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It is rare for a component-member of a structure to be subjected to a simple stress state.
Usually, it is subjected to a multi-axial stress state in many cases. Therefore, in order to
more efficiently design a structure, it is necessary to fully understand the mechanical
properties of constituent materials under such a state. In this report, the effect of combined
axial force and torque loading on the elastic behavior of wood (Japanese beech and
Japanese cypress) was examined. As the elastic behavior, the initial slopes of the
stress-strain relationships obtained from combined loading tests are estimated. The
specimen had a rectangular cross section with one of its major axes lying in the fiber
(longitudinal) direction. The axial force and torque were applied in the fiber direction
(along L) and about an axis lying in the L direction, respectively. Combined loading tests
were performed using the proportional deformation loading method and the initial
constant loading method. The results obtained were summarized as follows: (1) The effect
of differences in loading methods on the relationships between shear stiffnesses and the
states of combined stresses was confirmed, in particular, for Japanese cypress.

(2) Differences in axial stiffness were observed between the two species under
compression-shear combined stress state. While the axial stiffness of Japanese beech was
not affected under the combined stress state, that of Japanese cypress tended to increase
under compression-shear combined stress state. (3) The difference in shear or axial
stiffness between the two planes was considered to be almost constant; however, when the
axial or shear stress component of the combined stresses became dominant, the difference
between the two planes tended to show a larger variation.
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1. Introduction

Structural materials are rarely under uniaxial stress;
rather, they are usually under biaxial or triaxial stress
[1]. Therefore, in order to more efficiently design a
structure, it is necessary to fully understand the be-
havior of materials under a state of combined stresses
[1]. To date, studies of materials under biaxial or triax-
ial stresses have mainly focused on concrete and fiber
reinforced composites [2—11]. The authors have con-
ducted experiments on wood [12-14], which has not
been the subject of as frequent investigations as other
materials, and discussed its mechanical properties un-
der combined axial force and torque. The major purpose
of the previous studies that were based on combined
loading tests was to examine failure properties. Parts
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of those studies have been previously presented by the
authors [13, 14].

Stress-strain relationships are obtained from loading
tests. The initial slopes of the relationships are used to
evaluate the elastic moduli, which are important indices
for characterizing the mechanical properties of mate-
rials in the elastic region [9]. As they are used exten-
sively in the design of wood structures, it is important to
understand how the stress-strain relationships or elas-
tic properties behave under combined stresses which
are, after all, the stress state acting on structures in real
life [15].

In this study, we aim to investigate the effects of com-
bined loading on the elastic behavior of wood. From the
combined loading tests, two stress-strain relationships
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Figure 1 Rectangular test specimen (units: mm).

are obtained. The apparent stiffnesses under axial and
shear stresses, which are estimated from the initial
slopes of the stress-strain relationships obtained from
combined static axial force and torque loading tests, are
investigated to discuss the effects of combined stresses,
differences in loading methods, and species of wood
(Japanese beech and Japanese cypress).

2. Experiments

2.1. Specimen

Air-dried samples of two types of wood were tested,
namely, Japanese beech (Fagus crenata B1.) and
Japanese cypress (Chamaecyparis obtusa Endl.). Ap-
plying combined axial force and torque would pro-
duce a very complicated stress state on the surface
of specimen if its grain axis was inclined to its load-
ing axis. Therefore, in order to simplify the analysis,
taking the anisotropy of the wood into consideration,
the specimens were made to have a rectangular cross
section with one of its major axes lying in the fiber
direction, as shown in Fig. 1. The size of the speci-
mens was 300 mm (L) x 17.5 mm (T) x 17.5 mm (R).
The specimens were conditioned in a laboratory the
temperature of which was maintained at 25°C and the
relative humidity at 40%, until the weights of the spec-
imens became constant. The specimens that were fi-
nally used in the tests were selected based on their
specific gravity to minimize scatter in material quality.
Table I shows the specific gravity, the moisture con-
tent, and the number of specimens used in the tests. As
shown in Fig. 1, a grip was formed at the two ends of

TABLE I Physical properties of specimens

Number of Specific Moisture
Species specimens gravity content (%)
Japanese beech 272 0.64 (0.05) 9.6 (0.2)
Japanese cypress 277 0.44 (0.01) 7.7 (0.3)

Numbers in parentheses mean standard deviation.

