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ABSTRACT 

The effects of moisture content (MC) on the ultrasonic wave velocity, dynamic Young's modulus 
(DMOE), and the mobility of free water during desorption from a water-saturated condition were 
examined for the longitudinal, radial, and tangential directions of Taiwania (Taiwania cryptomerioides 
Hayta) plantation lumber. The ultrasonic wave velocity in the longitudinal and radial direction tended 
to increase with decrease in MC, and the effect of MC on the ultrasonic wave velocity of Taiwania 
lumber below the fiber saturation point (FSP) was stronger than above the FSP Above the MC of 
70%, the ultrasonic wave velocity in the tangential direction tended to decrease with decreasing MC, 
whereas below the MC of 70%, the ultrasonic wave velocity tended to increase with decreasing MC. 

The DMOE curve also showed a significant change around the FSP in a two-stage relationship with 
MC values. Above the FSP, DMOE values tended to decrease rapidly with decreasing MC, whereas 
below the FSP, the DMOE values tended to increase gradually with decreasing MC. The k values for 
the ultrasonic wave propagated through the longitudinal, radial, and tangential direction of Taiwania 
plantation lumber were equivalent to 0.58, 0.33, and 0.01, respectively. Using the effective density 
and ultrasonic wave velocity to calculate the longitudinal, radial, and tangential DMOE, it was found 
that the DMOE tended to remain constant with MC during the MC reducing process from a water- 
saturated condition to FSl? 

Keywords: Taiwania (Taiwania cryptomerioides Hayta), ultrasonic wave velocity, dynamic Young's 
modulus, moisture content, effective density. 
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INTRODUCTION 

Ultrasonic wave is one of the most useful 
nondestructive tools being applied to living 
trees, logs, sawn-timbers, and wood-based ma- 
terials to estimate their strength properties. 
However, when applied to living trees, green 
logs, and green sawn-timbers, the ultrasonic 
wave is significantly affected by water in the 
wood (Mishiro 1996a). Therefore, it is of in- 
terest to understand the effect of moisture con- 
tent (MC) on the ultrasonic wave velocity and 
dynamic Young's modulus (DMOE) of wood 
in the MC range above and below the fiber- 
saturation point (FSP) when estimating some 
physical properties of wood using the ultra- 
sonic wave technique. 

There have been some reports regarding the 
effects of MC, above and below the FSP, on 
the ultrasonic wave velocity in wood. Ger- 
hards (1975) studied the stress wave speed and 
MOE of sweetgum ranging from 150% to 
15% MC. He indicated that both longitudinal 
and flexural stress waves are slowed by the 
increasing MC below FSP, but the effect on 
speed of longitudinal waves is slightly greater 
than on speed of flexural waves. He also in- 
dicated that both types of stress wave DMOEs 
show minimums above the FSP. The minimum 
is much more sharply defined for the longi- 
tudinal wave than for the flexural wave. Below 
FSP, the calculated DMOEs for both types of 
waves increase as MC decreases, as expected. 
Mishiro (1996a, 1996b) also reported the re- 
lationships between ultrasonic wave velocities 
and average MC above and below the FSP in 
the longitudinal and radial directions of certain 
Japanese wood species. 

Young's modulus is a measure of the stiff- 
ness of a material, and it has a strong corre- 
lation with material strength (Booker et al. 

gential ultrasonic waves propagated through 
wood specimens during the desorption stages 
from water-saturated to oven-dried status, and 
to investigate the correlation between DMOE 
and viscoelasticity of free water in the Tai- 
wania plantation wood. 

MATERIALS AND METHODS 

Experimental material 

This experimental plantation is located in 
compartment No 3, Liukuei Experimental For- 
est of the Taiwan Forestry Research Institute 
(TFRI), Kaoshiung Country, Taiwan, R.O.C. 
Three 27-yr-old Taiwania (Taiwania crypto- 
merioides Hay.) plantation trees were selected 
for study by ultrasonic velocity and DMOE. 

The dimensions of specimens for measure- 
ments of ultrasonic wave velocities and 
DMOE in the longitudinal direction were 20 
mm in tangential, 20 mm in radial, and 320 
mm in longitudinal. For measurements in a ra- 
dial direction, they were 20 mm in tangential, 
30 mm in longitudinal, and 100 mm in radial. 
For measurements in a tangential direction, 
they were 20 mm in radial, 30 mm in longi- 
tudinal, and 100 mm in tangential (Fig. 1). The 
number of specimens and their average air- 
dried densities and MC are shown in Table 1. 

