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ABSTRACT 

Fatigue strength of wood under cyclic tension-torsion combined loading was investigated experi- 
mentally. The material used for the experiments was a rectangular bar of Japanese cypress. Pulsating 
tension-torsion combined loadings were respectively applied along and around the longitudinal axis 
of the specimen, which coincided with the longitudinal direction of the wood. The obtained results of 
fatigue tests were found to be influenced by the combined-stress ratios and the applied stress levels. 
and were summarized as follows: 1) All data were located in a slightly wide band on the S-N plot in 
spite of different combined-stress ratios, but the slope of the S-N curves became low when tensile 
at!-ess was dominant. 2) Failure modes of the test specimen depended on whether tensile or shear 
stress was dominant in the biaxial stress ratios. 3) Hill's criterion for the static strength was suitable 
for evaluating the fatigue strength under combined-stress ratios. 

Kryrrorcl.\: Fatigue, combined loading, S-N curve. failure criterion, biaxial stress. 

INTRODUCTION 

It is rare for a co~nponent-member that con- 
stitutes a structure to be subjected to a simple 
stress state. Usually, it is subjected to a com- 
pound stress state in many cases. For the ra- 
tional design of a structure, it is important to 
know the mechanical characteristics of the 
material under such a state. Many studies have 
been conducted to understand the mechanical 
behavior under combined stress of materials 
such as concrete, steel, FRP and bone (Ceza- 
yirlioglu et al. 1985: Fujii et al. 1992; Krempl 
and Niu 1982; Okajima 1970; Owen and Grif- 
fiths 1978). 

On the other hand, there are many studies 
on the mechanical behavior in cases where a 
load, such as compression, tension, or bend- 

ing, independently acts on wood or a wood- 
based material, statically or dynamically 
(Imayama and Matsumoto 1970; Okuyama et 
al. 1984; Suzuki and Saito 1984). However, 
there are few studies on the mechanical be- 
havior under combined loading in which such 
loads act on those materials simultaneously 
(Origuchi et al. 1997; Yamasaki et al. 1999; 
Yamasaki and Sasaki 2000a, b, 2001a, b). 
There are no reported studies on the fatigue 
behavior under combined loading. This may 
be the reason for the small number of cases 
where wood is used under such a situation. 
However, the technical development of timber 
structures in recent years in engineering stud- 
ies and construction has been significant. 
There is a need to understand the mechanical 
behavior of wood under combined loading not 
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L m m  ? I  5 Specimen 

T A Air-dried samples of Japanese cypress 

/ (mm) The specimen was cut to have a rectangular 
Splce~on beech reinforcement cross section with its major axis lying in the 
F ~ G .  I .  Test specimen (Japanese cypress) used in this fiber direction, as shown in ~ i ~ .  1. ~h~ di- 

experiment. Japanese beech was spliced to reinforce grip- 
area using an epoxide resin adhesive and screws. 

mensions of the specimen were 300 mm (L) 
X 17.5 mm (T) X 17.5 mm (R). In the central 

only in the case of uniaxial load but also in 
the case of torsion and axial loads acting si- 
multaneously. Furthermore, wood is an organ- 
ic material that exists naturally and has typical 
orthotropy similar to a bone. Therefore, it is 
expected that the information on the mechan- 
ical behavior of such material under combined 
stress is useful in the creation of a new com- 
posite material (Takahashi 1999). 

With these points as the background, the 
mechanical behavior of wood under combined 
stress was investigated (Origuchi et al. 1997; 
Yamasaki et al. 1999; Yamasaki and Sasaki 
2000a, b, 2001a, b). In this research, a rect- 
angular bar of Japanese cypress was used as a 
test piece, and a fatigue test was performed 
under combined tension and torsion. It was 
aimed at investigating the fatigue strength 
characteristic of wood under combined load- 
ing. That is, this research focused, in particu- 
lar, on the influence of the combined-stress ra- 
tio on the fatigue strength of Japanese cypress 
as the first step in the evaluation of the fatigue 
characteristics of wood under multiaxial stress. 

