress

Methods
Measurement of longitudinal residual stress

The distribution of the released strain across the diameter was measured using strain
gauges (KFGS-10-120-C1-11 L3M3R, gauge length 10 mm; Kyowa Electronic
Instruments Co., Ltd., Tokyo, Japan). The measuring points were set on the surface
near the pith and in the middle of each board to avoid defects such as knots and
cracks (Figs. 3a and 4a). The strain gauges were glued with cyanoacrylate glue (CC-
33A; Kyowa Electronic Instruments Co., Ltd.) along the longitudinal direction of
the boards. The distance between the gauges was 2 cm.

The strains were monitored using a data logger (UCAM-550A; Kyowa Electronic
Instruments Co., Ltd.). The initial strains were measured using an upright board.
Then, the residual stress was released by cutting the boards by using a handsaw at
1 cm from each end of the strain gauges (Figs. 3b, 4b, and 4c), after which the strain
was measured again. The released strain was calculated as the difference between
the initial strain and the strain after cutting.

Measurement of Young’s modulus
Specimens for the tensile test were cut from corresponding positions on the same

board (Fig. 3b). The specimen dimensions were 100 mm (longitudinal direc-
tion) X 10 mm (tangential direction) X5 mm (radial direction). The specimens were
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kept wet until testing. After measuring the cross-sectional areas, strain gauges
(KFGS-5-120-C1-11, gauge length 5 mm; Kyowa Electronic Instruments Co., Ltd.)
were glued in the middle of both tangential surfaces of the specimens. To avoid the
slipping of the specimen from the tensile jig, water-resistant sandpaper was glued
between each specimen and the jig or a pair of small hardwood blocks was glued to
the side of the specimen. The test was performed using a universal testing machine
(SH-14NB-50R3; Imada Seisakusho Co., Ltd., Aichi, Japan). The strain and load
during the test were monitored using a data logger (UCAM-1A; Kyowa Electronic
Instruments Co., Ltd.) and a load cell, respectively, up to a maximum load of 400 N.
The Young’s modulus was calculated from the linear region of the load—strain curve
and cross-sectional areas.

Calculation of residual stress

The residual stress was calculated from the released strain and Young’s modulus as
follows:

o, = —¢&,E,

where 7 indicates the distance from the pith along the radial direction, and o, ¢,
and E, are the residual stress, released strain, and Young’s modulus, respectively, at
the distance 7.

Results and discussion
Distribution of released strain, young’s modulus, and residual stress

Figure 5 shows the distribution across the diameter of the averages of the released
strain, Young’s modulus, and residual stress. The average released strain showed
contraction on the bark side, an increase toward the pith, and elongation at one-third
of the distance from the pith, with the maximum at the pith. This is similar to the
typically reported released strain distributions in sugi wood (Sasaki and Okuyama
1981; Okuyama and Yamamoto 1992; Tejada et al. 1997).
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015 | —e—released strain _ —e— Young's modulus —e—residual stress
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Fig.5 Radial distribution of the averages of the released strain of the residual stress, Young’s modulus,
and residual stress. As one log from end-matched pairs was omitted when the Young’s modulus was
measured on the other log, the numbers of the radial distributions were not the same: released strain,
n="79; Young’s modulus and residual stress, n =69
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The average Young’s modulus was rather small near the bark, slightly increased
toward the inner xylem, then decreased toward the pith, with the minimum at the
pith. Several studies on sugi wood have shown that Young’s modulus is low near
the pith due to juvenile wood and monotonously increases toward the bark or
increases and then becomes constant near the bark (Watanabe et al. 1964; Hirakawa
et al. 1997; Iijima et al. 1997; Zhu et al. 2003; Tadooka et al. 2005). The model of
Young’s modulus distribution (Yamamoto et al. 2021), which was proposed based
on previous studies, was also drawn on the same figure. The measured average dis-
tribution fitted well to the typical pattern expressed by the model at the inner xylem
but was smaller near the bark.