TABLE II Strengths of specimens

Rosette gage

(Japanese beech)

(mm)

the specimen by attaching spliced pieces of Japanese
beech on both sides using an epoxy resin adhesive and
SCrews.

2.2. Test methods and loading methods

An electrohydraulic servo machine (EHF-ED 10/
TD1-20L, manufactured by Shimadzu Corporation,
Kyoto) for testing under combined axial force and
torque was used. Axial force was applied in the fiber di-
rection (along L) and torque was applied about an axis
lying in the same direction as L. At each center of a
cross grain plane (LT plane) and a straight grain plane
(LR plane), a triaxial rosette gage (KFG-3-120-D17,
manufactured by Kyowa Electronic Instruments Co.,
Ltd., Tokyo, with a gage length of 3 mm and 120 €2)
was attached. The applied axial force and torque, and
the axial and rotational displacements were measured
by load cells and electric displacement transducers on
the testing machine itself, while the longitudinal and
shear strains were measured by strain gages on the LT
and LR planes. All tests were carried out in the labora-
tory of which temperature was maintained at 25°C and
relative humidity at 40%.

2.2.1. Uniaxial loading test and pure
torsion test

In order to determine the strengths in tension, compres-
sion and torque, uniaxial loading tests and pure torsion
test were carried out under controlled conditions using
a constant rate of displacement. Axial force was loaded
at a constant axial displacement speed of 0.01 mm/s
and torque was applied at a constant rotational speed
of 0.05 deg/s. Assuming that failure occurs when stress
is attained, the strength for each type of force was ob-
tained based on the mean value of experimental failure
stresses and is presented in Table II. These strengths
then served as the basis upon which the initial constant
loads for combined loading tests using the initial con-
stant loading method were determined.

Torque (N - m) Shear (LT) (MPa) Shear (LR) (MPa)

Species Tension (MPa) Compression (MPa)
Japanese beech 63.8 (17.3) 51.9 (5.6)
Japanese cypress 63.9 (6.8) 38.1(2.7)

25.2(2.9)
20.7 (1.3)

21.4 (2.0)
183 (1.2)

23.7(2.7)
19.3 (1.3)

Numbers in parentheses mean standard deviation. Ten specimens were tested for unitension, unicompression and pure torsion.
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2.2.2. Proportional deformation loading

In the proportional deformation loading method, axial
force and torque were applied simultaneously to the
test specimen with the displacement speed of the ap-
plied axial force and the rotational speed of the applied
torque kept constant. By changing the ratio of the appli-
cation speeds of both displacements, a failure surface
resulting from the combination of axial stress and shear
stress at the time of failure was created. As loading was
applied under controlled conditions using a constant
rate of displacement, the displacement speed was set
such that it did not exceed 1.5 times the speed used
in uniaxial loading tests and pure torsion test so as to
avoid the effect of impact forces.

2.2.3. Initial constant loading

In the initial constant loading method, axial force or
torque was loaded over the initial constant loads (torque
or axial force). Based on the strengths shown in Table I,
the initial loads were set at five levels, equivalent to 20,

combined loading tests. These relationships were con-
sidered to show the influence of the two stresses on
each other. In this study, their initial slopes were esti-
mated as the apparent elastic modulus, that is, the ap-
parent Young’s modulus and the apparent shear mod-
ulus, which were interpreted as the axial and shear
stiffnesses, respectively. The elastic properties under
the combined stress state in this study were evalu-
ated and discussed by using these axial and shear
stiffnesses.

During the tests, data on axial force, torque and axial
and shear strains on the LT and LR planes of the spec-
imens were collected. Using these data, stress-strain
relationships shown in Fig. 2 were obtained as exam-
ples. Here, axial stress op, was obtained by dividing
the axial load by the cross-sectional area. The shear
stresses at the center of the LT and LR planes, 7r and
TLR, Were obtained from Equation 1 [12, 16-21], when
arectangular-parallelepiped-shaped wood member was
twisted around a major axis (in this case in the direction
of the fiber length, L) as the central axis.

(=1t h(2n—1)nb Grir

T (2)2
=——| -2
a’bg T

Gir
Grr £ Z

(2n — 1)2 2a GLR

ey

T 2\? & 2n — Dmb
’LR_W[ Z(n) Z(2;1—1)2{05}1 2a

n=1

40, 60, 70 and 80% of each strength. Table III shows
the values of the initial constant loads used in the tests.
The loading was carried out under controlled conditions
using a constant rate of displacement with the displace-
ment speed of the axial force set at 0.01 mm/s and the
rotation speed of the torque at 0.05 deg/s.

