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In biomechanical analyses, computational models are essential tools for 
simulating the behavior of a tree subjected to a load. However, such 
models allow only approximation of the actual behavior of the tree if the 
elastic parameters of the wood in different tree parts (stem, branches, and 
roots) and at least orthotropic behavior are not considered. In addition, as 
the wood is green, the parameters of strength and stiffness must be 
adequate for this level of moisture. However, even for stem wood, 
knowledge of elastic properties is not available for most species used in 
urban tree planting, and this scarcity of information is even greater for 
wood branches. The objective of this research was to evaluate 
methodology, based on wave propagation, in characterizing the 12 elastic 
constants of wood from branches. Complementarily, compression tests 
were performed to characterize the strength. The obtained elastic 
parameters using ultrasound tests were comparable with the values 
expected based on theoretical aspects related to the behavior of the wood. 
The results of the compression test complemented the ultrasound 
characterization, but the application of this method for the complete 
characterization of the elastic parameters is not feasible for tree branches 
because of their small size. 
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INTRODUCTION 
 

Lack of knowledge about the mechanical properties of wood from species used in 

urban arborization and of green wood has been an important obstacle to the development 

of studies related to biomechanics (Cavalcanti et al. 2018). This lack of knowledge is 

related to the small or nonexistent commercial appeal of these species and of the green 

moisture condition because they are not important for the construction sector, which is the 

primary area of demand for mechanical properties. This lack of knowledge is even worse 

for wood branches (Casteren et al. 2013).  

One aspect of great importance in biomechanical studies of trees is wood stiffness 

because this parameter is responsible for the response of wood to the strain and 

displacements of its limbs (trunk, branches, and roots) when subjected to actions such as 

self-weight, wind, or snow. Aspects related to stiffness are also important for the movement 

of animals, such as monkeys, in trees because branches with great flexibility hinder the 

movement of animals by requiring a greater energy expenditure (Casteren et al. 2013).  
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As in the case of stiffness, strength properties are important in biomechanical 

studies of trees because they are related to the rupture of branches, trunks, and roots. 

Casteren et al. (2013) note that this property is also greatly important for animals that use 

tree branches to build their nests and to move around.  

Because of the current need for a better use of natural resources, research has been 

carried out to analyze the physical and mechanical properties of wood branches, including 

for structural utilization (Dadzie et al. 2016). This study was carried out with wood at 

equilibrium moisture content, consistent with most of structural applications. Nevertheless, 

information about the mechanical properties of branches under green conditions and from 

species used in urban arborization is scarce. In searching for literature on the stiffness of 

green branches, important contributions were found from studies of monkey behavior 

(Thorpe et al. 2007; Gilman et al. 2011). The flexibility of the branches has a great 

influence on the mobility of animals, but no literature data are available. Current studies 

related to biomechanics that aim to analyze a tree's behavior as a structural element have 

proposed the use of computational models that allow simulation of this behavior (Lang and 

Kaliske 2013; Martinez and Dias 2016). However, the use of more complex models that 

are able to more closely approximate the actual condition of the tree requires knowledge 

of the complete elastic properties (compliance matrix), not the properties in only 

longitudinal direction as is generally found. If one considers wood to be an orthotropic 

material, this means knowing 12 elastic constants.  

The 12 elastic constants of wood (three longitudinal modulus, three shear modulus, 

and six Poisson’s ratio) can be obtained using static tests but the methodology is expensive 

and laborious because it is necessary to use 6 specimens for one test – 3 specimens obtained 

in axes and 3 specimens obtained out of axes and around 36 strain-gages (Sinclair and 

Farshad 1987). So, researchers around the world were trying to obtain other techniques and 

methodologies to obtain these wood constants. The theoretical basis to obtain these 

constants using wave propagation was proposed by Christoffel in the 1800s and, driven by 

technological advances in transducers, authors have resumed studies with the goal of 

proposing methodologies based on this theory to obtain the complete characterization of 

wood (Preziosa et al. 1981; Preziosa 1982; Bucur and Archer 1984, Bucur and Perrin 1988; 

François 1995; Bucur and Rasolofosaon 1998; Gonçalves et al 2011a; Ozyhar et al. 2013; 

Gonçalves et al. 2014; Vázquez et al. 2015). 

