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éﬁkti ZEEE(H Integrated strain
B OOm Density] =~ ¥ 7 1% ==V Conditioning time mi
Species on 1 Ratio 10% Ratio | o 1ie
® ®) ®/@® | © (N
Go/Volmm/mm X mmimm/mm Xmm| % mmjmmxmm| %
vF<Y Ash 0.53 20.9 17.3 83 11.7 56 0.32
+ 7 Oak 0.72 18.2 15.5 85 9.7 53 0.37
Ve F5 7V '
Red lauan 0.52 14,1 14.5 . 103 9.1 64 0.37
7 %Y Almon 0. 41 12.9 10.7 83 6.7 52 0.37
v+ 7 ¥ Basswood 0.29 14. 4 7.5 52 4.9 34 0.35
* ¥ Paulownia 0.28 18.9 13.3 70 8.6 45 0.35
77 Beech 0.63 21.9 17.0 |, 178 . 13.3 61 0.22
# -3 Birch 0. 65 19.0 17.6 93 11.3 59 0.36

Conditioning temperature ; 60°C, At 3 days in storage,
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Relief of the Stress Occurring in Wood during Drying.

Takeo Ocura, Makoto Umenara and Makio Kopama

(Résumé)

The stress that occurs in wood while it is being dried in the kiln, that is, the compre-
ssive stress developed at the surface layer and the tensile stress in the center portion
at the final stage of kiln drying, needs to be relieved if the material is to be used to
make superior products.

This experiment was carried out to obtain moderating conditions for treatment such
as conditioning-temperature and -time which are effective for stress relief, as well as to
obtain a decreasing rate of the stress which still exsists in wood even after condition-
ing treatment. Also an attempt was made to obtain the difference of the effect of
conditioning treatment on stress releif between certain kinds of species andjthe simple
method to measure the internal stress in wood, instead of the slice-method developed in

the Forest Products Laboratory, U.S. A., a procedure needing much labour and time to

* measure.

Testing Procedure

It is a well-known fact that wood dried in a kiln occasions compressive stress at the
surface and tensile stresses in the center at the final stage of drying. When the board
in which drying-stresses exist is resawn or planed away at the surface, the stresses
become unbalanced. Such unbalanced stress leads to distortion or deformation of the
products made from the material. Therefore, the wood for items of éuperior construc-
tion:----- laminating, cabinet work, and furniture..---- need stress relief.

Specimens tested

The specimens used were Birch (Betula Maximowicziana Recer) and Beech (Fagus crenata
Bi.) for the purpose of obtaining the effect of the temperature and the time to be used
In conditioning treatment on stress relief, and also eight species of Oak (Quercus mongo-
lica Fisuer var. grosseserrata Remp. et Wis.), Ash (Fraxinus spaethiana LinceLsn), Basswood
(Tilia japonica Suimonkar), Paulownia (Paulownia tomentosa Steup.), Red lauan (Shorea
negrosensis Foxw.) and Almon (Shorea eximia Scuerr.) including Birch and Beech, were
used for the experiments, in which the difference between species concerning possibility
of stress relief was obtained.

The specimens were clear, quarter-sawn heartwood and green. Moisture content was
between 60 and 90 per cent. Each specimen was 'planed off in dressing it to the final
dimensions of 120 by 22mm by 70 cm long.

Marking )

The marking of every group, each having 7 pieces of 10mm strain section at 9cm
intervals along the length of the specimens as illustrated in Fig. 1, was completed. One
section was used for measuring moisture content, an other one for measuring the strain
immediately after conditioning treatment, and the other five for the strain after being
placed for 1, 3, 10, 40 and 120 days respectively in a room controlled in constant tem-
perature at 20°C and relative humidity of 75 per cent after conditioning. An effective
end coating of aluminum paint mixed with 20 per cent of aluminum powder in varnish

was used to protect the end section from drying.
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Giving stresses in specimen by drying process

Special considerations were made to prepare the specimens for the evidencing of
drying stresses. After marking on the specimens as above-mentioned, each specimen
was carefully dried to final moisture content of 8 to 10 per cent in an experimental kiln
of natural ventilated type. The dry temperature of drying schedule used to dry specimens
was a constant temperature of 60°C and the wet bulb depression was increased as the
moisture content of specimens decreased. This is because it is better not to use higher
temperature for drying schedule than that to be used in the conditioning treatment, in
order to obtain the effect of temperature on stress relief.

