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ABSTRACT

The forest sector plays an important role in the economy and, in these times of sustainability, industries 
need to save natural resources and leverage them as best as possible in order to achieve excellence in 
product quality and win the consumer market. The use of advanced technologies and improvement in  
pre-existing techniques is the most efficient way to understand the raw material, and improve the quality 
of products manufactured and their rational use. The use of nondestructive technologies has proven 
effective in characterizing and assessing wood quality. This work aims to predict certain physical and 
mechanical properties of Pinus caribaea and Eucalyptus grandis, using ultrasound. The research was 
conducted at the University of Brasilia (UNB), in conjunction with the Forest Products Laboratory 
(LPF/SFB) and the State University of Campinas (UNICAMP/SP). The results permit us to state that 
certain physical-mechanical properties of these species can be predicted with ultrasound. The property 
best estimated is density, followed by modulus of elasticity and modulus of rupture.
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INTRODUCTION

Nondestructive evaluation using acoustic waves has been used to estimate the properties of standing 
trees, logs, boards and veneer (Shimoyama 2005); the strength properties of panels (Matos 1997, Matos 
et al. 2000) and to assess poles, timber bridges and other structures, emphasizing direct application at 
the location of assembly (Ross 1999).

The ultrasonic technique stands out as an important tool, with the potential to improve the quality and 
competitiveness of wood. As such, one must understand the phenomenon of ultrasonic wave propagation 
within the material, and establish relationships between the involved variables (Oliveira 2001).

According Ross and Pellerin (1985), the application and measurement of stress waves consists of 
positioning two transducers on the material to be measured, and emitting a wave that travels through the 
material. Wood quality can be directly correlated with velocity, permitting the determination of minor 
discontinuities and the condition of the wood sample.
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Morales (2006) reported the factors that most influence the propagation of ultrasonic waves in solid 
wood are moisture content, the d/λ ratio (where d is the distance traveled by the wave, which may be 
equivalent to the length of the piece, and λ is the wavelength), wave frequency and density. Bucur 
and Böhnke (1994) stated that the propagation of ultrasonic waves is also affected by the geometric 
characteristics of the wood. Several studies (Pelizan 2004, Stangerlin et al. 2009) have demonstrated 
the relationship between these parameters and the mechanical elastic constant of wood and CLL, the 
dynamic constant in the longitudinal direction (parallel to the fibers). The equation for the propagation 
of a wave along the longitudinal axis of the wood is CLL = V²/ρ.

Gonçalez (2001) cites the simplified equation of wave propagation in the principal axes of wood, 
V² = Ei/ρ (where: V is the velocity of propagation of the wave; Ei is the modulus of elasticity (MOE) 
of wood along an axis (longitudinal, radial or tangential) and ρ is the density). In total, there are nine 
equations. When the Poisson coefficient is not taken into account, we have V² = EL/ρ, where EL is the 
Young’s modulus in the longitudinal axis and, according to Sandoz (1990), as close as to MOE as found 
with standard techniques.

Bucur (2006), defines the velocity of propagation as the distance traveled by the ultrasonic wave per 
unit time, and is directly related to wavelength and frequency. 

Gonçalez et al. (2001) estimated the elastic constants of four species of Amazon wood, and observed 
that the ultrasonic velocity in the wood was greater in the longitudinal direction than the radial, which 
is greater than the tangential.

Ballarin and Nogueira (2005) determined MOE of juvenile and mature Pinus taeda wood from the 
dynamic constant CLL, and the results showed good sensitivity of the ultrasonic method (R² ≈ 0.90).

Prediction of wood properties, such as modulus of rupture (MOR) and density is poor according to 
Daniels and Clark III (2006); the best property provided by the method is MOE, since it is directly related 
to the velocity of wave propagation. With dynamic constants, it is possible to establish relationships 
with MOE obtained by destructive testing (Gonçalves and Silva 2003).

This study aims to determine the elastic constant in the longitudinal direction and the velocity of 
wave propagation, using ultrasound to predict certain physical and mechanical properties, such as the 
density and MOE for Pinus caribaea and Eucalyptus grandis.

MATERIALS AND METHOD

This research was conducted at the University of Brasilia, in conjunction with the Forest Products 
Laboratory – LPF/SFB (Forest Service), and the State University of Campinas (UNICAMP) – SP.