Considering the mentioned aspects, the objective of this paper was to present a 

methodology, associating ultrasound and compression test, and preliminary results for the 

complete elastic characterization of wood from tree branches of species used in urban 

arborization. The experimental design consisted of 80 specimens (37 for ultrasound tests 

and 43 for compression tests) collected from 16 pieces of branches obtained from 2 or 3 

fork levels on six species of urban trees. 

 
 
EXPERIMENTAL 
 
Materials 

For the seven trees sampled, pieces of branches were removed from the 2 or 3 first 

fork levels (Fig. 1). The trees sampled were obtained in urban areas of Campinas, São 

Paulo, Brazil. Campinas' climate is tropical in altitude (type Cwa according to Köppen), 

with a decrease in winter rainfall and an average annual temperature of 20.7 ° C, with mild, 

dry winters and rainy summers with moderately high temperatures. The warmest month in 
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February has an average temperature of 23.4 ° C and the coldest month in July is 17.2 ° C. 

Fall and spring are transitional seasons. The average rainfall is approximately 1350 mm 

annually, concentrated between October and March, with January having the most 

precipitation (226 mm). 

 
 

 
 

Fig. 1. Schematic of the locations of the pieces removed from branches at different fork levels 
and of the ultrasound (polyhedral) and static compression (prismatic) test specimens 
 

The adoption of 2 or 3 fork levels depended on the diameter of the branch because 

it was necessary that the branch size was sufficient for the removal of the specimens. 

Polyhedral and prismatic specimens were obtained from each branch section for ultrasound 

and static compression tests, respectively (Fig. 1), according to the sampling indicated in 

Table 1.  
 

Table 1. Number of Specimens Used in the Ultrasound and Static Compression 
Tests for Each Species and Fork Level 
 

SPECIES TREE FORK 1 FORK 2 FORK 3 TOTAL SPECIMENS 

ULTRASOUND 

Schinus terebinthifolia  1 2 2 2 6 

Inga sessilis 1 2 2 0 4 

Swietenia sp. 1 2 2 0 4 

Gallesia integrifolia 1 2 2 2 6 

Schinus molle  2 
2 
4 

3 
2 

0 
0 

5 
6 

Acrocarpus 
fraxinifolius 

1 3 3 0 
6 

TOTAL 7 17 16 4 37 

STATIC COMPRESSION 

Schinus terebinthifolia  1 4 4 4 12 

Inga sessilis 1 2 2 0 4 

Swietenia sp 1 5 2 0 7 

Gallesia integrifolia 1 2 2 2 6 

Schinus molle  2 
2 
4 

3 
2 

0 
0 

5 
6 

Acrocarpus 
fraxinifolius 

1 2 2 0 
4 

TOTAL 7 21 16 6 43 
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The minimum dimension of the specimen for the ultrasound test (polyhedral) is 

limited by the diameter of the transducer, which needs to be circumscribed to the face and 

by the theoretical bases of the waves propagation infinite media; this depends on the 

relationship between the length of wave propagation by the wave length (Bucur 2006). For 

the compression tests (prismatic specimens) the dimension was established based on the 

Brazilian Standard (ABNT NBR 7190) that indicate length 3 times the dimension of the 

edges.  

The polyhedral specimens were produced using firstly a lathe machine to make a 

cylinder, allowing have the axes (longitudinal, radial, and tangential) to be well targeted. 

A milling tool was used with the cylinder to cut the angles necessary to produce the 26 

faces of the polyhedron.  

 

Methods 
Ultrasound tests 

Ultrasound tests were performed according to methodology used by this research 

group in the characterization of timber under equilibrium conditions (Gonçalves et al. 

2014; Vazquez et al. 2015). This methodology can be regarded as adequate for the 

characterization of timber because by using just one polyhedral specimen (Fig. 1) it is 

possible to obtain the complete stiffness matrix, whose inverse allows the calculation of 

the compliance matrix. The compliance matrix allows calculation of the 12 elastic 

constants of the wood: modulus of elasticity in the longitudinal (EL), radial (ER), and 

tangential (ET) directions; shear modulus in the radial-tangential (GRT), longitudinal-

tangential (GLT) and radial-tangential (GRT) planes; and the 6 Poisson ratios (RL, TL, 

LR, TR, LT, and RT). For the wave propagation measurements, ultrasound equipment 

(Epoch 1000 series, Olympus, USA) and 1-MHz longitudinal and shear wave transducers 

were used.  