TARI.E I . N u ~ i ~ h ( ~ r  of S ~ E C ~ ~ C I I S  M S P ~  in this e.xperirnent. 

part of the specimen, a taper was attached to 
four planes, and a portion with cross-sectional 
dimensions of 1 1.5 mm X 1 1.5 mm and length 
of more than 25 mm was prepared, as shown 
in Fig. 1. A firm grip was formed at the two 
ends by attaching spliced pieces of Japanese 
beech (Fagus crenata BI.) using an epoxide 
resin adhesive and screws. The specimens 
were cured in the laboratory maintained at 
25°C and a relative humidity of 40%, until the 
constant weights of specimens were achieved. 
The total number of specimens used was 120 
in all tests, as shown in Table 1. They were 
selected based on specific gravity to minimize 
scatter in material quality among test groups 
shown in Table 1 .  The specific gravity and the 
moisture content were 0.44 ? 0.01 and 7.8 t 
0.3% in average of all specimens, respectively. 

Test conditions and methods 

In order to determine the static strengths 
used as the standard of a fatigue test, uniaxial 
loading and pure torsion tests, and static com- 
pression-torsion and tension-torsion combined 

Number of 
f \ne irt tc\ t \  Croun, (Slrr\s \t i l lcs) \oec!rnen\ Remark, 

Slalic tests Purc lension 
Pure compression 
Pure torsion 
Combined tension-torsion 
Combined compression-torsion 

Fatigue tests Pure torsion: S 
Co~nbined tension-torsion: TA 
Combined tension-torsion: TB 
Combined tension-torsion: TC 
Pure tension: T 

5 Results of the static tests were plot- 
5 ted in Fig. 2. 
5 

14 
12 

18 Two to five specimens were used for 
15 each stress level. 
15 
1.5 
16 
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loading tests were first carried out. An electro- 
hydraulic servo machine (EHF-ED 1 01TD 1 - 
20L manufactured by Shimadzu Corporation, 
Kyoto) for the static loading tests was used. 
An axial force was applied in the fiber direc- 
tion (along L) and torque was applied around 
an axis lying in the same direction as L. At 
the respective centers of a cross grain plane 
(LT plane) and a straight grain plane (LR 
plane), a triaxial rosette gage (KFG-3-120- 
Dl7 manufactured by Kyowa Electronic In- 
struments Co., Ltd., Tokyo, with gage length 
of 3 mm and 120 f1) was attached. The applied 
axial force and torque, and the axial and ro- 
tational displacements were measured by load 
cells and electric displacement transducers on 
the testing machine itself, while the longitu- 
dinal and shear strains were also measured by 
strain gages on the LT and LR planes. All tests 
were carried out at 25OC and a relative humid- 
ity of 40%. The procedures for these static 
loading tests were as follows. 

Uniaxial loading and pure torsion tests 

In order to determine the static strengths in 
tension, compression, and torque, uniaxial 
loading and pure torsion tests were carried out 
under a controlled condition using a constant 
rate of displacement. The number of speci- 
mens for each test was five, as shown in Table 
1 .  The axial force was applied at a constant axial 
displacement rate of 0.01 mmls and the torque 
at a constant rotational rate of 0.05 degls. 

Combined loading tests 

In order to determine the failure surface, the 
combined loading tests were conducted by the 
proportional deformation loading method, in 
which the axial force and torque were applied 
simultaneously to the test specimen with their 
displacement rates kept constant. By changing 
the ratio of application rates of the axial dis- 
placement and rotation, a failure surface re- 
sulting from the combination of axial stress 
and shear stress at the time of failure was cre- 
ated. As loading was applied under a con- 
trolled condition using a constant rate of dis- 

FIG. 2. Static strength under combined loading. 
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placement, the displacement rate was set not 
to exceed 1.5 times the rate used in uniaxial 
loading and pure torsion tests so as to avoid 
the effect of impact forces. The number of 
specimens for these tests was 26, as shown in 
Table 1. 