In this study, we have used two commercial tree species, Eucalyptus grandis and Pinus caribaea var. 
hondurensis, both 18 years old, from the municipality of Catalão – Goiás. The samples were obtained 
from three 200 mm x 40 mm x 2500 mm (width x thickness x length) boards of each species, which 
were tested for basic density and shrinkage (COPANT 461/72 and COPANT 462/71) and flexure flexure 
in midpoint loading, as standard COPANT 30:1-006/72, performed with a Universal Testing Machine, 
model DL30000, maximum capacity 300 kN, mark EMIC. Testing was done at the LPF/SFB Physics 
and Engineering Laboratory.

Ultrasonic tests were conducted at UNICAMP, using 12 samples of each species. The samples used 
in the ultrasonic measurements, 20 mm x 20 mm x 300 mm (w x t x l; radial x tangential x longitudinal), 
were also used in the conventional bending tests. The ultrasonic equipment used was a Panasonics EPOCH 
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4, with a frequency of 1 MHz, established by the transducers provided. The samples had a longitudinal 
direction and two parallel planar faces (transverse).

For each sample, measurements were made of propagation time (µs) and the velocities were calculated. 
Using the velocity, we calculated CLL and dynamic modulus of elasticity (MOEd) in the longitudinal 
direction (parallel to the fibers), according to Equation 1.

          (1)

Where: 
MOEd : (MPa)
V  : wave velocity (m/s)
ρ12%  : density 12% moisture content (kg/m3)
g  : acceleration of gravity (9.80 m/s2)

The results obtained in conventional tests were analyzed for mean, minimum, maximum, and standard 
deviation. The results were subjected to analysis of variance (ANOVA), at 1% and 5% significance 
levels. The results from conventional tests were correlated with those of nondestructive testing. Pearson 
correlations at 1% and 5%. The Tukey test was used at 5% significance level when necessary. To estimate 
the values of physical and mechanical properties were performed regression analyzes.

RESULTS AND DISCUSSION

The values of density and volumetric, tangential and radial shrinkage of Pinus caribaea and Eucalyptus 
grandis are shown in table 1.

Table 1. Average values for density and shrinkage of Pinus caribaea and Eucalyptus grandis.

Pinus caribaea is considered to be of low density (460 kg/m3), according to Melo et al. (1990) and 
the value obtained is consistent with studies by Bendtsen (1978) and Gonçalez et al. (2008). The mean 
values of tangential, radial and volumetric shrinkage were 8.21, 4.91, and 12.47%, respectively. These 
values are expected for the genus Pinus and, among these data, the radial shrinkage was closest to that 
found in the literature (Gonçalez et al. 2008). The T/R ratio can be considered normal (1.83), although 
this is greater than that described in the literature for this genus (Costa 1996, Gonçalez et al. 2008), 
implying that this wood could present major problems when used in the industry, and must be machined, 
or it will check and warp. 
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Eucalyptus grandis is considered by Melo et al. (1990), as medium density (560 kg/m3) and the 
values in table 1 are consistent with studies by Costa (1996) and Stangerlin et al. (2008). Hillis (2000) 
states that the density limits of younger wood in the genus Eucalyptus are between 400 and 800 kg/m3. 
Our Eucalyptus grandis had shrinkage values lower than those found by Gonçalez et al. (2006), and a 
low T/R ratio.

Table 2 shows data from static bending tests (destructive) and ultrasonic tests (nondestructive).

Table 2. Values in the table should have static bending rather than ultrasonic tests.

The average MOE for Pinus caribaea was 10084 MPa and the upper and lower limits were 11526 
MPa and 8985 MPa, respectively. For MOR of Pinus, the average value was 91 MPa and the upper and 
lower limits were110 MPa and 79 MPa, respectively. The MOR and MOE for Pinus caribaea was close 
to that found by Santini (2000) and Gonçalez et al. (2008).

The average MOE of Eucalyptus grandis was 10546 MPa and the upper and lower limits were 11675 
MPa and 10033 MPa, respectively. Silva (2002), in studying the same species at 20 and 10 years old 
found MOE of 12673 MPa and 7986 MPa, respectively. For MOR of Eucalyptus, the mean value was 
104 MPa and the upper and lower limits were 113 MPa and 94 MPa, respectively.