2.3. Evaluation method

2.3.1. Elastic property

The initial slope of the stress-strain relationship un-
der the uniaxial stress state usually gives the elastic
modulus. Two stress-strain relationships, one for ax-
ial and the other for shear, were obtained from the

TABLE III Values of initial constant loads

—1
Grr
Gir

where T is torque, a and b are the cross-sectional
lengths of the specimen in the T and R directions,
respectively, and Gyr and Grr are shear moduli on
the LT and LR planes, respectively. The quantity ¢
in the above equation can be expressed as shown in

Equation 2:
p—L_2 [Cux &
"3 b\ Gir po (2n @n—1y7
2n— b |G
X tanh( " ) LT 2)
2a GLR

Initial constant load

Percentage of the maximum strength (%)

Species Type of ramp load Type 20 40 60 70 80 Units
Japanese beech Torque Tension 12.76 25.52 38.28 44.66 51.04 MPa
Tension Torque 5.04 10.09 15.13 17.65 20.17 N-m
Torque Compression 10.38 20.76 31.14 36.33 41.52 MPa
Compression Torque 5.04 10.09 15.13 17.65 20.17 N-m
Japanese cypress Torque Tension 12.78 25.56 38.34 44.73 51.12 MPa
Tension Torque 4.13 8.26 12.40 14.46 16.53 N-m
Torque Compression 7.62 15.24 22.86 26.67 30.48 MPa
Compression Torque 4.13 8.26 12.40 14.46 16.53 N-m
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Figure 2 Relationship between stress and strain under axial-shear combined stresses, determined by the proportional deformation loading method.

Solid line, LR plane; dashed line, LT plane.

Given that the initial slopes of the torque-shear strain
curves directly measured on the LT and LR planes are

as follows:

kur and kir, respectively, Equation 3 can be deduced a = tan~ ! M 4)
from Equation 1 as follows: 7/ Fs
ok | (2 2 G & Z -t @n—Drb [Gir
a’b¢ T Gir = (2n — 1)2 2a Gir
, 3)
kLr 2\ & 1 2n— b |Gyrr
Gr=——|1-2(— —_— h
LR= b (71) ; on— 12| 24 Grir

The shear moduli, Gir and GLr, were computed as
numerical calculation using Equation 3.

2.3.2. Combined stress state

In order to discuss the elastic behavior under com-
bined loading, a combined stress state was proposed
as follows [14]. Fig. 3 shows the relationships between
shear stress and axial stress at the time of failure in
which the dimensionless failure surface is obtained by
dividing each stress by the mean value of its strength
listed in Table II. The locus on this failure surface in-
dicates both a failure condition and a combined stress
state. Here, a given combined stress state on a dimen-
sionless failure surface can be represented by the angle
o from the shear stress axis, as depicted in the schematic
diagram of Fig. 4. The angle « is given by Equation 4
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where o7, 1s the axial failure stress, 7 is the shear failure
stress on the LT or LR plane, Fy is the axial strength and
F; is the shear strength on the LT or LR plane. When
a = (°, the state of stress is pure torsion, and as «
increases, the state of stress becomes a combined stress
state with the axial force becoming gradually dominant
as o approaches +90°, and the state of stress becomes
uniaxial when o = £90°.

2.3.3. Statistical analysis

All data on the elastic properties were expressed as
mean values (Mean) and standard deviations (S.D.) by
classifying the combined stress states (angle o). They
are shown in Tables IV and V. Statistical analyses were
performed with the two-sample 7-test following the test
for equal variance (F -test). The two-sample ¢-test with
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Figure 3 Dimensionless failure loci under axial-shear combined stresses. Open circles, LR plane; filled circles, LT plane; oy, axial failure stress;
7, shear failure stress on the LT or LR plane; Fyy, axial strength; Fj, shear strength on the LT or LR plane.
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TABLE IV Apparent shear moduli under pure torsion and combined axial-shear stresses