All specimens were dried according to ordinary drying schedule for each of the spe-
cies, some of the schedules being shown in Fig. 2. Thus, materials to be tested have
drying stresses in each of them.

Method to measure strain

As soon as the specimens were dried to the final moisture content of 8 to 10 per cent,
the conditioning treatment was started.

The temperatures used in conditioning treatment were 40°,60°, 80° and 90° C, and the
wet bulb depression in conditioning was controlled so that the equilibrium moisture
content of the specimen was 12 per cent at each temperature respectively.

The effect of conditioning on stress relief depend not only on the temperature used,
but also on the time continued. In this experiment, the times continued were for 0.5,
1, 2, 5, 10 and 24 hours in each cqnditioning treatment except at the temperature of
40°C, and only in the case of 40°C was it continued for 120 hours besides the time
mentioned above.

After treating the desired conditioning, the specimen was taken out of the kiln and a
group of sections, as illustrated in Fig. 1., was cut from the specimen as rapidly as
possible. Only the first section was cut from the group of sections, and the strain in
each of the slices was measured by using the slice-method®?. That is, the width of
each strain section was measured at the points designed for the mid-width of each slice.
The strain section was then sawn into ten slices, and each slice was measured at the
same point of the width as before. The magnitude of the strain was expressed by the
difference between the widths of slices before and after sawing. The group of the
other sections was placed in a controlled room for desired time as described above, and
after being placed there for each of the designated times, the strain section was cut
from the group and the strain measurement was done.

All of the specimens used for the experiment of obtaining the difference between
species for stress relief were treated in a constant condition of dry bulb of 60°C and wet
bulb of 55°C for various times, and then placed in thé controlled room.

Expression of the values of strain

It is necessary that not only the compressive stress on the surface of section, but also
the tensile stress in the center be completely released by conditioning treatments. The
magnitude of strain which shows the existence of stress must not be measured only on
the surface, but on the whole strains distributed from the surface to the center of the
section. The value of strains used in this study was as follows.
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_1
Se=3 f |&| dh ) 1 1
¢25| &l x 1;8 where : | €] =absolute value
=1 of strain. h=thickness of board

This was called the integrated strain S¢, and was always used for the arrangement of
the data obtained in this experiment except in cases of special description.
Rise method to measure stress

In addition, in order to compare with the slice-method, a new method was tried to
measure the magnitude of stresses.

The sections, which were cut from the specimens and stressed in compression at the
surface and in tension at the center, were planed away by a certain thickness from the
surface. This made the section deform or to cup, because the stress in section had
become unbalanced, and the deformation became stable in a certain curvature when the
remaining-stress and the corresponding compressive strain at the surface were balanced.

In this experiment, the deflection rises at the middle point over a certain length on
the cupped section instead of the curvatures were measured (Fig. 4). The stresses or
strains at the surface of the section from which certain thick layers were planed, were
calculated by the equations shown in the following, in the case in which its curvature
was measured®1n,

— E(h—a)? | d(1'p) __2E(h—a) L_'_Ef“ 1.
3Jo p

6 da 3 p
o : stress
E : Young’s modulus 1/p : Curvature
h : Thickness of board a : Thickness of layer planed-away

The strain of the planed layer also can be obtained by dividing the stress value ob-
tained in the above equation by Young’s modulus.

Beech and Birch were used as the test materials. The temperatures used in condition-
ing treatment were 40°, 60°, 80° and 90°C for Beech and only 60°C for Birch, and the
equilibrium moisture content in conditioning was kept at 12 per cent at any temperature
as before.