The mean values of  ultrasonic wave velocity is similar to the literature (Zerbini 2008, Gonçalez et 
al. 2001), with values of 4000-6000 m/s.

The use of ultrasonic velocity to predict properties confirms that with is advocated by Daniels and 
Clark III (2006). Namely, that the best predictive results, among the properties studied for density and 
modulus of elasticity.

From the data obtained, we were able to establish a general relationship of density 12% moisture 
content to longitudinal velocity, as shown in figure 1, with the following:

      
          (2)
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Figure 1. Scatter diagram and regression line between  density at 12% moisture content and 
velocity wave propagation 

Similar results were obtained by Oliveira and Sales (2005), for Pinus caribea, P. elliottii, Eucalyptus 
grandis, E. citriodora, Hymenaea sp and Goupia glabra, confirming the use of wave velocity to predict 
density. For the regressions between MOE and MOR with wave velocity, coefficients of determination 
(R²) of 0.38 and 0.24 were obtained, respectively.

In comparing the dynamic spring constant and MOE, the former is about 1.78 times greater than the 
latter. Ouis (2002) states that this is because of the viscoelastic nature of wood, which is more prominent 
in static bending, and which has been long compared with ultrasonic tests. 

The consequence is that the dynamic elastic constant obtained in ultrasonic testing is generally 
greater than MOE in bending.

Figure 2 shows the scatter plot and regression line between the data for MOE in static bending and 
MOE measured by ultrasonically for Pinus and Eucalyptus. In the data analysis, the extreme points 
(outliers) were ignored. Variance analysis was used to verify the quality of the fitted model as shown 
in table 3.

Table 3. ANOVA for the data of static and dynamic MOE.
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Figure 2. Scatter diagram and regression line between static and dynamic MOE.

The regression line between dynamic and static MOE had an R2 of 0.57, which is not overly high, but 
significant. This result demonstrates the greater value of the ultrasonic technique for MOE. However, it 
did not permit separation of MOE of Pinus and Eucalyptus, since the property values are similar. The 
property coefficients are consistent with those typically found in the literature (Carreira et al. 2006, 
Sales et al. 2004).
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Figure 3. Scatter plots and regression lines between static MOE and their correlation with the 
elastic constant (i), the speed of wave propagation (ii) and dynamic modulus of elasticity (iii), for 

Pinus and Eucalyptus woods.

Figure 3 shows the regression lines between static MOEs and (i) the elastic constant (ii), the propagation 
velocity and (iii) the from 0.45 to 0.47 for Pinus and 0.45 and 0.54 for Eucalyptus. These results are 
similar to those obtained by Daniels and Clark III (2006) in a study of Pinus quality quantification 
and prediction. Moreover, Carreira et al. (2006) obtained a higher coefficient of determination for the 
regression equation for dynamic and static modulus of elasticity, 0.90 for Pinus sp. The values found for 
E. grandis are similar to those reported by Bartholomeu and Gonçalves (2007), comparing beams from 
E. citriodora and E. grandis, of 120 x 60 x 2500 mm in dimension, under saturated conditions (above 
30% moisture content) and air dried (12% moisture content). For E. grandis, correlation coefficients 
of 0.59 and 0.43 (R2 = 0.35 and 0.18) were found, respectively. Moreover, Sales et al. (2004), when 
evaluating Eucalyptus poles, found correlations between static and dynamic MOE with an R2 of 0.61.
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For both species, a good correlation was observed between dynamic and static MOE.

The ultrasonic wave velocity can be used to predict wood density and MOE; for both Pinus and 
Eucalyptus, the correlations were significant - at 1% and 5%, respectively.

Among the advantages of using ultrasound is the possibility of performing evaluation and classification 
of sampled wood pieces in an industrial production line, or for evaluation of the entire line, that is, the 
natural pieces.

CONCLUSIONS

Ultrasonic wave technique may be considered as alternatives to destructive testing in characterizing 
Pinus caribaea var. hondurensis and Eucalyptus grandis.

It is an important tool to infer the nondestructive (dynamic) MOE of wood. Although the values 
of elastic modulus obtained by destructive and nondestructive methods are different because of the 
viscoelastic nature of wood, the ultrasonic method is more rapid and offers an opportunity for much 
greater sampling. The technique also can easily be employed by production personnel.
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