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Abstract This study was designed to investigate the effects 
of moisture content (MC) and specific gravity (SG) on the 
bending strength and hardness of six wood species including 
Japanese cedar (Cryptomeria japonica D. Don), China fir 
(Cunninghamia lanceolata), western hemlock (Tsuga 
heterophylla), red meranti (Shorea spp.), Selangan batu 
(Shorea spp.), and red oak (Quercus spp.). The experimen- 
tal results are summarized as follows: Effects of MC and SG 
on the strength (MOR), stiffness (MOE), and hardness 
(HB) could be represented by a multiregression formulas. A 
negative correlation existed between these properties and 
MC, whereas a postive correlation showed between them 
and the SG. The changing rate of these properties induced 
by 1% MC changes varied with the wood species: 2.6% 
change in MOR was observed in Japanese cedar, China fir, 
western hemlock, red meranti, and Selangan batu; and 3.9 % 
was found in red oak. For MOE, a 0.58% change was 
observed in Japanese cedar, China fir, and red meranti; 
western hemlock and Selangan batu exhibited 1.2% and red 
oak 2.5%. For hardness, a 1.1% change was observed in 
Japanese cedar, western hemlock, and red oak; red meranti 
and China fir exhibited 3.3%; and Selangan batu 1.8%. 
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Introduction 

It is well known that wood is a hygroscopic, elastic material; 
hence its mechanical properties are highly affected by the 
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change of its moisture content (MC). In general, most me- 
chanical properties of wood vary inversely with the MC 
of the wood below the fiber saturation point (FSP). It 
was reported that the average changing rates for the static 
bending modulus of elasticity (MOE), modulus of rup- 
ture (MOR), compression parallel-to-grain, and hardness of 
certain clear wood can be approximated, respectively, as 
2%, 4%, 6%, and 2.5% for 1% MC change below FSP 
at a constant temperature of 70°F (21.1°C). Furthermore, a 
logarithm formula representing the strength-MC relation 
for wood with MC below the FSP was also developed by 
Forest Products Laboratory (FPL) ~ in which variables such 
as the strength of wood at an MC of 12% and green condi- 
tion, as well as a specific value of MC, at which the wood 
strength begin to change when drying from the green condi- 
tion was considered. That formula provided more accurate 
prediction of the strength-MC relations of wood, but the 
specific values of MC were reported for only 13 wood spe- 
cies. Therefore, in this study the effect of MC (below FSP) 
on the static bending properties and hardness of six wood 
species was closely examined statistically. Mean values for 
more accurate prediction of the strength changing rate as 
affected by the moisture fluctuation are presented. Further- 
more, the interrelation among the mechanical properties, 
moisture content, and specific gravity was statistically 
analyzed. 

Materials and methods 

Materials 

Wood specimens cut from six wood species, including China 
fir (Cunninghamia lanceolata), Japanese cedar (Cryptom- 
eria japonica D. Don), western hemlock (Tsuga hetero- 
phylla), red meranti (Shorea spp.), red oak (Quercus spp.), 
and Selangan batu (Shorea spp.) were prepared for this 
study. The specific gravity of these six wood species based 
on their oven-dried (OD) condition (•o) ranged from 0.33 to 
0.90. 
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Table 1. Temperature and relative humidity conditions for designated equilibrium moisture content 

Condition no. Dry bulb Difference between dry and Relative humidity (%) Extimated moisture content (%) 
temperature (°C) wet bulb temperature (°C) 

1 20.00 0.23 98.00 25.00 
2 20,00 1.22 89.00 20.00 
3 20,00 2.60 77.20 15.00 
4 20.00 5.43 54.79 10.00 
5 20.00 9.80 24.30 5.00 
6 20.00 14.07 0 0 

The dimensions of specimens for static bending were 
37cm (long, in longitudinal direction) × 3cm (width) × 
1.5cm (thick) and 4cm (long, in longitudital direction) × 
3cm (width) × 1.5cm (thick) for the hardness test. 