Results and Discussion
Effect of the conditioning-temperature and -time

Fig. 5 shows the strain distributions in the sections at three days after conditioning
treatment in various temperatures and times. The reason why the data after 3 days are
used is that the strain value in section is fairly unstable immediately after conditioning
treatment, an unsuitable state for measuring, and also that it increases at the first
day after treatment, because the stress on the surface is increased by the fact that the
surface absorbs some moisture and will be followed by swelling. The effects of the
temperature and the time in conditioning on stress relief, which were expressed by the
integrated strain, are as shown in Fig. 6 and 7. These indicate that the effects of con-
ditioning on stress relief increase exponentially as the temperature and the time used in
treatment increase, and at such a low temperature as 40°C the stress relief can hardly
be expected.

Scarcely any difference between the effect of 80°C on stress-relief and that of 90°C

was found, but it was found that by treating at high temperature above 80°C, even if
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treated for a very short time, the stress can be considerably relieved. This suggests
that high temperature treatment should be used to relieve the stress.
Stress relaxation

The stresses which are still existing in wood in spite of the accomplishment of condi-
tioning treatment, gradually relax with increasing the period of time in storage. Such a
stress relaxation was observed for 120 days of storage at 20°C and 70 per cent relative
humidity. The results obtained are shown in Fig. 10 and 11. It appears that the stress
was released about proportional to the logarithm of time during storage, and that the
relaxed stress approached the similar independent of the conditioning time. It is also
indicated that the effect of conditioning treatment for 70 to 100 hours in dry temperature
of 60°C and wet bulb depression of 5°C on stress relief is the same as that of storage
for as long as 100 days after conditioning treatment for a short time. In spite of having
such a tendency of stress relaxation during storage, however, all species cannot necessa-
rily be expected to yield the same effect for relaxation of the stress. This stress relax-
ation appears to be dependent upon the characteristic of the species, as described in the
next paragraph.

Combined effects of conditioning treatment and species

Fig. 12 shows the effect of conditioning treatment on stress relaxation for eight kinds
of species abovementioned. How the stress distributions of Paulownia and Beech can be
changed with the period in storage being kept in constant temperature of 20°C and E.
M.C. of 12% are shown in Fig. 13 and 14 respectively. From the results, the effect of
stress relaxation was recognized except in Paulownia and Beech. No stress relaxation
was observed on Paulownia treated in conditioning for 48 hours and on Beech for as long
as 72 hours.

There was nearly a linear relationship between the integrated strain, which was ob-
tained by strain distributions in sections at 3 days after conditioning, and logarithm of
treating time.

Fig. 15 shows some examples measured in Beech, Paulownia and Basswood. This indi-
cates that some difference between species was recognized in stress-relief by means of
conditioning treatment.

Such a linear relationship can be expressed by a simple formula.

f=f1 (1—m log ¢)
f1 : integrated strain at | hour of conditioning.
f: intégrated strain at ¢ hour of conditioning.
m : constant designated as the relaxation coefficient.

This equation is the same as that applied to stress relaxation of wood by Kitazawa®.
The constant of m in this equation indicates the possibllity of stress relief by treatment
in species. The m-values obtained are shown in Table 1. This indicates that no difference
in the values of m can scarcely be found at all between species except Beech; that is to
say, the decreasing rates of the integrated strain by conditioning treatment of 60°C and
5°C depression are almost equal independent of the species. What is important in pra-
ctice of conditioning treatment, however, is not the decreasing rate of the integrated
strain, but the strain itself to which the integrated strain can be decreased by condi-
tioning treatment. In such a meaning, in Table 1 were shown the integrated strains at

3 days after canditioning treatment of 10 hours. According to this Table, the species
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which could be released to a comparatively slight strain were Basswood and Almon,
and those released to more intensive strain were Paulownia, Red lauan, Oak, and those to
the most intensive were Ash, Birch and Beech.

Moreover, the species which could be released to less than 50 per cent of the initial
integrated strain were Basswood and Paulownia, that to 61 per cent was Beech, and that
to 64 per cent was Red lauan. This means that the difference between species could be
recognized in stress relief. The reason for such difference existing between species,
however, cannot yet be explained.

Comparison of the integrated strain with the rise in cup

As described before (p. 27), the stress of a certain thick layer planed away from the
surface of the board, in which the internal stress exists, can be expressed by equation
(2) in the case in which its curvature was measured, and the strain at that point can be
obtained by dividing the stress-value by Young’s modulus E.