The polyhedral specimen had nominal dimensions of 50 mm edges. These 

dimensions allow the transducer to completely bind to the face of the specimen, minimizing 

signal losses (Bucur 2006). Starch glucose was used as a coupling medium in all tests 

because it minimized signal losses, especially for shear waves (Gonçalves et al. 2011b).  

For the test, the longitudinal transducers were positioned on the specimen faces 

parallel to the axis (Fig. 2a), allowing the propagation and polarization of the wave on the 

main axes: L (longitudinal), R (radial) or T (tangential). From these tests, the velocities 

VLL, VRR, and VTT were obtained. Similarly, the shear transducers were positioned on the 

same faces of the specimen, allowing propagation on one of the main axes, L, R or T, and 

perpendicular polarization. With these measurements, the velocities VLR, VLT, VRL, VRT, 

VTR, and VRT were calculated. The first index corresponds to the propagation direction and 

the second the polarization direction. Considering the theoretical aspects related to the 

symmetries of stresses and strain accepted in orthotropic materials, the velocities Vij should 

be equal to Vji. In practice, there are small differences because the growth rings are not 

perfectly positioned nor totally free of curvature in the transverse section of the specimens. 

Thus, for the calculations, the average of the velocities obtained in Vij and Vji is adopted. 

To obtain the velocities outside the symmetry axes, the transducers were positioned on the 

inclined faces to each of the planes (Fig. 2b).   
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a b 

Fig. 2. Example of the ultrasound tests on the main axes (a) and at 45° angle to the main axes (b). 
Source: Non-Destructive Testing Laboratory, FEAGRI/UNICAMP 

 

Using the velocities obtained in the tests carried out along the symmetry axes 

(straight faces of the specimens), the stiffness coefficients of the diagonal of the matrix 

(Equation 1) were calculated, 
 

Cii = .Vii
2                                                                                                     (1) 

 

where i = 1, 2, 3, 4, 5 and 6;  = density; and V = velocity of wave propagation. 

In general, bulk density (ap) is used in Eq. 1. However, for green wood, large 

elastic constants will be obtained using ap, resulting in stiffness coefficients incompatible 

with theoretical basis from what it is expected uniform elastic constants above fiber 

saturation point (around 30% moisture content). Effective density can be used to obtain 

uniform elastic constants obtained by ultrasound for green wood (Sobue 1993; Mishiro 

1996a,b; Wang et al. 2002; Gonçalves and Costa 2008), but its calculation requires 

ultrasound tests in different moisture content to obtain, by least squares method, the optimal 

k value that represents the free water mobility. So, to simplify the calculations and 

minimize the effect of moisture content on the stiffness coefficient, the basic moisture 

content was adopted in Eq. 1.  

The three off-diagonal terms (C12, C13, and C23) were obtained using the Christoffel 

equations (Eqs. 2, 3. and 4). For this, the velocities obtained in the inclined faces of the 

polyhedron, as previously described, were used. 

 

(C12 + C66) n1 n2 =  [(C11 n1
2 + C66 n2

2 -  V 2) (C66 n1
2 + C22 n2

2 -  V 2)]1/2  (2) 

 

(C23 + C44) n2 n3 =  [(C22 n2
2 + C44 n3

2 -  V 2) (C44 n2
2 + C33 n3

2 -  V 2)]1/2  (3) 

 

(C13 + C55) n1 n3 =  [(C11 n1
2 + C55 n3

2 -  V 2) (C55 n1
2 + C33 n3

2 -  V 2)]1/2   (4) 

 

In Eqs. 2 through 4,  = wave propagation angle (out of symmetric axes); n1 = 

cosine , n2 = sine , and n3 = 0 if  is taken with respect to axis 1 (Plane 12); n1 = cosine 
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, n3 = sine , and n2 = 0 if  is taken with respect to axis 1 (Plane 13); and n2 = cosine , 

n3 = sine , and n1 = 0 if  is taken with respect to axis 2 (Plane 23). 

As using the generalize Hooke’s Law, the stiffness matrix is equal to the inverse of 

the compliance matrix, the stiffness matrix was inverted to obtain the compliance matrix, 

and all the elastic parameters of the wood in the branches were calculated according to 

elasticity theory. 