The distribution pattern of the average residual stress was similar to that of the
average released strain as the variation in Young’s modulus was not too large. The
average residual stress was tensile stress on the bark side, which then transitioned
into compressive stress, reaching the maximum near the pith. This is similar to
the measured and modeled distribution patterns in previous studies (Okuyama and
Sasaki 1979; Sasaki and Okuyama 1981, 1983). However, as Young’s modulus was
lower near the pith, the absolute level of the average residual stress near the pith was
rather lower when compared with the average residual strain.

Variation in Young’s modulus

To clarify the reason for deviation of the average values of Young’s modulus from
the typical pattern near the bark (Fig. 5), the distribution patterns obtained were ana-
lyzed in detail. Radial distribution of the Young’s modulus in a single board was
separated at the pith into two radial distributions from the pith to the bark and aver-
aged for each radius (Fig. 6). Radial distributions of the Young’s modulus for each
radius showed a typical pattern: low near the pith and high near the bark. However,
the Young’s modulus of larger-radius (20, 22, and 24 cm) samples was lower than
that of smaller-radius (14, 16, and 18 cm) samples, resulting in the low average val-
ues of whole samples at a larger distance from the pith (Fig. 5). Further studies are
required to reveal the differences in Young’s modulus among different radii, con-
sidering the possible factors affecting Young’s modulus such as density, microfibril
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Fig. 6 Radial distribution of the averages of Young’s modulus separately averaged for different radii with
the number (n) of distribution data for each radius. Left: radius of 20 and 22 cm. Right: radius of 16 and
18 cm. The data of 24 cm (n=4) and 14 cm (n=1) are omitted from the graphs as their numbers were
small
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angle, and annual ring width (Hirakawa et al. 1997; Yamashita et al. 2000; Ando
et al. 2018).

Comparison of the radial distribution of the released strain with other wood
species

To see the relative scale of sugi, the distribution of the average released strain was
compared with that of other wood species. The data were derived from previous
studies that used the same measuring method, namely the strain gauge method using
boards with pith. Figure 7 shows the comparison between the average released strain
in this study (Fig. 5) and the released strain of sugi (Tejada et al. 1997), karamatsu
(Japanese larch, Larix sp.) (Okuyama et al. 1987), mangium (Acacia mangium)
(Wahyudi et al. 1999), falcata (Paraserianthes falcataria) (Wahyudi et al. 2000),
teak (Tectona grandis) (Wahyudi et al. 2001), and keyaki (Japanese zelkova, Zelkova
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Fig.7 Comparison of the radial distributions of the average released strain with the data from the previ-
ous literature: sugi (Tejada et al. 1997), karamatsu (Japanese larch, Larix sp.) (Okuyama et al. 1987),
mangium (Acacia mangium) (Wahyudi et al. 1999), falcata (Paraserianthes falcataria) (Wahyudi et al.
2000), teak (Tectona grandis) (Wahyudi et al. 2001), and keyaki (Japanese zelkova, Zelkova serrata)
(Okuyama et al. 1987)
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serrata) (Okuyama et al. 1987). Note that the numbers of samples in these studies
were smaller than the present study. Each line expresses a single tree. The compari-
son shows the distributions of released strain tended to be steeper and their magni-
tudes were higher in hardwood than in softwood. Thus, the results support that the
residual stress and related problems are more severe in hardwood species than in
softwood species. This comparison also shows that the distribution of released strain
of planted sugi trees was highly uniform.