Test instrument 

Ultrasonic wave velocities and DMOE were 
measured using a portable ultrasonic nonde- 
structive testing (PUNDIT) meter, at a fre- 
quency of 54 kHz (C.N.C. Electronic LTD). 
The transmitting transducer and the receiving 
transducer were placed facing each other with 
the specimen placed in between, and the travel 
time (transmitting time), as displayed on the 
meter screen, was recorded (Fig. 2). 

1996). Since wood is an anisotropic material, 
the ultrasonic wave velocities and the elastic Measurements of ultrasonic velocities and 

modulus vary in the longitudinal, radial, and DMOE 

tangential direction. In addition, Young's mod- Specimens were treated by the Bethel1 pro- 
ulus also changes with MC. Thus the objec- cess method several times to bring them to the 
tives of this study were to investigate the ef- water-saturated status. Measurements were 
fects of MC on longitudinal, radial, and tan- taken of ultrasonic wave propagated through 
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FIG. 1. Dimensions of specimens. a: for longitudinal transmission; b: for radial transmission; c: for tangential 
transmission; L: direction of measurement. 

the longitudinal, radial, and tangential direc- 
tion of specimens. They were conducted each 
time when a weight loss of 10-15 g for each 
longitudinal specimen and 5-8 g for each ra- 
dial and tangential specimen occurred from 
water-saturated to FSP. 

The detail of the test is shown in Fig. 2. 
The ultrasonic wave velocity (Vu) was mea- 

sured by Eq. ( I ) ,  

where L = length of the specimen, and T = 

travel time of the pulse through specimen. 

The dynamic modulus of elasticity (DMOE) 
was derived from the equation expressed as 
follows (Wang and Chuang 2000): 

DMOE = ( V U ) ~  X plg (2) 

Where Vu was the velocity of ultrasonic 
wave in the longitudinal, radial, and tangential 
direction (mls), and p was the bulk density (gl 
cm3), g was acceleration of gravity (9.8 rn/s2), 
respectively. 

When the moisture content (MC) of speci- 
mens dropped below the FSP, the ultrasonic 
wave tests were conducted every time a 

TABLE I. Fundamental data o f  three different type specimens of Taiwania in air-dried condition. 

Density Ultrasonic Dynamic modulus 
Air-dned density (oven-dry weight,' Moisture content wave velocity of elasticity X lo2  Numher of 

Spectmen5 (glcm') green volume) (‘70) ( d s e c )  (kgf/cm2) speclrnens 

Longitudinal direction 0.41" 0.335 14.83 4803.5 95.2 50 
(0.03)b (0.03) (1.01) (236.5) (8.5) 

Radial direction 0.42 0.354 14.55 2535.3 27.9 20 
(0.03) (0.03) ( 1.02) (67.9) (2.6) 

Tangential direction 0.42 0.345 14.43 1550.6 10.3 3 1 
(0.02) (0.02) (0.29) (106.2) (1.8) 

.' Average values. 
Number In ( ) 1s standard devlat~on. 
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T.T. R.T. - 
FIG. 2. Measuring method for ultrasonic velocity and 

dynamic modulus of elasticity of wood specimen. L: 
length of specimen; T.T.: transmitting transducer; R.T.: re- 
ceiving transducer. 

weight loss of 2-4 g for each longitudinal 
specimen and 1-2 g for each radial and tan- 
gential specimen occurred. 

MC during the test was calculated as fol- 
lows: 

Where MCu(%) was the MC of the test spec- 
imens in various test stages (%), Wu was the 
specimen weight of various test stages 
kg) and Wo was the oven-dried weight of 
specimens during the last test condition 
kg). 

Measurement of ejjicient density and 
adjusted DMOE above FSP 

The DMOE tends to decrease gradually 
with a decrease in MC above the FSP. This 
phenomenon contradicts the fact that the phys- 
ical and mechanical properties of wood remain 
fairly constant when MC is above the FSP. 
Therefore, it is necessary to adjust the DMOE 
in the MC range above the FSP using the ef- 
fective density when estimating certain phys- 
ical properties of wood by ultrasonic wave. 

The effective density (p,,) of wood with 
MC greater than the FSP may be expressed by 
Eq. (4) (Sobue 1993). 

where 

MCu = moisture content, 
k = empirical values ranging from 0.0 to 

1.0, and 
p, = density of the specimen in oven- 

dried condition. 
The ultrasonic wave velocity (V) could be 

calculated by Eq. (5) 

v = -fS (5) 

where EM = dynamic Young's modulus of 
specimen at the FSP. 