 

Compression tests 

The static compression tests were performed to obtain the strength (fc) because this 

parameter is not obtained from the ultrasound test. However, the specimens were analyzed 

with extensometers to measure the longitudinal strain, also enabling the determination of 

the modulus of elasticity in the longitudinal direction (EL). The EL value was later 

compared with those obtained by ultrasound. In cases where it was possible to obtain 

specimens with well-directed growth rings in the radial and tangential directions, the 

specimens were also analyzed in these two directions, allowing the calculation of the 

Poisson ratios LT and LR. Importantly, for the determination of the 12 elastic constants 

of the wood using the compression test, it was necessary to analyze 6 specimens for each 

replication: three specimens on the symmetry axes (L, R, and T) for the longitudinal elastic 

moduli and Poisson’s ratio determination and another 3 specimens should be drawn at an 

angle with each of the symmetry planes (LR, LT, and RT) for the shear modulus 

determination. Considering the small size of the branches, the removal of these 6 specimens 

was unviable. For this reason, only the specimen whose loading direction coincided with 

the longitudinal direction was used for the compression test. 

The compression tests were performed in a universal test machine (DL 30000, 

EMIC, Brazil). The strain was obtained using electric resistance strain gauges (KFG-5-

120-C1-11, KYOWA, Japan) with a length of 5 mm, gage factor of 2.10 +/- 1.0% and gage 

resistance of 119.8 +/- 0.2 Ω. For each direction, strain gauges were attached to two parallel 

faces of the specimen (Fig. 3). Both the load cell and the terminals of the strain gauges 

were coupled to a data acquisition system (Spider8, HBM, Germany) that allowed 

automated readings of load and strain. The compression test was performed on 30 mm x 

30 mm prismatic specimens with a length of 90 mm. The test methodology (speed and load 

cycles) was performed according to NBR 7190 (1997). The Young’s moduli in the 

longitudinal direction (EL) were determined from the slope of the stress/strain curve 

(L/L), and the data were fitted such that the curve was linear in a section between 

approximately 20% and 60% of the maximum stress with a determination coefficient (R2) 

above 0.99 UNE 56535 (1977). The Poisson ratio was calculated from the relations 

between the radial and longitudinal strain (LR) and between the tangential and longitudinal 

strain (LT) within the same linear stretch.  

 

Basic density determination  

The same specimens used for the compression test were used for the determination 

of basic density. Therefore, the basic density of wood from branches of each species and 

at different fork levels was calculated using the relation between the green volume and 

oven-dried mass. The results are used in Eq. 1 to do the stiffness coefficient calculations.  
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Results analysis  

The parameters obtained from the ultrasound and compression tests were initially 

analyzed considering, if available, values from the literature. Because of the scarcity of 

data on the wood parameters for tree branches of urban tree species, the results were also 

analyzed using relationships between parameters proposed considering the expected 

behavior of the wood. This procedure allows evaluation of the presence of distorted results 

or results that are far from the expected values, according to theoretical conditions of an 

orthotropic material.  

To compare the results of the longitudinal elastic modulus (EL) and the Poisson 

coefficients (LR and LT) determined from the ultrasound and static compression tests, the 

confidence interval (CI) of the difference between the means was used for each species. In 

this test, if the CI contains zero, there is no statistically significant difference between the 

means obtained in the two tests, with a confidence level of 95%. To verify the existence of 

groups of species with statistically equivalent longitudinal and shear moduli and Poisson 

ratios (LR and LT), an analysis of variance (ANOVA) was used. This statistical test 

decomposes the variance of the parameter under analysis into two components: within 

group (same species) and among groups (different species). If there was a significant 

difference, the multiple range test was applied to verify which species were significantly 

different. The same statistical analysis was used for each species to evaluate the variation 

in the density and longitudinal modulus of elasticity (ultrasound and compression) at 

different levels of branch forks.  

 

 

RESULTS AND DISCUSSION 
 

The individual results for the longitudinal elastic moduli (EL) of the tree branches 

on different species obtained by ultrasound ranged from 1675 to 6522 MPa, while those 

obtained by static compression varied from 2100 to 6600 MPa. These results are 

comparable, in order of magnitude, with those obtained by Casteren et al. (2013), who 

studied 30 green branches from 10 species of tropical hardwood, of which the longitudinal 

elastic modulus obtained in static bending tests (EM) ranged from 900 to 4000 MPa.  