Fig. 17 shows the strain distributions obtained by the sliced-method about the test
piece at 3 days after conditioning treatment at 60°C, 90°C and 12 per cent of equilibrium
moisture content for various periods, with those calculated by applying equation (2) about
the test piece treated in the same condition as above mentioned. It can be said that both
of the strain distributions are very similar to each other. In order to obtain the relation
of the integrated strain obtained by the sliced method to the rise at the middle point in
a certain distance on a cupped board at a half thickness, many points of the integrated
strains were marked on section paper against the rise as shown in Fig. 18. There was
found a linear relationship between them.

On the other hand, an attempt was made to determine the limit of the rise which
could be recognized as a defect of cup, when the board was resawn at the center of
thickness. Since the magnitude of the rise of more than 0.3mm in the span length of
100 mm on a cupped board can be recognized as a cup with the naked eye, it was assumed
that in the case of a rise less than 0.2mm no stress in board would be present, and the
stress is increased in every range of 0.2~0.4, 0.4~0.6, 0.6~0.8 mm and more than 0.8 mm,
From such an assumption, the stress remaining in board was divided into five degrees of
the integrated strain of less than 4.4, 4.4~8.8, 8.8~13.1, 13.1~17.4 and more than 17.4
X 1073mm [mm Xmm corresponding to the range of the rise abovementioned respectively
on the linear line in Fig. 18. Fig. 16 is a scheme showing the relation of conditioning-
temperature,-time and the period in storage to the degree stress -relieved for each species.
In these Figures, the mark of AA represents the part in which the stress is completely
relieved, that is, the integrated strain of less than 4.4X1073mm/mm,Xmm A represents
the integrated strain of 4. 4~8.8><10‘3mm/mmv><mm and B, C and D represent that of 8. 8~
13.1, 13.1~17.4 and more than 17.4x10-3mm/mmxmm respectively.

Thus, merely by measuring the rise at the mid-point in a certain span-length on the
cupped-face developed when the stressed board was cut into one half thick board, the
integrated stress could be obtained by the use of Fig. 18, instead of the slice-method.
It can be said that this rise method is a simple one to measure the stress ocurring in
wood, and is useful in practice.

Discussion
It is reported? that the magnitude of the set developed by tensile strength on surface

layer at the early stage of drying reaches 1.5~2.0 percent of the width of the board and
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increases with temperature, and also that the magnitude of compression set becomes the

same as that of tension set at the final stage of drying. The development of set inevitably
occurs in drying of wood because of the fact that the magnitude of the tensile strain
developed on surface layer while wood is dried is fairly much over the proportional
limit, and that the set probably occurs even at somewhat less than the stress at propor-
tional limit one half of it or less if the moisture in wood moves through the surface

of wood as it does in wood dryingl01s,

The compression stress developed on the surface can be computed as 54~68kg/cm? in
Beech and 55~66 kg/cm? in Birch, assuming that the magnitude of compression strain,
which was measured before, is 4~5 X 10-3mm/mm in Beech and 5~6X 10~3mm/mm in Birch® and
Young’s modulus is 13.5, 11.0Xx10%g cm? respectively!®. As for the tensile stress in the
center portion, 27~40kg/cm? in Beech and 27.5~38.5kg cm? were computed respectively.
When the board, of which a great magnitude of compression stress is existing on the
surface layer, is sawn at one-half of thickness, it would be of cup character at the rise of
0.6~1.0mm at center of span length of 100 mm. As such a large amount of cup is clearly
recognized as a defect with the naked eye according to Fig. 18, the stress should be
relieved.

The total strain, which is observed when the stressed board is sliced, usually consists
of three separate components, the elastic strain released immediately after being sliced,
the after-effectively recoverable strain and the irrecoverable, permanent strain that is
the so-called set. Fig. 20 is a scheme of the strain developed in both the outer layer and
the center portion of a board during the early and the final stage of drying. The stress
occurring in the final stage of drying appears to be caused by the irrecoverable strain
shown in Fig. 20 as well as the elastic strain.