The least-squares method was used to 
search for the optimal k value of free water 
mobility, which was fit for ultrasonic wave. 
Then, the adjusted dynamic Young's modulus 
(DE) above the FSP can be calculated by Eq. 
(6) 

DE = V2 X peff/g (6) 

RESULTS AND DISCUSSION 

Effects of moisture content on ultrasonic 
wave velocity 

Figures 3-5 showed the relationship be- 
tween ultrasonic velocity and MC in the lon- 
gitudinal, radial, and tangential direction dur- 
ing desorption from a water-saturated condi- 
tion to oven-dried status for Taiwania lumber. 
During the desorption stage (Figs. 3-4), the 
ultrasonic wave velocity increased with a de- 
crease of MC and could be expressed by a 
second-order regressive relationship, the de- 
termined coefficient (R2) being 0.98 and 0.91 
as shown in Table 2. Statistically the ultrasonic 
wave propagated velocity with MC correlation 
was significant (0.01 level). This was in ac- 
cordance with previous reports (Bucur 1995; 
Chuang 1999; Nakamura and Nanami 1993; 
Wang 1984; Wang and Chuang 2000). In other 
words, the ultrasonic-wave velocity propagat- 
ed through wood substance increased with the 
MC reducing process from the water-saturated 
to the oven-dry condition. 

A typical graph for the tangential specimens 
is shown in Fig. 5. For the tangential speci- 
mens, the velocity decreases with decreasing 
MC from the water-saturated condition to 
70%, but from 70% to oven-dry, the velocity 
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0 30 60 90 120 150 180 210 240 

FSP MC (%) 270 1 
FIG. 3. Relationship between ultrasonic velocities and MC in the longitudinal direction. 

again increases. During the desorption stage, Figures 3-4 also showed a significant point 
the ultrasonic velocity and MC could be rep- in ultrasonic velocity around the FSP reflected 
resented by a third-order regressive relation- as a two-stage linear relationship; thus, the ef- 
ship, the determining coefficient (R2)  being fects of MC on ultrasonic velocity below and 
0.89 as shown in Table 2. above the FSP were different. The velocity of 

0 30 60 90 120 150 180 21 0 240 

FSP MC (%) 

FIG. 4. Relationship between ultrasonic velocities and MC in the radial direction. 
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TABLE 2. The equations ,for the relations between ultrusonic wave velocit)? ( V )  und MC of various specimens 

Coefficient? 
of determi- 

Specimens Moisturc content (MC) Equation.. nation ( R 2 )  F value 

Longitudinal 0%-240% V = 0.03(MC)2 - 14.26(MC) + 5098.7 
>FSP V = -5.79(MC) + 4622 
<FSP V = 24.91(MC) + 5249.6 

Radial 0%-220% V = 0.04(MC)* - 10.74(MC) + 2684.1 
>FSP V = -1.25(MC) + 2223.3 
<FSP V = - 18.71(MC) + 2799.4 

Tangential 0%-230% V = 0.0003(~C)'  + 0.132(MC)' - 15.556(MC) + 1738.4 
>FSP V = 1.46(MC) + 1210.1 
<FSP V = - 16.87(MC) + 1769.1 

Notes: V In mls and MC in '7. 
**and ' - 1  rcpreqent \~gn~l icant  (0.01 Ievcl) and no significant difference by F value te\t. re\pectlvely 

the ultrasonic wave increased slowly with de- 
creasing MC above the FSP, but rather abrupt- 
ly below FSP; their relationships between ul- 
trasonic wave velocity and MC were ex- 
pressed by the linear regression as shown in 
Table 2. It was also found that the effects of 
MC on the ultrasonic wave velocity propagat- 
ed through the tangential direction were dif- 
ferent, compared to those of the longitudinal 
and radial direction as shown in Fig. 5. 