In general, the variability of the elastic parameters obtained in the static 

compression test was higher than that obtained by ultrasound (Table 2), as also observed 

for wood from trunk (Gonçalves et al. 2011, 2014). But for our results (Table 2), both 

(static and ultrasound) were higher than those obtained for wood from the trunk (Gonçalves 

et al. 2011, 2014), especially for the Poisson coefficients. Caresten et al. (2013) also 

observed great variability in the longitudinal elastic modulus within the same species and 

even the same branch. These authors’ results show the modulus of elasticity ranging from 

1500 to 3000 MPa (average of approximately 2300 MPa) in bending tests using specimens 

taken at different axial positions of the branch. This great variability may be related to the 

branches’ need to maintain an inclined equilibrium position along the annual increment of 

their own weight, promoting a negative gravitropic correction (Wilson 2000) that induces 

the production of differentiated tissues called reaction wood. Tsai et al. (2012), analyzed 

15 branches from eight hardwood species and observed that, in contrast to the inclined 

trunks, the area of reaction wood is located in the inferior part of the branches and 

gelatinous fibers form in this zone.  
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Table 2. Average Results for the Modulus of Elasticity in the Longitudinal (EL), 
Radial (ER), and Tangential (ET) Directions; Shear Modulus in the Tangential-radial 
(GTR), Tangential-longitudinal (GTL) and Longitudinal-radial (GLR) planes; and 
Poisson ratios on the Tangential-radial (νTR and νRT), Tangential-longitudinal (νTL 
and νLT) and Longitudinal-radial (νRL and νLR) Planes Obtained from Ultrasound and 
Compression Tests 
 

Test 
EL  

MPa 
ER 

MPa 
ET 

MPa 
GTR 

MPa 

GTL 

MPa 
GLR 

MPa  
νRL νTL νLR νTR νLT νRT 

Schinus terebinthifolia  

Ultrasound  
2563 
(14.9) 

489 
(50.3) 

400 
(43.5) 

111 
(32.0) 

311 
(12.9) 

430 
(60.0) 

0.098 
(81.2) 

0.086 
(12.0) 

0.46 
(30.5) 

0.65 
(16.9) 

0.61 
(37.7) 

0.78 
(11.8) 

Compression 
3760 
(23.7) 

       
0.31 

(52.2) 
 

0.50 
(45.0) 

 

CI 
+57.8  
+2336 

       
-0.12 
+0.40 

 
-0.26 
+0.47 

 

Inga sessilis 

Ultrasound  
3983 
(16.3) 

442 
(24.0) 

290 
(12.0) 

115 
(22.1) 

270 
(1.5) 

374 
(25.2) 

0.056 
(1.3) 

0.048 
(54.1) 

0.51 
(22.8) 

0.49 
(15.0) 

0.65 
(50.2) 

0.75 
(2.3) 

Compression 
3050 
(44.0) 

       
0.27 

(25.5) 
 

0.39 
(53.1) 

 

CI 
-5472 
+3606 

       
-0.64 
-0.17 

 
-1.44 
+0.92 

 

Swietenia sp 

Ultrasound  
3369 
(14.8) 

332 
(5.6) 

231 
(21.2) 

82 
(1.4) 

269 
(15.7) 

381 
(10.4) 

0.056 
(58.6) 

0.044 
(30.1) 

0.54 
(49.4) 

0.54 
(15.5) 

0.65 
(36.2) 

0.78 
(8.3) 

Compression 
4357 
(38.7) 

       
0.30 

(59.9) 
 -  

CI 
-1369 
+3345 

       
-0.62 
+0.13 

   

Gallesia integrifolia 

Ultrasound  
3758 
(8.8) 

392 
(9.2) 

314 
(5.2) 

109 
(20.6) 

337 
(16.9) 

433 
(11.3) 

0.069 
(50.4) 

0.035 
(67.0) 

0.66 
(50.3) 

0.52 
(12.6) 

0.43 
(68.7) 

0.65 
(13.5) 

Compression 
5100 
(17.1) 

       
0.49 

(47.9) 
 

0.48 
(44.3) 

 

CI 
+365 
+2327 

       
-0.63 
+0.30 

 
-0.43 
+0.54 

 

Schinus molle  

Ultrasound  
3005 
(20.7) 

565 
(33.1) 

405 
(33.3) 

137 
(28.0) 

306 
(16.9) 

453 
(21.3) 

0.098 
(58.3) 

0.098 
(28.3) 

0.52 
(48.5) 

0.48 
(20.4) 

0.69 
(23.9) 