Variation in the radial distribution of the released strain of residual stress

Here, the individual characteristics of the radial distribution of the longitudinal
released strain is described as the indicator of the longitudinal residual stress (e.g.,
Archer 1987; Gril et al. 2017). Figure 8 shows the representative patterns observed
in this study. Most individuals had the patterns shown in Fig. 8al and a2. Figure 8al
shows a large difference between the maximum and minimum strain or stress,
whereas in Fig. 8a2, the difference is rather small. The log of Fig. 8al was expected
to have a larger crook by rip sawing than that of Fig. 8a2 (Okuyama and Sasaki
1979). Some individuals exhibited the pattern shown in Fig. 8b. They also exhibited
a typical pattern, as shown in Fig. 8al and a2, but had irregular local strain or stress
that would be caused by locally formed compression wood. If the disturbance of this
local stress was small, the local stress was not expected to affect the crooking way of
large-scale lumber, but it affected the shape of the rip-sawn thin lumber. If the area
of compression wood is large, the distortion of compression wood should be consid-
ered, but it is rare to exhibit such logs with large compression wood as straight sugi
logs at log markets in Japan. A few individuals showed the pattern in Fig. 8c. The
released strain and residual stress oscillated throughout the diameter without a clear
peak near the pith. Although the precise reason for this oscillation pattern was not
detected, it could represent the deterioration of the logs or a particular growing envi-
ronment. The percentages of each pattern are as follows: Fig. 8al and a2, 83.5%; b,
12.7%; and c, 3.8%. Each individual graph is viewable in Electronic Supplementary
Information.

The differences in the strain between the maximum usually observed at the pith
and the minimum usually observed near the bark are summarized in histograms
(Fig. 9), which were widespread, indicating large variations among individuals.

o1s | a1 (no. 32) 015 | a2 (no. 42) 015 | b (no. 24) 015 | ¢ (no. 33)
g g g g
e N Nve R
e 2 & &
s o5 ass a5
-30 30 =30 -20 30 -30 =20 0 0 30 E: 30

o 02 S0 o 1w o 02 o o
Distance from the pith (cm) Distance from the pith (cm) Distance from the pith (cm) Distance from the pith (cm)
Fig.8 Observed patterns of the released strain of residual stress. al Typical pattern with a large differ-
ence between the maximum and minimum strains, a2 typical pattern with a small difference between the
maximum and minimum strains, b typical pattern with irregular local strains, and ¢ oscillation pattern

without a clear peak
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Fig. 9 Definition of differences between the maximum and minimum released strains (“max—min differ-
ence”) and the histogram of the max—min differences. The maximum released strain is associated with
the compressive stress near the pith and the minimum released strain is associated with the tensile stress
near the bark

These variations further result in variations in the crook, as the steeper the stress
gradient of the radial distribution, the more severe is the crook (Okuyama and
Sasaki 1979), indicating the importance of simulation of the crook from the residual
stress. In this study, only the characteristics of residual stress are discussed; a com-
parison between residual stress distribution and the corresponding crooking caused
by rip sawing will be reported in a future study.

When simulating lumber crooking due to sawing, simulating the distribution
of the residual stress as a function of the relative radial position is practically
important (Yamamoto et al. 2021). Yamamoto et al. (2021) proposed three imagi-
nal patterns of residual strain distribution: linear type, Japanese bell type (con-
cave upward parabola), and trumpet pavillon type (concave downward parabola).
Okuyama and Sasaki (1979) concluded that the distribution of the residual stress
should be modeled by a linear function rather than a logarithmic function for a
more accurate simulation of the lumber crook. Based on the shape of each graph
of the distribution in this study, the released strain distributions of large-diameter
sugi would be regressed to a concave downward parabola function. The residual
stress distribution might be described as a linear function or a function that mul-
tiplies the released strain, modeled as a concave downward parabola, by Young’s
modulus, modeled as an exponential function (Yamamoto et al. 2021). A suitable
function should be chosen by considering the correspondence between the simu-
lation and the actual crooking, as well as the mechanical explanation of the resid-
ual stress generation. Further exploration, including curve-fitting of the observed
data, will be important and interesting.