Methods 

Adjustment of MC of tested specimens 

The MC of specimens was one of the major variables in this 
study. The designated six MC levels ranged from 0% to 
25% at intervals of 5%. The constant temperature and rela- 
tive humidity (RH) conditions for obtaining the equilibrium 
moisture content (EMC) are given in Table 1. Conditions 1 
to 4 (MC levels: 25%, 20%, 15%, and 10%) were controlled 
using conditioning chambers with a constant temperature of 
20°C; and their RHs  were set at the levels of 98%, 89%, 
77.2%, and 54.79%, respectively. However,  conditions 5 
and 6 (i.e., MC 5% and 0%) were obtained using the con- 
centration of sulfuric acid solution in a desiccator under a 
constant temperature of 20°C. 2 The concentrations of sulfu- 
ric acid solution were 56.63% and 100% for conditions 5 
and 6, respectively. All specimens were conditioned about 2 
months until they reached their EMC. 

Static bending tests 

The static bending test was conducted in accordance with 
the central concentration loading me thod]  A Shimadzu 
model UH-10A testing machine was used. The span/depth 
ratio was 14 for all specimens. The average crosshead was 
150 kgf/cm2/min of bending strength. The proportional limit 
and ultimate load and deflection were recorded, and the 
M O E  and M O R  were calculated. 

Hardness tests 

The hardness test was conducted in accordance with the 
Brinell hardness method. 4 The Brinell hardness of tangen- 
tial sections of specimens (HB) was calculated from the 
following formula 

H13 = P/IO (kgf /mm 2) (1) 

where P represents the corresponded loading with 1/rcmm 
of the press depth of the steel ball (10mm in diameter). The 

Table 2. OD-based specific gravity of six wood species 

Wood species ,0o Coefficient of 
variation (%) 

China fir 0.33 _+ 0.012 3.6 
Japanese cedar 0.38 _+ 0.027 7.1 
Western hemlock 0.45 _+ 0.033 7.3 
Red oak 0.66 _+ 0.029 4.4 
Red meranti 0.48 _+ 0.045 9.4 
Selangan batu 0.90 +_ 0.048 5.3 

There were 30 samples of each wood species. 
,Oo, specific gravity (results are the means + SD). 

OD-based specific gravity (0o) and MC were obtained using 
the specimens cut from both ends (dimension 4 × 3 × 
1.5 cm) of the bending specimens. 

Results and discussions 

Oven-dried-based specific gravity 

The oven-dried (OD)-based specific gravity for each wood 
species (0o) obtained under the designated six conditions 
are given in Table 2. It was found that the Qo value for China 
fir was lowest, and largest value was found for Selangan 
batu. The lowest variation coefficient (CV) occurred in 
China fir specimens, and a higher variation was seen in red 
meranti. 

Relations between humidity conditioning 
and moisture contents 

The protocol used by Forest Products Laboratory - US. 
Depar tment  of Agriculture (FPL-USDA)  for conditioning 
the MC of spruce wood was adapted for controlling 
temperature and R H  in this study. However,  the MC of 
specimens tested was not in full agreement with the values 
as described in the FPL observation and certainly varied 
with the wood species. Because the constant temperature 
was controlled at 20°C in this study, the R H  was considered 
to be the sole affecting factor. Their relations could be 
represented by the following exponential formulas; and five 
other wood species showed a similar trend: 

China fir: MC = 3.26e °'°2°Rn r = 0.98** (2) 
Japanese cedar: MC = 4.62e °°1Sail r -- 0.96** (3) 



Weste rn  hemlock:  M C  = 2.41e °°26RH r = 0.97** (4) 
Red  oak: M C  = 2.58e °°23RH r = 0.94** (5) 
Red  meranti :  MC = 2.39e °°25RH r = 0.96** (6) 
Selangan batu: M C  = 2.95e °°22RH r = 0.95** (7) 