Chuang (1 999) indicated that the path of ul- 
trasonic wave propagation in wood was via its 

solid i.e., cell-wall substance; and the effect of 
free water in cell cavities on the ultrasonic 
wave velocity was indirect when MC was 
above the FSP. The ultrasonic wave velocity 
changed rapidly with MC below the FSP. 
Mishiro (1996b) indicated that during the de- 
sorption from water-saturated conditions, the 
patterns of ultrasonic wave velocities versus 
average MC in the radial and longitudinal di- 
rections varied very much with species and 
could be divided into three groups. Kodama et 
al. (1 996) and Booker et al. (1996) reported a 

FIG. 5.  Relationship between ultrasonic velocities and MC in the tangential direction. 
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140 / -u- M E  calculated from bulk denrity(p) 

130 1 -+- DMOEcalculaled from effective densly(peff) 

FIG. 6. Relationships between the corrected DMOE and MC in the longitudinal direction 

linear relation between increasing sound ve- 
locity and decreasing MC when MC was be- 
low the FSP. The sound velocity decreased ex- 
ponentially when free water existed in wood. 
Similarly, Sakai and Takagi (1993) reported 
that the velocity of ultrasonic waves decreased 
relatively rapidly with an increase in MC rang- 
ing from 0% to 30%, but relatively slowly 
with MC from 30% to 170%. 

Effect of moisture content on the dynamic 
Young's modulus 

The relationships between dynamic Young's 
modulus (DMOE) and MC in longitudinal, ra- 
dial, and tangential directions obtained from 
Eq. (2) are shown in Figs. 6-8. The curves 
also show a significant change around the FSP 
in a two-stage linear relationship. In the first 
stage, DMOE values decrease rapidly with de- 
crease in MC above the FSP, whereas in the 
second stage, the DMOE values increase as 
MC decreases below FSP This result is similar 
to the findings reported by Booker et al. 
(1996), Bucur (1995), and Sakai and Takagi 
(1993). This result contradicts the usual as- 

sumption that physical and mechanical prop- 
erties of wood remain fairly constant when 
MC is above FSl? 

Chuang (1999) and Wang and Chuang 
(2000) reported that above the FSP, wood den- 
sity and DMOE decreased with decrease in 
MC. Although ultrasonic wave velocity in- 
creases slightly with decrease in MC above the 
FSP, the reverse trend in DMOE may be due 
to the fact that wood density is used to cal- 
culate DMOE. DMOE values were calculated 
using the parameter of density. Thus, the ef- 
fect i f  free water in the cell cavity on the ul- 
trasonic wave velocity needs further study in 
order to evaluate wood quality in living trees 
more efficiently by ultrasonic wave. 

Effect qf the ,free water in cell cavity on 
ultrasonic-wave velocity 

The effective density and ultrasonic wave 
velocity at various test stages were substituted 
into the theoretical equation in order to cal- 
culate the DMOE, which tended to remain 
constant as MC was reduced from a water- 
saturated condition to the FSP The effective 
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-13- DMOE calculated from bulk density(p) 
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u DMOE calculated from effective density(peff) 
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FIG. 7 .  Relationships between the corrected DMOE and MC In the radial direction. 

u DMOE calculated from bulk density(p) 

-c- DMOE calculated f rorn effective density(peff) 

FIG. 8. Relationships between the corrected DMOE and MC in the tangential direction. 
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FIG. 9. Relationships between moisture content and velocity for ultrasonic wave to calculating the optimum value 
of the mobility of free water for the longitudinal specimens. 

density (p,,) above the FSP may be calculated 
by Eq. (4) (Sobue 1993), which defines the 
"k" value as the ratio of the weight of free 
water vibrating simultaneously with wood 
cell-wall substance to the weight of total free 
water. Above the FSP, the mobility of free wa- 
ter can be expressed by k values. 

When the MC is above the FSP, k values 
are defined as 0 5 k 5 1. When k = 0, all 
free water vibrates adversely with the cell-wall 
substance; when the k = 1, all free water vi- 
brates simultaneously with the cell-wall sub- 
stance. When k value increases, the relation- 
ship between the effective density and MC is 
significant (Chuang 1999; Wang and Chuang 
2000). 

The average of MC at various test stages 
and the average oven-dried densities measured 
from the Taiwania specimens were substituted 
into Eq. (4) to calculate effective density, us- 
ing k values from 0.0 to 1.0. The effective 
densities were further substituted into Eq. (5) 
to calculate ultrasonic wave velocities at var- 
ious MCs. The least-squares method was used 

for searching the optimal k value of free water 
mobility. The relationships between the ad- 
justed longitudinal, radial, and tangential ul- 
trasonic wave velocities and MC above FSP 
for Taiwania specimens at various k values 
show that the empirical curves for k = 0.58, 
0.33, and 0.01 best fit the actual curves. Re- 
lationships between the experimental velocity 
and the velocity of various test stages obtained 
by equations with MC are shown in Figs. 9- 
1 1 .  These values were somewhat lower than 
those of 0.78 and 0.79 for Japanese cedar and 
Hinoki at 200 kHz reported by Sobue (1993), 
and 0.7 for Japanese cedar at 16 kHz reported 
by Chuang (1999) and Wang and Chuang 
(2000). However, it was obvious that more 
free water vibrated simultaneously with cell- 
wall substance when the ultrasonic wave was 
in the longitudinal direction than when it was 
in the radial or tangential direction. This con- 
firms that the attenuation coefficients increase 
with the frequency of both longitudinal and 
shear waves. Attenuation is lowest in the lon- 
gitudinal direction and highest in the tangen- 
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I --c experimnt 1 1  

FIG. 10. Relationships between moisture content and velocity for ultrasonic wave to calculating the optimum value 
of the mobility of free water for radial specimens. 