The way to remove the stress in wood is to relax its stress by means of conditioning
treatment, which can be expected by applying the properties of wood on plasticity, that
is properties that the magnitude of stress in wood gradually decreases with time, depen-
ding on moisture content and temperature. Youne reported!® that m-value of the relaxa-
tion coefficient in equation(3) at normal temperature is larger in tension than in com-
pression, but that of temperature of 180° F is three times in tension and is five times in
compression as large as that of normal temperature respectively. The m-values obtained
in this experiment, as shown in Table 1, are almost the same values as those obtained by
Youne at temperature of 180° F. This means that the stress and the integrated strain
in wood can be relieved with the time of conditioning treatment at the same rate as the
stress in wood is relaxed. Fig. 21 shows the decreasing course of compression strain in
surface layer and that of tension strain in center portion by conditioning treatment.
This means that the conditioning treatment works on stress-relief more effectively and
more quickly on surface layer than in the other portions.

As far as the studies on stress-relief of wood drying are concerned few, papers1)7)17)18)
have been issued, whereas many reports5¥6¥®9)1519 on the occurrance of stress in
drying have been made available.

CuurcuiLt? reported that best results on the relief of stress were obtained when a
combination of moderate relative humidities and high temperature were used, from the

results of the experiments of 150°, 170° and 190° F, and in equilibrium moisture content
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conditions of 5, 7 and 9 per cent. KuesLer?”) recently found for veneer drying that the
complete stress relief was obtained only in plastic conditions, that is, the stress was
relieved at low temperature such as less than 100°F with high relative humidity more
than 95 per cent, and at 150° F and 80 per cent relative humidity when the treating time
was longer than 60 hours, and also at 240°F and 65 per cent relative humidity with
longer treatment. He also suggested that the usual long stress relieving for wood drying
probably can be cut down from several hours and days to less than 1 hour, it appears
to be impossible to cut down the times required for stress relief to such a short period of
time, since the conditions for relieving the stress occurring in wood, which is considera-
bly thicker than veneer, are quite different from those for veneer drying, and the use of
such a high temperature cannot be permitted in the practice of wood drying.

It is clear that the strain corresponding to the stress which should be removed is the
elastic strain. In order to remove the stress, however, the difference between the width
of the outer layer and that of the center portion of board after being sliced, which is
marked D in Fig. 20, should be made smaller. There are two ways to reduce a difference of
this magnitude. The one is to relax the elastic stress, and the other is to remove the
set developed due to the irrecoverable strain at the early stage of drying. Both of them
can be expected by means of applying effectively the properties of wood on plasticity.
To do this, the increase of the existing stresses to cause yielding incompression at the
outer layer of board and in tension at the center portion, the plasticization of board to
produce yielding by increasing moisture content with high temperature and a sufficient
time to permit the time-temperature effects should be considered as the principle for
stress relief. Moreover, the shape of - the cell deformed by set, which is slender in
tension set and plain in compression set, may be restored to normal shape by increasing
moisture content with high temperature. This also results in reducing the difference
D in Fig. 20 and in relieving the stress.

Conclusion

It is obvious that the stress occurring in wood needs to be relieved by conditioning
treatment before it is processed into superior products. The effects of conditioning-
temperature, -time, and the period of time in storage on the stress-relief were obtained
by experimenting with 8 kinds of species, in which the stress was measured by Madison’s
slice-method and was expressed by the integrated strain.

As to the treatment to relieve the stress developed in board, a moderate condition of
high temperature of 60° to 80° C, relative humidity for the expected equilibrium moisture
content and a sufficient time of treatment should be applied, and further, the place-
ment of the board in storage for as long a time as possible before being processed is
essential. Moreover, the longer the period of placement in the storage, shorter the time
required for conditioning.

To simplify the method of measuring the stress as an alternative to the slice-method,
the rise method, in which the rise at the midpoint in the span-length of 100mwm on a
cupped board was measured, was checked, and a relationship between the integrated
strain and the rise was found as a linear line. The existence of difference between
species also was ascertained pertaining to the possibility of stress-relief, although at this
stage of experimentation the reason cannot be determined. Future works shoud be done,

therefore, on basic problems such as the properties of wood on plasticity, especially the
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effect of temperature, humidity and time treated on plasticity as well as on the practical

treatment of stress-relief for the other important species.