where the double  asterisk (**) indicates great  significance 
resulted from the F-value test at the 0.01 confidence level, 
which means  that  the E M C  of wood could be predic ted  by 
the R H  in a cons tan t - tempera ture  environment .  57 When  
the R H  was set at 0 in these exponent ia l  formulas,  the E M C  
values were not  equal  to 0. This may be a t t r ibuted  to the 
fact that  the condit ions of 0% and 24.3% R H  were main- 
ta ined using sulfuric-acid solution, and it may be  not  enough 
to provide  a comple te ly  equi l ibra ted condit ion for the dura-  
t ion of 2 months.  However ,  when R H  was set at 100%, 
E M C  reached the FSP values of that  wood species. The 
FSPs of six wood species calculated from the above formu- 
las were 25.1% for China fir, 28.5% for Japanese  cedar,  
33.8% for western hemlock,  24.5% for red oak, 30.0% for 
red merant i ,  and 27.4% for Selangan batu. I t  was found that  
in coniferous wood the FSP values increased with an in- 
crease in their  0o values. In decreasing order,  it was Weste rn  
hemlock > Japanese  cedar  > China fir. This is in agreement  
with a previous repor t  8, in which an FSP value of 31 .1%-  
34.0% for Japanese  cedar,  and 26.2%-29.2% for China fir 
were observed using the shrinkage measurement  methods;  
Wes te rn  hemlock was not  invest igated in that  study. 

Wang and Cho 9 conducted  the desorpt ion  and adsorp-  
tion exper iment  at constant  t empera tu res  of 20 ° , 30 ° , and 
40°C, under  various R H  conditions.  F rom the hygroiso- 
therm of 20°C, E M C  values observed at the 100% R H  
condit ion were considered to be the FSP. With  this ap- 
proach,  values of 29.70% and 29.65% were obta ined  from 
desorpt ion  condit ions and 28.96% and 29.93% during ad- 
sorpt ion for Japanese  cedar  and southern red oak,  respec- 
tively. The results for Japanese  cedar  in that  study were 
close to those of this study, but  the value for southern red 
oak was slightly higher  than that  found in this study. 

Effects of mois ture  content  and specific gravity on M O R  

It is well known that  the static s trength of wood is affected 
by many factors, including moisture  content ,  specific grav- 
ity, grain angle, and the width of the annual  ring and knots. 
In this study, mois ture  content  was considered to be the 
principal  variable for investigating the effect of MC levels 
on static bending strength. It was found that  M O R  values 
decreased l inearly with the increase of MC and could be 
expressed by the following l inear  regression formulas: 

China fir: 
M O R  = 972.88 - 18.31MC, r = 0.76** (8) 

Japanese  cedar:  
M O R  = 897.67 - 15.27MC, r = 0.64** (9) 

Wes te rn  hemlock:  
M O R  = 1195.68 - 22.70MC, r = 0.91"* (10) 

Red  oak: 
M O R  = 1409.19 - 31.46MC, r = 0.85** (11) 

Red  meranti :  
M O R  = 1605.52 - 16.37MC, r = 0.64** 

Selangan batu: 
M O R  = 2333.39 - 51.00MC r = 0.79** 
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(12) 

(13) 

Al though  the above-l is ted correlat ion coefficients (r) are 
not  very high, highly significant differences (0.01 confidence 
level, **) existed as shown in an F-value test. Fur the r  exami- 
nat ion of the exper imenta l  data  indicated that  the variat ion 
of specific gravity within an individual  wood species was 
large; hence specific gravity was not  considered a dependen t  
variable,  whereas  the relat ion be tween  specific strength 
MOR/,o o and M C  was considered to be. They can be 
expressed as follows: 

China fir: 
MOR/0o = 268577 - 1526.93MC, r = 0.45** (14) 

Japanese  cedar: 
MOR/0o = 160891 - 874.08MC, r = 0.17"* (15) 

Wes te rn  hemlock:  
MOR/~)o = 223352 - 1823.37MC, r = 0.63** (16) 

Red  oak: 
MOR/0o = 185622 - 3239.80MC, r = 0.88** (17) 

Red  meranti :  
MOR/0o = 243395 - 1356.99MC, r = 0.31"* (18) 

Selangan batu: 
MOR/Qo = 223901 - 2325.50MC, r = 0.50** (19) 

Al though  the F-value test indicated that  the correla t ion 
coefficients (r) were great ly significant at the 0.01 level, the 
resultant  r values were poor  in compar ison with those when 
the specific gravity was not  considered (i.e., M O R  vs. MC). 
Therefore  it seems that the specific M O R  cannot be used 
satisfactorily for exper imenta l  da ta  analysis. However ,  
much more  impressive results were obta ined  when the mul- 
t ivariable analysis 1° was conducted.  When  MC and Oo are 
considered independen t  variables,  M O R  can be expressed 
by mult iregressions formulas as shown in Table  3. 