Figure 2 shows the results marked by circles 
(0) and the failure surface obtained by these 
static tests. The strength was determined by 
considering the anisotropy of wood (Origuchi 
et al. 1997; Suzuki and Okohira 1982; Ya- 
masaki and Sasaki 2000a; Yoshihara and Ohta 
1993). In the figure, two well-known failure 
criteria expressed by Eqs. (1)  and (2), which 
established the failure condition, are also 
drawn. These equations were originally pro- 
posed by Hill, and Tsai and Wu, respectively 
(Hill 1948; Tsai and Wu 1971). 

c 
V) 

5 0 -  

0 0 

where a, is the axial stress, T, is the shear 
stress, and FA and F, are the axial (tensile or 
compressive) strength and the shear strength, 
respectively. In Eq. (2), FA, and FA, are the 
uniaxial strengths in tension and compression, 
respectively. As shown in Fig. 2, both criteria 
are in good agreement to express the failure 
condition roughly. 

In order to determine the combined-stress 

1 
-100 -50 0 50 100 150 

Compression Ax~al stress [MPa] Tension 
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Shear stress 

S ( B = O . l )  
7- A 

Cornpress~on Axlal stress Tens~on 

PI(;. 3. Schema of Hill's criterion and combined stress 
ratios determined for fatigue tests. 

ratios for fatigue tests under combined load- 
ing, Hill's criterion was chosen, while Tsai- 
Wu's criterion was more suitable, in part, to 
evaluate the combined-stress states where 
shear stress was applied dominantly. Because 
Tsai-Wu's criterion is located outside of Hill's 
criterion in the quadrant of tensile and shear 
stress, Tsai-Wu's criterion provides a more se- 
vere test condition for fatigue tests. Based on 
the standardized Hill's criterion for each static 
strength, the combined-stress ratios for the fa- 
tigue tests were determined, as schematically 
shown in Fig. 3-namely, the combined-stress 
ratio (p) of this study was defined by the ratio 
of axial stress to shear stress. Five ratios (P), 
that is, combinations of axial and shear stress- 
es (indicated as S, TA, TB, TC, and T) were 
set up as follows: P = 0: I (pure torsion, in- 
dicated as s ) ,  0.4 133.92 (TA), 0.73:0.7 1 (TB), 
0.93:0.38 (TC), and 1.0 (pure tension, T), and 
are shown in Table 2. These P ratios divided 
equally the quadrant of tension-shear com- 
bined-stress states into four based on the fail- 

ure criterion shown in Fig. 3. Each number 
indicated the ratio of the stress to pure tensile 
or shear strength (uAIFA or T ~ I F ~ ) .  AS known 
by these ratios, shear stress component was 
dominant in the combined-stress state TA and 
tensile stress component in TC. In the TB state, 
shear and tensile stress components were al- 
most equally applied. The values for each com- 
bination are shown in Table 2 and in Fig. 3. 

Fatigue tests 

The same testing machine used for static 
tests, which could apply axial and torsional 
loads simultaneously, was used for fatigue 
tests. A pulsating triangular axial load of ten- 
sion was applied in the longitudinal direction 
at 1 Hz, while the specimen was also simul- 
taneously subjected to a twisting moment, as 
illustrated in Fig. 4. The relationship between 
tensile stress and shear stress for a loading 
path is given by a straight line, as illustrated 
in Figs. 3 and 4. Stress levels in the fatigue 
tests were determined as the ratio of maximum 
stress to ultimate stress on the basis of the val- 
ues shown in Table 2, and six stages equiva- 
lent to 100, 90, 80, 70, 60, and 50% of these 
values were determined as the stress levels. 
For each stress level, two to five specimens 
were used for fatigue tests. The total number 
of specimens for fatigue tests was 79, as 
shown in Table 1. They were selected based 
on specific gravity to minimize scatter in ma- 
terial quality among five test groups shown in 
Table 1 .  

The applied axial force and torque, and the 
axial and rotational displacements were mea- 

TAHI F 2. Srre.ss rtrtios and ulrirnare .srre.s.ses in tensiolz and shear. 