FIG. 11. Relationships between moisture content and velocity for ultrasonic wave to calculating the optimum value 
of the mobility of free water for tangential specimens. 
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TABLE 3. The ultrasonic wave properties of three different type specimens of Taiwania above the FSP. 

Adjusted 
Moisture content Ultrasonic wave velocity Dynamic modulus of Effective density DMOE X 10' 

Specimens ( % I  (mlsec) elasticity X 10' (kgf/cm2) (mlsec) (kgf/cm2) 

Radial direction 

Longitudinal direction 29.9" 
43.8 
74.1 

111.4 
139.8 
166.0 
187.5 
237.8 

30.3 
5 1.6 
99.73 

138.5 
165.6 
189.0 
207.1 

Tangential direction 40.6 
108.8 
153.4 
183.7 
207.8 
228.3 

'' Average values 
Number in ( ) is standard deviat~on. 

tial direction of wood. The attenuation illus- that the physical and mechanical properties of 
trates that the higher internal friction is ob- wood remain fairly constant beyond the FSF? 
served in the tangential direction (Bucur It is strongly recommended to use the effective 
1995). density and adjusted DMOE in the MC range 

above the FSP when estimating physical prop- 
The adjusted dynamic Young's modulus for erties for living trees, logs, and sawn-timbers 

ultrasonic wave by ultrasonic wave. The variation of ultrasonic 

Skaar (1988) indicates that below the FSP 
the mechanical properties of wood appear to 
increase with decreasing MC, whereas above 
the FSP, the mechanical properties were in- 
dependent of MC. 

Using k = 0.58, 0.33, and 0.01, the effec- 
tive densities and ultrasonic velocities at var- 
ious stages were substituted into Eq. (6) to cal- 
culate the dynamic Young's moduli in the lon- 
gitudinal, radial, and tangential directions. 
Figures 6-8 show the relationships between 
the adjusted dynamic Young's modulus (DE) 
measured from apparent and effective densi- 
ties and average MC. The adjusted dynamic 
Young's moduli remain constant above the 
FSP This result is in agreement with the fact 

wave velocity, DMOE, and adjusted DMOE 
with different MC stages in the three different 
type specimens are shown in Table 3. 

CONCLUSIONS 

The effects of average MC on the ultrasonic 
velocity, dynamic Young's modulus, and the 
mobility of free water during desorption from 
a water-saturated condition were examined for 
Taiwania plantation lumber. The results are 
summarized as follows: 

1) The ultrasonic wave velocity in the longi- 
tudinal and radial directions tended to in- 
crease with a decrease in MC. The rela- 
tionship could be expressed as a second- 
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order equation. The effect of MC below 
FSP on ultrasonic wave velocity was stron- 
ger than that above the FSF? 

2) The ultrasonic wave velocity in the tangen- 
tial direction tended to decrease with de- 
creasing MC to 70%; below 70%, the ul- 
trasonic wave velocity tended to increase 
with decreasing MC. 

3) The DMOE versus MC curve showed a 
significant change point around the FSP- 
that is, above the FSP, DMOE values tend- 
ed to decrease rapidly with a decrease in 
MC, whereas below the FSP, DMOE val- 
ues tended to increase gradually with de- 
crease in MC. 

4) The k values for ultrasonic waves in the 
longitudinal, radial, and tangential direc- 
tions of Taiwania lumber were estimated to 
be 0.58, 0.33, and 0.01, respectively. This 
suggested that above the FSP there is about 
58%, 33%, and 1 % of free water vibrating 
simultaneously with the cell-wall substance 
when subjected to ultrasonic pulse. 

5) The adjusted DMOE tended to remain con- 
stant with MC during the desorption pro- 
cess from the water-saturated condition to 
the FSF? This result is in agreement with 
the fact that the physical and mechanical 
properties of wood remain fairly constant 
when the MC is above the FSP. 
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