Japanese beech Japanese cypress
Apparent shear Apparent shear
State of stress Loading method Range of « (deg) Plane modulus?® (GPa) P value® modulus® (GPa) P value®
Pure torsion - a=0 LT 0.94 (0.08) - 1.09 (0.12) -
LR 1.30 (0.20) - 1.23 (0.08) -
Compression-shear  Proportional deformation —60 (—50)° <o <0 LT 0.90 (0.19) 0.274 1.08 (0.15) 0.996
combined stress loading LR 1.19 (0.17) 0.091 1.26 (0.11) 0.360
—90< a<—60(-50)° LT 0.91 (0.41) 0.714 1.40 (0.41) 0.0008**
LR 1.29 (0.54) 0.956 1.52 (0.35) 0.0001**
Initial constant loading —60 (—50)° <a <0 LT 0.84 (0.14) 0.028* 0.99 (0.11) 0.012**
LR 1.13 (0.16) 0.009** 1.14 (0.12) 0.011**
Tension-shear Proportional deformation 0 < & < 60(50)° LT 0.88 (0.16) 0.083 1.05 (0.10) 0.379
combined stress loading LR 1.11 (0.11) 0.016* 1.25(0.12) 0.579
60 (50)° < < 90 LT 0.86 (0.40) 0.379 0.82 (0.18) 0.00002**
LR 1.27 (0.54) 0.797 1.06 (0.20) 0.00009**
Initial constant loading 0 < a < 60(50)° LT 0.90 (0.12) 0.320 0.99 (0.10) 0.016*
LR 1.21 (0.12) 0.207 1.17 (0.10) 0.038*

#Numbers in parentheses mean standard deviation.

PProbability factors for significant difference between pure torsion and combined axial-shear stresses.
“Numbers in parentheses are for Japanese cypress and the other for Japanese beech.

*Indicate 95% significant.

**Indicate 99% significant.

TABLE V Apparent Young’s moduli under uniaxial stresses and combined axial-shear stresses

Japanese beech Japanese cypress
Apparent Young’s Apparent Young’s
State of stress Loading method Range of @ (deg) Plane modulus® (GPa) P value®  modulus? (GPa) P value®
Uniaxial compression  — o =—-90 LT 10.85 (2.22) - 10.12 (1.21) -
LR 10.97 (2.08) - 10.53 (1.48) -
Compression-shear Proportional deformation —90 <o < —30 LT 10.50 (2.14) 0.646 11.90 (2.42) 0.002**
combined stress loading LR 10.50 (2.31) 0.567 12.13 (2.38) 0.046*
—30<a <0 LT 9.20 (3.03) 0.156 9.35 (2.34) 0.368
LR 8.23 (2.63) 0.015* 11.30 (3.26) 0.456
Initial constant loading —90<a<-30 LT 9.54 (1.94) 0.084 11.32 (1.14) 0.007**
LR 9.90 (1.69) 0.114 11.40 (1.33) 0.091
Uniaxial tension - a =90 LT 10.31 (1.86) - 11.66 (1.38) -
LR 10.18 (1.52) - 11.87 (1.71) -
Tension-shear Proportional deformation 30 <« < 90 LT 9.76 (1.61) 0.371 11.45 (1.82) 0.693
combined stress loading LR 10.26 (1.79) 0.888 11.81 (1.93) 0.924
0<a<30 LT 8.52 (3.80) 0.206 9.31 (3.41) 0.014**
LR 9.60 (2.38) 0.511 10.08 (3.11) 0.055
Initial constant loading 30 <a <90 LT 9.88 (2.44) 0.627 10.82 (1.17) 0.048*
LR 10.31 (2.53) 0.877 11.09 (1.36) 0.121

#Numbers in parentheses mean standard deviation.

®Probability factors for significant difference between uniaxial stresses and combined axial-shear stresses.
*Indicate 95% significant.

**Indicate 99% significant.

Welch’s correction was adopted if two samples did not
have equal variances. A value of P < 0.05 was taken
as statistically significant.
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(oL, T) 3. Results and discussion
3.1. Effects of combined stress states and
loading methods on elastic properties
3.1.1. Shear stiffness
Figs 5 and 6 show the relationships between appar-
- > ent shear modulus as shear stiffness and angle o for
Normal stress Japanese beech and Japanese cypress, respectively. In
both figures, (a) shows the results obtained by the pro-
Figure 4 Schema of failure surface. portional deformation loading method, and (b) shows
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Figure 5 Relationship between the apparent shear modulus and the angle o
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Figure 6 Relationship between the apparent shear modulus and the angle « for Japanese cypress. Open circles, LR plane; filled circles, LT plane.

the results obtained using the initial constant loading
method. Table IV shows the shear stiffnesses and the
comparisons with the shear moduli obtained from the
pure torsion tests, by classifying the combined stress
states by angle «. As shown in Figs 5b and 6b, the re-
sults of loading tests using the initial constant loading
method existed in the range of |«| < 60° for Japanese
beech and || < 50° for Japanese cypress, respectively.
In order to further discuss the effect of the difference in
loading method, the results for these ranges of || were
also examined in Table IV.