( '<,mh~ncd-\t~s\\  IJltlniate \trc\\ 
r a t~o  (p i  [MPal 

C'u~nhl~ici l- \ trc\r Axlnl Shear 
5121le A x u l  She;~r (cull) (TLnlt) Reniarks 

S 0 I 0.00 23.5 Pure torsion 
T A 0.4 1 0.92 45.1 21.6 
TB 0.73 0.7 1 81.3 16.7 Combined tension and shear 
TC 0.93 0.38 103 8.82 
T 1 0 1 1 1  0.00 Pure tension 

t . . ~ h  numhcr <,I [he ccr~i ih~ned-\trc\~ ratlo Ip )  ~nd~carc \  [hc ratlo <IS \trey\ to pure [co\ilc or purr \hear ~trcnpth. thal I\. n alF,  or ?IF,. 
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FIG. 4. Waveform and loading path for fatigue tests 

sured by load cells and electric displacement as part of the data for N f  = 1 (cycle) case. 
transducers on the testing machine itself, while Each straight line in the figure is obtained by 
the longitudinal and shear strains were also the least squares method, assuming that the 
measured by strain gages on the LT and LR life curves on a semilogarithmic plot are 
planes. All tests were carried out at 2S°C and straight lines. From these, the S-N curve of 
a relative humidity of 40%. each combined-stress ratio (P) could be de- 

duced to collect into one thick strap, although 
RESULTS AND DISCUSSION a variation was observed. Based on these S-N 

Influence of combined-stress ratio on curves, it appeared that the decreasing fatigue 
,futigue strength strength was caused by the combined-stress 

ratio. That is, the inclination of the S-N curve 
Figure 5 shows the S-N curves obtained by 

fatigue tests. Horizontal and vertical axes became large as the shear stress increased (TC 

show the fatigue life and the normalized max- + TB + TA) in the combined-stress state and 

imum stress based on nominal stress (=stress was the largest when shear stress was applied 
level), respectively, The static strength data i n  (TA). the 

pure torsion and pure tension are also included tended to decrease as the tensile stress in- 
creased. The S-N curve of S coincided almost 
with one of TA. 

The above results on the S-N curves could 
also be con5idered as follow$. When the stress 
level wa5 higher than 85%, for example, the 
fatigue life of TA was the longest, and the 
fatigue life became 5hort as the tensile stress 
increased (TA + TB + TC). However, when 
the stress level was reduced to 70%, the ten- 
dency was reversed. That is, the fatigue life 
became 5hort as the torsion in the combined- 

102 103 1 0 4  1 0 5  106 107 stress ratio increased (TC + TB -+ TA). In 
Number of cycles to fadure ~f add~tion, such a tendency is interesting be- 

FIG, 5 Relat~onshlp between the \tre\\ ratlo and the cause it i5 contrary to the 
number ot cycle\ to (allure observed in other industrial materials. Fujii et 
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FIG. 6.  Examples of failure modes by fatigue tests at 
a stress level o f  60%. From left to right, typical failure 
modes under purc torsion (S). combined-stress (TA, TB, 
TC) and purc tension (T) states are shown. 

al. conducted fatigue tests of a woven glass 
fabric composite under biaxial tension-torsion 
loading (Fujii et al. 1992). They found the ten- 
dency that the slope of the S-N curve became 
low in case of a high shear stress component 
could be distinguished. It is thought that this 
phenomenon is due to the organization struc- 
ture of the material. 

The regression lines of TA and S, for ex- 
ample, showed that the values for Nf = 1 were 
slightly larger than the static strength. Gener- 
ally, the extrapolated value for N f  = 1, which 
was calculated from the linear regression of 
the fatigue results, did not agree with the static 
value (McNatt 1978). One of the reasons for 
this discrepancy was the difference in the 
loading rate between the static test and the fa- 
tigue test (McNatt 1970). Furthermore, it was 
considered that the fracture mechanism of the 
specimens in the fatigue test differed from that 
in the static test. 