Obviously,  the correlat ion coefficients (r), ranging from 
0.75 to 0.94, were much more  significant than those in 
the single-variable l inear  regression formulas. Hence  the 
mul t ivar iable  regression offers a bet ter  explanat ion of ma- 
ter ial  proper t ies  analysis when variat ion may  exist. How- 
ever, in the mul t ivar iable  analysis the in tercorre la t ion 
among dependen t  variables must  not  exist, otherwise the 
analyzed result  would be significantly affected. Therefore ,  
the OD-based  specific gravity (Qo) was used instead of the 
air-dried values (Q) to exclude the MC effect on specific 
gravity, 

F rom the above  results, a negative correlat ion be tween 
M O R  and M C  and a posit ive correla t ion be tween  M O R  
and 0o were observed.  Al though  a posit ive correla t ion be- 
tween M O R  and Qo has been  repor ted  by many researchers,  
their  results varied with wood species. ~l-x~ 

Below FSP, the re la t ion be tween M O R  and M C  is gener- 
ally assumed to have an approximate ly  4% increase or de- 
crease of M O R  induced by every 1% decrease  or increase 
of mois ture  content  in most  wood species. The applicabil i ty  
and accuracy of this s trength changing rate  will be closely 
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TabLe 3. Coefficients of the multiregression formulas for the relations 
among MC, ~o, and strength properties of six wood species 

Wood species y = a + b x  1 + cx2 

and kinds of 
strength a b C r 

China fir 
MOR -460.29 -18.07"* 394.46** 0.93 
MOE -44700.1 -538.2** 392005.4** 0.80 
HB -0.30 -0.013"* 3.31" 0.58 

Japanese cedar 
MOR 213.03 -16.49"* 1814.09'* 0.80 
MOE -55359.02 -412.85 310036** 0.82 
H B 1.21 -0.011" 25.44** 0.55 

Western hemlock 
MOR 276.09 -21.22"* 1976.13"* 0.94 
MOE 60837.79 -914.42"* 2.255 0.71 
H B -7.73 -0.029* 52.07* 0.86 

Red oak 
MOR 922.76 -31.18"* 736.23 0.84 
MOE 10683.05 -2066.73** 92025.04 0.88 
H B 19.02 -0.078** 21.57 0.71 

Red meranti 
MOR 38.74 -16.21"* 2220.38** 0.75 
MOE 8868.94 -647.41 28854.12"* 0.51 
HB 6.83 -0.0096** 6.81 0.43 

Selangan batu 
MOR -4058.01 -48.72** 7172.78"* 0.93 
MOE -497784.9 -1909.96"* 783792** 0.85 
HB 22.54 -0.028** 8.41 0.42 

y, represents MOR, MOE, and HB, respectively; xz and x 2 shows MC 
and ~)o, respectively; a, b, c, coefficient for multiregression formulas. 
*, **, significant (0.05 level) and very significant (0.01 level) by F-tests. 

examined using the results of the six wood species studied 
and discussed as follows. 