Relationship between the magnitude of the released strain and log
characteristics

Knowing the factor that decides the magnitude of the released strain is important

because it enables us to predict lumber deformation by sawing due to the release
of residual stress. To examine the possibility of predicting the magnitude of the
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released strain in the early stage of log processing, the relationship between
the released strain characteristics defined in Fig. 9 (maximum strain, minimum
strain, and the differences between them) and log parameters (number of growth
rings, diameter, density of green log, and Young’s modulus of log measured by a
tapping method) was analyzed (Fig. 10). No significant relationships were noted
between the released strain characteristics and log parameters except between the
maximum strain and Young’s modulus. The maximum strain significantly corre-
lated with Young’s modulus (p <0.05), but the correlation was weak (R*=0.14).
Therefore, we need to identify another method for predicting lumber deforma-
tion by sawing. The obtained data and samples in this study will enable further
investigations, as this is the first large-scale research, to the authors’ knowledge,
on revealing the variation of the residual stress as well as other physical and
mechanical properties of large-diameter sugi logs.

Longitudinal uniformity and axial symmetry of the radial distribution of released
strain and residual stress

Figure 11 shows the radial distribution of the released strain measured at two differ-
ent longitudinal positions on the same plane. The distributions of no. 37, 39, and 47
in Fig. 11 were measured at two different positions approximately 1 m apart within
a 2 m board (Fig. 2c), while logs no. 70 and 76 were from two positions approxi-
mately 2 m apart using two end-matched 2 m boards (Fig. 2a). Figure 12 shows
the radial distribution of the released strain measured at two different longitudinal
positions on the two planes perpendicular to each other around the pith, and the cor-
responding radial distribution of Young’s modulus measured at the adjacent posi-
tions with strain gauges (Fig. 3). Almost all samples had uniform distributions of the
released strain between the two positions, except for logs no. 37 and 65.
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Fig. 10 Relationship between the released strain characteristics (maximum strain associated with the
compressive stress, minimum strain associated with the tensile stress, and the differences between them;
see Fig. 9 for definitions) and log characteristics (number of growth rings, diameter, green density,
Young’s modulus of log measured by a tapping method)
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Fig. 11 Radial distribution of the released strain measured at two different longitudinal positions on the
same plane. Nos. 37, 39, and 47: measured at two different positions 1 m apart in the same 2 m long
board; Nos. 70 and 76: measured at two different positions 2 m apart in two different 2 m long boards
(see Fig. 2). Circle: top log; cross: bottom log

The same results were obtained when the released strain was converted to
residual stress because the distribution of Young’s modulus were uniform
between the two positions as shown in Fig. 12. These results indicated that the
distribution of the residual stress had longitudinal uniformity and axial symme-
try. There have been almost no studies that demonstrate the uniformity of the
distribution within a trunk, although there are many studies on the typical radial
distribution of residual stress. The present results provide evidence of the lon-
gitudinal uniformity and axial symmetry of residual stress, at least in the case
of planted sugi log, which has very straight trunks and grains. This fact is also
technically important for further study of lumber deformation due to sawing.
The present results enable the comparison of residual stress distribution and cor-
responding lumber deformation by using the end-matched logs from the same
individual tree, given that measuring residual stress distribution is destructive
using the current technology.

Conclusion

In this study, the radial distributions of the released strain of the residual stress,
tensile Young’s modulus, and residual stress were determined by using 63 large-
diameter sugi logs. The radial distributions of the released strain, Young’s modu-
lus, and residual stress showed typical patterns reported in previous studies. To
characterize the residual stress variation of large-diameter sugi logs, the differ-
ence between the maximum and minimum released strains in each log was defined
and varied widely among individuals; this was expected to result in a wide vari-
ation in crooking when rip sawing. The longitudinal uniformity and axial sym-
metry of the radial distribution of the released strain and residual stress between
two end-matched logs cut from a 4-m log were experimentally confirmed, which
lays the groundwork for further investigation of the relationship between residual
stress distribution and corresponding crooking caused by rip sawing.
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