From these figures and table, both species had similar
tendencies over the range of || < 50° or 60°, described
as follows. In the case of proportional deformation load-
ing, as shown in Figs 5a and 6a, the shear stiffness
under both compression-shear and tension-shear com-
bined stress states did not show a significant differ-
ence from that under pure torsion in most cases. Thus,
it could be considered that there was no effect of the
combined stress states on the shear stiffness, when the
proportional deformation loading method was used.

On the other hand, as could be seen in Figs 5b and 6b,
when the initial constant loading method was used, the
shear stiffness showed a decrease compared to that from
the pure torsion test. The effect of combined stresses
was obvious in most cases, as shown in Table IV
(for example, in the case of Japanese cypress under
compression-shear combined stress, P = 0.012 (LT),
0.011(LR)). This might be due to the initial loading
that caused some microscopic damage to the ultra-
structure of the wood specimen, even if the axial force
as the initial constant load had not reached the yield
point [22]. Japanese cypress showed this tendency more
clearly than Japanese beech. In addition, the shear stiff-
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ness of Japanese cypress obtained from the initial con-
stant loading method was smaller than that from the
proportional deformation loading method under both
compression-shear and tension-shear combined stress
states over the range of |o¢| < 50° (99% significant
in both cases). Therefore, the effect of the difference
in loading method on the shear stiffness was obvious
especially for Japanese cypress.

When the proportional deformation loading method
was applied to Japanese cypress, as shown in Fig. 6a, the
shear stiffness showed an increase under compression
was applied dominant (o £ —50°) and a decrease when
tension was applied dominantly (o > 50°), compared to
the shear modulus obtained from the pure torsion test
(99% significant in both cases, as seen in Table IV).
Therefore, the relationship between shear stiffness and
angle o showed a clear tendency under the axial force
was applied dominantly. When a large compression was
applied with torsion, warping of the specimen by tor-
sion was considered to be restrained. Under such a con-
dition, the specimen is subjected to two kinds of tor-
sional moments, one is torsional moment caused by
twisting of the specimen, and the other is secondary
torsional moment caused by the restraint of the warp-
ing. Torsional moment as the cross-sectional force is
the sum of these torsional moments which caused by
twisting of the specimen and the restraint of the warp-
ing [23-25]; as a result, the rotational angle is smaller
than that under pure torsion [23-25]. This could be the
reason why the shear stiffness became larger. In con-
trast, the case of the combined stress state where tension
was dominant could be explained as follows: since the
secondary torsional moment produced by the restraint
of the warping might be negative under the state where



tension was dominant, the rotational angle was consid-
ered to be larger than that under pure torsion. Thus, the
shear stiffness was considered to be smaller in contrast
to the state where compression was dominant.

On the other hand, as can be seen in the case
of Japanese beech in Fig. 5a, the behavior of the
shear stiffness became increasingly unstable in the
combined stress state in which the axial force was
dominant (|e|>60°), and no clear tendency could
be discerned, unlike the case of Japanese cypress
(Table IV). For Japanese beech, there were some cases
in which bending of the specimen was observed when
compression was dominant. The slenderness ratio of
this specimen was about 20 considering the length of
the central section of the specimen. Such a specimen
might be bent when subjected to large compression
[26, 27], especially when the material’s quality was
inhomogeneous [26, 27]. Because Japanese beech had
more complicated tissue structure than Japanese
cypress, it was more easily bent. This bending might
cause both the center axes of the specimen and the
load to slightly shift. Misalignment was considered to
have some influence on the measurement of strains on
both planes; therefore, the shear stiffness of Japanese
beech was considered to be unstable.

Consequently, the shear stiffness of Japanese cypress
exhibited a behavior distinct from that of Japanese
beech for both loading methods. This suggests that
Japanese cypress is likely to be more strongly affected
by the state of combined stresses and loading method.