Assume M O R  is a function of MC [i.e., M O R  = f(MC)]. 
The M O R  changing rate induced by the 1% increase 
(or decrease) of MC compared to the 12% (air-dried condi- 
tion) at a condition of MC may be expressed as following 
formulas: 

(d~@cR)  × 1 _ _ _ M O R _  f (MC)  
MOR12 MOR12 MOR~2 

_ f (MC)  (20) 

f(12) 

Because six wood species were used in this study the 
regression formulas for M O R  and MC were assumed as 
follows: 

MOR1 = f,(MC), M O R  2 = fz(MC). . .  MOR6 
(21) 

= f6(MC) 

The M O R  changing rate induced by a 1% increase (or 
decrease) in moisture content for six wood species may be 
expressed as follows: 

M O R  changing rate = ff(MC) f2(MC) .f6'(MC) (22) 
f1(12) ' /2 (12)" ' "  f6(12) 

If significant differences were not observed among these 
six wood species as analyzed by Duncans '  multiple new 

range method, 17 the variation among them could be 
neglected. Hence this M O R  changing rate should be 
applicable to all wood species; otherwise significant varia- 
tions among wood species cannot be ignored. 

Six MC conditions (0%, 5%, 10%, 15%, 20%, 25%) 
were chosen for the study. These six MC variables were 
substituted into the regression formula for each wood 
species, and 36 groups of data were obtained for Duncans '  
multiple new-range analysis according to the analyzed 
result for each wood species. If results showed large differ- 
ences among the changing rates of f'(O)/f(12), f'(5)/f(12), 
f'(10)/f(12), f'(15)/f(12), f'(20)/f(12), and f'(25)/f(12), 
Duncans '  multiple new-range analysis is statistically 
meanless because of the low F values. That means that the 
analyzed result would be worthless. Therefore,  the function 
of M O R  = f(MC) would be considered efficient. Several 
functions were used for analysis, and their applicability and 
suitability were compared each other as follows] s-2° 

(1)MOR = f (MC)  = a - b. MC(MC < FSP) (23) 

This is a popularly used linear regression formula, where 
a and b are material constants and positive, However,  be- 
cause the M O R  changing rate with reference to that at 12% 
MC is 

f ' ( M C )  _ b 

f(12) a -+ 12b 

it follows that the six wood species studied provided data as 
follows 

f ' ( M C / )  _ bi i =  1, 2 . . . .  6, j =  1, 2 . . . .  6. (24) 
f(12) a i -  12bi' 

where i = 1 to i = 6 designate the six wood species; and 
j = i to j = 6 designate the six MC conditions (i.e.,j = 1; MC 
= 0 % ; . . . j  = 6; MC = 25%) and a~ and b, are material 
constants for the six wood species studied. The value of 
b](a~ - 12bi) is a constant and is wood-species dependent,  
but it is independent of MC. Hence Duncans '  multiple new- 
range analysis could not be conducted. 

(2)MOR f ( ~ )  a bMC cM--C 2 = = -- -- o r  
(25) 

cMC + b M C + ( M O R - a ) = 0  

physically 0 < MC < FSP (i.e., MC is alway positive 
and real) and M O R  - a < 0 (i.e., M O R  -< a, M O R  
and a, positive and real); hence at MC = 0, MORl~c=0 is the 
maximum value, 
where a, b, and c are material constants, and must be real. 
Mathematically, there are three possible solutions for this 
quartic function: 

(A) If b 2 - 4 (MOR - a)c > 0, the MC (roots) are real 
and unequal, which is physically meaningless because the 
value of M O R  is always less than the value when MC is 
greater than 0%. It is impossible to have a single value of 
M O R  at two different levels of moisture content. Thus, this 
approach must be ignored. 
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(B) If b 2 -- 4(MOR - a)c  < 0, the MC (roots) are 
imaginary and unequal which is also physically meaningless 
because MC is alway real. Hence this solution must be 
excluded. 

(C) If b 2 - 4(MOR - a)c  = 0, the MC (roots) are real 
and equal, which is physically meaningful because only a 
single value of MC exists for the MOR at that MC condi- 
tion. Furthermore, b 2 = 4(MOR - a)c  leads to c, which 
must be negative and real because MOR - a < 0 for all MC 
conditions that are less than 0%. It follows that MC must be 
equal to - b/2c.  Thus b must be positive for a positive value 
of MC, and a is a specified value of MOR. This solution is 
acceptable both mathematically and physically. 