Injuence of combined-stress ratio on 
,failure mode 

Figure 6 shows examples of the failure 
modes obtained by the fatigue tests performed 
under each combined-stress ratio. These ex- 
amples, at a stress level of 60%, from left to 
right, show a pure torsion (S) state, combined- 
stress (TA, TB, TC) states, and a pure tension 

(T) state, respectively. Based on these exam- 
ples, when the combined-stress ratio was in 
the S, TA, and TB states, a crack along the 
fiber was observed and torsion failure was 
considered to be dominant. On the other hand, 
in the TC state, combined failure of torsion 
and tension was observed, and typical tension 
failure was observed only in the T state. Thus, 
bordering on the TB state, torsion or tension 
failure became dominant, and the influence of 
the combined-stress ratio on the failure mode 
was identified. In addition, when the stress 
level was increased, the same destructive ten- 
dency as that shown in Fig. 6 was observed. 
However, the combined failure by torsion and 
tension was observed in the TB state. On the 
basis of the S-N curves in Fig. 5, this tendency 
appeared to be related to that of the fatigue 
life of TB becoming shorter than those of S 
and TA as the stress level was increased, 
though the experimental data at the stress level 
of 90% in Fig. 5 didn't show such a tendency. 
It was considered that the effect of tensile 
stress on failure became more serious at higher 
stress levels. In contrast, the effect of shear 
stress on failure became more serious at lower 
stress levels. In the TB state, where tensile and 
shear stresses were produced at equal levels, 
the failure at higher stress levels seemed to be 
influenced considerably by tension, and the 
combined failure by torsion and tension was 
observed. However, the failure at the stress 
level of 60% seemed to be influenced by tor- 
sion, and torsion failure became dominant, as 
shown in Fig. 6. 

Fatigue strength and static failure criterion 

The S-N characteristics were investigated on 
the tensile-shear stress (a - T) plane-namely. 
the fatigue strength of each combined-stress 
state for Nf = 10' - 1 O6 (cycles) was plotted 
on the a - T plane standardized by each static 
strength, as shown in Fig. 7. Points marked by 
black circles (0) were obtained from the S-N 
curves in Fig. 5. The outermost curve in the 
figure showed Hill's criterion, which was ap- 
plied to static strengths (0). The other curves 
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U) 1 Observed (statlc) 
the shear stress component increased in the , . from s N WrVR5 I" F1g 5 tension-shear combined-stress state. 

H~ll's crlterlon 
I 1 2) As for the failure mode, torsional or tensile : l o  failure became dominant, bordering on the 

a! r combined-stress state of TB, and the influ- 
u 
a ' I  N - 

ence of combined-stress ratio (P) on the 
0 5  i failure mode was observed. 

b 
z 3) Fatigue strength could be expressed ap- 

proximately by Hill's criterion for static 

o o ( T  I strength. 
- 15  - 1 0  - 05  0 0  0 5  1 0  1 5  

Normallzed axla1 stress Further investigations are required to clarify 

FIG, 7 Statlc and tat~gue strength5 under colnblned the mechanical behavior of wood under corn- 
load~ng bined-stress states. 

that were also obtained using Hill's Eq. (3), 
were determined from the fatigue strengths in 
uniaxial tension and pure shear obtained from 
the S-N curves labeled "T" and "S" in Fig. 
5 for each fatigue life (Nf) .  

where cr,, is the axial stress, T\. is the shear 
stress, and F,,(Nf) and F,y(Nf) are the axial (ten- 
sile or compressive) strength and the shear 
strength, respectively. Although Hill's equa- 
tion was applied originally to static strengths, 
it was used here for fatigue strengths. These 
curves also expressed the envelope surfaces of 
the fatigue strengths for each Fatigue life (Nf) .  
As shown in Fig. 7, these surfaces seem to be 
in good agreement with each plot group of the 
combined-stress state. Therefore, the fatigue 
strength surfaces could be expressed by the 
static failure criterion. It was also considered 
that the fatigue strengths under arbitrary com- 
bined-stress states could be predicted by those 
in uniaxial tension and pure shear. 
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