3.1.2. Axial stiffness
Figs 7 and 8 show the relationships between appar-
ent Young’s modulus as axial stiffness and angle «
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for Japanese beech and Japanese cypress, respectively.
Table V shows the axial stiffnesses and the comparisons
with Young’s moduli obtained from uniaxial loading
tests, by classifying the combined stress states by angle
o. As shown in Figs 7b and 8b, the results of loading
tests using the initial constant loading method existed
in the range of |«| > 30° for both species. In order to
further discuss the effect of the difference in loading
method, the results for these ranges of |«| were exam-
ined in Table V.

As shown in Fig. 7b for Japanese beech, the ax-
ial stiffness under compression-shear combined stress
state when using the initial constant loading method
was slightly smaller than the Young’s modulus that was
obtained from the uniaxial compression test. However,
this tendency was not significant, as seen in Table V.
Moreover, when using the proportional deformation
loading method, the axial stiffness was almost constant
under both compression-shear and tension-shear com-
bined stress states over the range of || > 30°, as seen
in Fig. 7a and Table V. Thus, it may be concluded that
on the whole, the axial stiffness of Japanese beech is
not affected by the combined stress states, as can be
seen in Fig. 7.

On the other hand, as could be seen in Fig. 8a, when
the proportional deformation loading method was ap-
plied to Japanese cypress, the axial stiffness under
compression-shear combined stress state was larger
than the Young’s modulus obtained from the uniaxial
compression test (99%(LT) and 95%(LR) significant
as seen in Table V). Moreover, the axial stiffness under
tension-shear combined stress state was not different
from the Young’s modulus obtained by the uniaxial ten-
sion test as seen in Table V, as was the case of Japanese
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beech. In the case of initial constant loading, as shown in
Fig. 8b, axial stiffness under compression-shear com-
bined stress state was larger, as was the case of the
proportional deformation loading method. However,
under tension-shear combined stress state, Japanese cy-
press had smaller stiffness in the axial direction than the
Young’s modulus under uniaxial tension stress. This be-
havior was even more evident in the results on the LT
plane, as shown in Table V. The tendency of the ini-
tial constant loading to decrease the axial stiffness un-
der tension-shear combined stress state was similar to
that of the shear stiffness as mentioned in the previous
section.

As mentioned above, while the axial stiffness of
Japanese beech was not affected by the combined stress
states, that of Japanese cypress tended to increase un-
der compression-shear combined stress state. There-
fore, the behavior of the elastic property in the axial
direction differed according to species especially un-
der compression-shear combined stress state. Japanese
cypress may be more resistant to compressive defor-
mation when torsion is applied together with compres-
sion. Microscopic observation revealed that Japanese
cypress is composed of mainly axial tracheids that com-
prise approximately 97% of the total volume [28-30].
They are long, narrow cells with lengths approximately
75-200 times (mostly 100 times) their diameters. Their
lengths and diameters are, on average, 3.5 mm and
35 um, respectively [28-30]. Japanese cypress tissue
is structured like a bundle of long and narrow tubes.
When torsion is applied on the bundle, it may take
the form of a thrown string. Under compression-shear
combined stress state, the bundle of axial tracheids in
the form of a thrown string may strengthen themselves
against the compressive deformation. In contrast, the
major components of Japanese beech in the longitudinal
direction, called vessel elements and fibers, are much
shorter than axial tracheids of Japanese cypress, with
an average length of approximately 1.0 mm [28-30].
Moreover, Japanese beech, being hardwood, is com-
posed of various cell types, while Japanese cypress is
softwood [28-30]. In the radial direction that intersects
perpendicularly to the longitudinal direction, there are
relatively hard cells called ray parenchyma, which com-
prise about 17.5% of the total volume [28-30]. Owing
to such a tissue structure of Japanese beech, the axial

L
3.0[ (S]
- [ o]
5’ o ®]
S 2.07,,55 oy ECOT
% ~ O~ 000 owe "]
5 e o ©9 R0 . ]
V] [ e® o GO [ssas e} & '.é_
1'0_2\: %zg. 3 MRS %8 %.q%
L = . (e} 0]
[ €20 ]
ool v v b b v e b e P
-90 -60 -30 0 30 60 90
Compression Angle « [degree] Tension
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elements may not take the form of a thrown string even
if torsion is applied. Accordingly, it is considered that
unlike Japanese cypress, Japanese beech does not have
much resistance to compressive deformation.