Using the argument described above, it follows that the 
MOR changing rate with reference to that at 12% MC 
condition for the six wood species had a general form as 

f l " ( ~ , )  _ - b i -  2 c i M C i  

f(12) a i - 12b i -  144ci 

where, i = 1 to i = 6 designates the six wood species, and ] 
= 1 to j = 6 designates the six MC conditions. Thus the 
Duncans' multiple new-range analysis could be performed. 
The results are shown in Table 4. 

(3)MOR = ae - 'Mc,  0 <_ MC < FSP (26) 

where a and b are material constants and positive, and a is 
the value of MOR at the oven-dried condition. It follows 
that the MOR changing rate with reference to that at 12% 
MC for the six wood species studied are 

- -  - -  D i e  (27) 

The characteristics of this equation are different with 
that discussed in (2) because it yields only negative values 
(i.e., - b i  < O, b~ is possible). 

The MOR changing rate induced by 1% MC fluctuation 
for six wood species was analyzed using the Duncans' mul- 

Table 4. Duncans' multiple new-range test for strength change rate 
induced by 1% MC change 

Wood Rate of change (%) 
Species 

MOR n MOE b HB c 

Red meranti 1.92 0.57 3.02 
China fir 2.55 0.62 3.49 
Japanese cedar 2.70 0.56 1.10 
Selangan batu 2.89 1.21 1.83 
Western hemlock 2.93 1.20 1.10 
Red oak 3.85 2.50 1.11 

There were six samples for each determination. 
There were no significant differences between the following wood 
species. MOR: red maranti, China fir, Japanese cedar, Selangan batu, 
and western hemlock; on between Selangan batu, western hemlock, 
and red oak. MOE: Japanese cedar, red meranti, and China fir; or 
between western hemlock and Selangan batu. Hs: Japanese cedar, 
western hemlock, and red oak; on between red meranti and China fir. 

tiple new-range method as shown in Table 4. It is evident 
from Table 4 that the MOR changing rate was homoge- 
neous for five wood species (red meranti, China fir, Japa- 
nese cedar, Selangan batu, and western hemlock) and had 
an average value of 2.6%; a larger value of 3.9% was seen 
for red oak. It also was found that the MOR changing rate 
for the six wood species studied were lower than 4%, which 
is commonly accepted by the wood science and technology 
community. 

Oda et al. 21 investigated the relations between MC and 
c~/ja g//(~7/j and a gN represented the compression strength 
parallel-to-grain in air-dried and water-saturated condi- 
tions, respectively). Their results indicated that the rela- 
tions could be represented by a semilogarithmic equation, 
as shown as 

o / / / o g / /  = a - blogMC, (0 < MC) 

where a and b were constants (positive), and they varied 
with wood species. However, at the MC range of 11%-19%, 
the relations between, o~jc~ g// (a15 represented the com- 
pression strength parallel-to-grain in 15% MC), and MC 
could be described by a linear regression. The average value 
of a changing rate for nine conifereous wood species was 
6.3%, which was consistent with the value of 6% used 
in general. However, the study of Oda et al. 2~ showed that 
the distribution ranged from 4.8% (asunaro) to 7.8% 
(akamatsu), suggesting that the variation in wood species 
did exist. 

Effects of moisture content and specific gravity on MOE 

Results from static bending tests indicated that the relations 
among MC, ,Oo, and MOE could be represented by the 
multiregression formula shown in Table 3. It was found that 
a negative correlation existed between MOE and MC, but 
there was a positive correlation between MOE and 0o. 
However, there were no significant effects of MC on MOE 
in Japanese cedar or red meranti. Similarly, there were no 
significant effects of ,Oo on MOE in Western hemlock or red 
oak. 

The MOE changing rate induced by 1% MC fluctuation 
for six wood species was analyzed using the same method as 
described above, and results of Duncans' multiple new- 
range test are showed in Table 4. It is evident from Table 4 
that the MOE changing rate was homogeneous for Japa- 
nese cedar, red meranti, and China fir, with an average 
value of 0.58%; a similar trend was shown in western hem- 
lock and Selangan batu, with an average value of 1.2%. A 
larger value of 2.5 % was shown in red oak. It also was found 
that the MOE changing rate for five wood species studied 
were lower than 2%, a figure commonly used by the wood 
science and technology community, except for red oak. This 
suggests that variation in wood species existed, and the 2% 
value may not be suitable for all wood species. The results 
from our study are in agreement with the findings reported 
by Gerhard ~2 and Ross and Pellerin, 23 in which they 
indicated that below FSP a negative correlation existed 
between MOE and MC. 
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Effects of moisture content and specific gravity 
on hardness 

Results of hardness tests indicated that the relations among 
MC, ~Oo, and Brinell hardness (HB) could be represented by 
multiregression formulas, as shown in Table 3. 

It was found that a negative correlation existed between 
HB and MC, ranging from significant differences (0.05 
level,*) to highly significant differences (0.01 level, **). A 
positive correlation also existed between H B and ~o, but the 
differences were not significant for the three hardwoods 
(red oak, red meranti, and Selangan batu). 

The HB changing rate induced by 1% MC fluctuation for 
six wood species was analyzed using the same method as 
described above. The results of Duncans '  multiple new- 
range test were shown in Table 4. It is evident f rom Table 4 
that the Ha changing rates for Japanese cedar, western hem- 
lock, and red oak can be classified as a homogeneous group, 
represented by an average value of 1.1%. Similar trends 
were showed for red meranti and China fir with an average 
value of 3.3%. Selangan batu had a value of 1.8%. A value 
of 2.5% is generally used for the HB changing rate for the 
longitudinal surface of wood (average of radial and tangen- 
tial faces) induced by 1% MC fluctuation. However,  this 
study suggests that the H B changing rate varied with the 
wood species. 

Correlation among the three strength properties 

1. Under  a constant temperature, the MC of wood 
increases exponentially with an increase of RH. That is, 
the MC of woods could be predicted by the R H  in that 
environment. 

2. Effects of MC and Qo on strength (MOR, MOE,  HB) 
can be represented by multiregression formulas. A negative 
correlation existed between strength and MC, and a posi- 
tive correlation existed between strength and ~o. 

3. Strength can be assumed as an exponential function 
of MC, and the strength changing rate induced by 1% MC 
fluctuation could be obtained by Duncans '  multiple new- 
range analysis. Such rates varied with wood species: 2.6% 
M O R  changing rate was observed in Japanese cedar, China 
fir, western henlock, red meranti, and Selangan batu; it was 
3.9% in red oak. M O E  changing rate of 0.58% was ob- 
served in Japanese cedar, China fir, and red oak; it was 1.2% 
in western hemlock and Selangan batu and 2.5% in red oak. 
An  HB changing rate of 1.1% was found in Japanese cedar, 
western hemlock, and red oak; 3.3% in red meranti and 
China fir; and 1.8% in Selangan batu. 

4. Intercorrelatious among MOR,  MOE,  and HB could 
be represented by positive linear regression formulas. 
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If the MC of the six wood species is neglected, correlations 
among three strength properties could be represented by 
the following positive linear regression formulas: 

M O R  = 5.04 + 0.0094MOE r = 0.88** 
M O R  = 442.62 + 361.78HB r = 0.73** 
M O E  = 60611 + 28486H B r -= 0.61"* 

(28) 
(29) 
(30) 

The correlation coefficients were highly significant at the 
0.01 confidence level, as indicated by the F value test, when 
each wood species was considered individually. They also 
showed positive correlations between M O R  and MOE,  
M O R  and HB, and M O E  and HB for six wood species. 
Concerning the relation between M O R  and MOE,  their 
correlation coefficients ranged from 0.63 (Japanese cedar 
and red meranti) to 0.87 (red oak). They also were shown to 
be highly significant (0.01 level) by the F value test. These 
results are in agreement with results reporetd by many 
wood researchers. 24-2s However,  as to the relation between 
M O R  and HB, their correlation coefficients ranged from 
0.31 (red meranti) to 0.86 (western hemlock); and the corre- 
lation coefficients for M O E  and HB ranged from 0.26 (red 
meranti) to 0.66 (red oak). 

Conclusions 

Based on the above observations, the following conclusions 
can be drawn. 
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