3.2. Effect of combined stresses on the

difference in stiffness between

the two planes
Looking at the stiffnesses shown in Figs 5 to 8 measured
on the LT and LR planes, the shear stiffness on the
LR plane was seen to be larger than that on the LT
plane (99% significant). Shear modulus on the LR plane
is generally known to be larger than that on the LT
plane, when pure torsion acts [26]. As for the axial
stiffness, which should have the same value even if it
was measured on the LT or LR plane, the mean value
on the LR plane appeared to be larger than that on the
LT plane, but the difference was not significant. These
tendencies were observed in both species as well as for
both loading methods.

Next, the change in the difference in stiffness be-
tween the two planes as a result of combined stresses is
discussed by examining the ratios of stiffnesses on the
LR plane to those on the LT plane. Figs 9 and 10 show
the effect of combined stresses on each stiffness. The
vertical axis in the figures shows the ratio as an index
of the difference between the two planes. The value of
1.0 on the axis means that the stiffnesses on both planes
have the same value. As shown in Figs 9b and 10b, the
results of the initial constant loading method clearly
indicated that both stiffnesses were not affected by the
initial loading, indicating that the difference between
the two planes was almost constant. Similarly, in the
case of the proportional deformation loading method
shown in Figs 9a and 10a, the difference was almost
constant over the range of « in which the results of the
initial constant loading method existed. Furthermore,
the shear stiffness of Japanese beech showed a larger
difference than that of Japanese cypress for both load-
ing methods, as shown in Fig. 9, similar to that under
pure torsion, which is generally known.

On the other hand, it is clear from Fig. 9a that the
difference in shear stiffness between the two planes
showed a larger scatter as axial stress became dominant
in the combined stress state (|| > 60°). Similarly, it is
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Figure 9 Effect of combined state of stress on the difference in the apparent shear modulus between the LT and LR planes. Open circles, Japanese

beech; filled circles, Japanese cypress.
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clear from Fig. 10a that the difference in axial stiffness
tended to have a larger scatter as shear stress became
dominant (near « = 0°). Thus, in the proportional de-
formation loading method, the shear stiffnesses on both
planes showed a more pronounced difference as the ax-
ial stress component of the combined stresses became
proportionally larger. Similarly, the axial stiffnesses on
both planes showed a more pronounced difference as
the shear stress component of the combined stresses
became proportionally larger. The origins of these phe-
nomena might be the shape of the specimen or the mea-
suring method for strains in this study, under the state
where one component of the combined stresses was
dominant. For example, as mentioned in Section 3.3.1,
bending that resulted from the slightly large slender-
ness ratio of this specimen was observed in Japanese
beech to which compression was applied. Such prob-
lems might have led to the difference in stiffness
between the two planes.

4. Conclusion

Focusing on axial-shear combined stresses, we dis-
cussed herein the effect of such combined stresses on
the elastic properties of Japanese beech and Japanese
cypress. The conclusions of this study are as follows:

(1) The effect of the difference in loading method on
the relationship between the apparent shear moduli and
the states of combined stresses was confirmed, in par-
ticular, for Japanese cypress.

(2) A difference in the axial stiffness under
compression-shear combined stress state was observed
between the two species. While the axial stiffness of
Japanese beech was not affected by the combined stress
state, that of Japanese cypress tended to increase under
compression-shear combined stress state.

(3) The apparent elastic moduli of Japanese cypress
seemed to be more sensitive to combined stresses than
those of Japanese beech.

(4) The difference in stiffness between the two planes
remained more or less unchanged over the range of « in
which the results of both loading methods existed. On
the other hand, in the proportional deformation loading
method, the difference in either the shear or axial stiff-
ness between the two planes tended to show a larger
variation when either the axial stress or the shear stress

component of the combined stresses became dominant,
respectively.

For future studies, one issue that deserves special at-
tention is the effect of tissue structure of wood on
its mechanical properties under combined stresses. In
discussing the effect of combined stresses on elastic
properties, the approach using the angle « on the fail-
ure surface appears to be very effective. This approach
makes it easier to consider the mechanical properties of
materials under combined stresses from various view-
points. Moreover, it enables comprehensive discussion
of several properties, for example, failure strengths and
elastic properties. Through such discussion, material
behavior under combined stresses will be understood
more clearly.
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