0.68 
(23.2) 

Compression 
3600 
(14.2) 

       
0.24 

(29.6) 
 

0.53 
(56.0) 

 

CI 
+14.9 
+1174 

       
-0.53 
-0.03 

 
-0.42 
+0.11 

 

Acrocarpus fraxinifolius 

Ultrasound  
5506 
(18.3) 

614 
(21.6) 

436 
(15.0) 

121 
(13.9) 

526 
(8.1) 

654 
(11.2) 

0.073 
(26.7) 

0.039 
(52.3) 

0.65 
(21.4) 

0.62 
(10.1) 

0.50 
(59.2) 

0.86 
(4.2) 

Compression 
6350 
(3.3) 

       -  
0.48 

(44.3) 
 

CI 
-1006 
+2695 

         
-0.5 
+0.5 

 

* Values in brackets are the coefficient of variation (%); CI = Confidence interval for the mean 
difference  
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The greater variability obtained in the compression tests (Table 2) may be related 

to the smaller dimensions of the specimen because in some cases, the specimen could have 

been composed entirely of compression wood and, in other cases, of wood outside that 

zone, while the polyhedral specimen, which was slightly larger, generally presented a 

mixture of these regions. 

Comparison of the obtained results with data from the literature, even when using 

only the order of magnitude, was not feasible for most of the elastic constants because they 

are not available for wood from fresh tree branches (green condition). Thus, another way 

to validate the results is to verify the existence of discrepant results using ranges of 

expected values for relations between the terms of the compliance matrix. These expected 

relations are proposed considering the theoretical bases that govern the behavior of the 

wood. For the longitudinal and shear modulus of elasticity, it was verified that there was 

no discrepancy between the relationships obtained in this research and the relationships 

proposed in the literature (Table 3).  

 

Table 3. Relationship Between the Terms of the Compliance Matrix (10-5) 
Obtained in this Research Using Ultrasound Tests and the Range Obtained by 
Other Authors 
 

Species/Literature source EL/ET ER/ET GLR/GRT GLT/GRT EL/GLR 

Schinus terebinthifolia  6.4 1.2 3.9 2.8 6.0 

Inga sessilis 13.7 1.5 3.3 2.3 10.6 

Swietenia sp 14.6 1.4 4.6 3.3 8.8 

Gallesia integrifolia 12.0 1.2 4.0 3.1 8.7 

Schinus molle  7.4 1.4 3.3 2.2 6.6 

Acrocarpus fraxinifolius 12.6 1.4 5.4 4.3 8.4 

Bucur (2006)* 4.5 to 33.1 1.0 to 2.1 2.9 to 16.9 2.4 to 13.1 4.9 to 7.6 

Bodig and Jayne (1982)** 20 1.6 10 9.4 14 

Preziosa et al. (1981)*** 7.1 to 8.5 1.5 to 1.7 2.3 to 5.4 1.8 to4.4 6.8 to 9.8 

*Tulip tree, Oak, Beech and Douglas fir 
**Proposed values 
***Oak and Douglas fir 

 

Concerning the Poisson ratios, Bodig and Jayne (1982) indicate that lower values 

should be obtained for RL and TL (0.040 and 0.027 as references), while a larger value 

should be obtained for RT (0.67 as a reference). For LR and TR, Bodig and Jayne (1982) 

proposed reference values for hardwood of LT = 0.50, LR = 0.37, and TR = 0.33. In any 

method, there is an inherent difficulty in obtaining reliable Poisson ratios for wood, 

especially in the case of RL and TL because they are very small (Bodig and Jayne 1982) 

and in all cases because they require that the growth rings are very well aligned with the 

axes and as straight as possible on the transverse section. Therefore, the values obtained in 

this research using ultrasound and compression tests (Table 2) may be considered adequate.  
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The longitudinal elastic moduli obtained from the ultrasound tests were statistically 

equivalent to those obtained from the compression tests for Inga sessilis, Swietenia sp., and 

Acrocarpus fraxinifolius (Table 2). For Inga sessilis and Swietenia sp., it is important to 

highlight the great variability of the results from the static compression test, which may 

have contributed to the statistical equivalence. The Poisson ratio LR obtained by 

ultrasound and compression test was not statistically equivalent for the species Inga sessilis 

and Schinus molle (Table 2, zero is not included in the Confidence Interval of the mean 

difference), while LT obtained by ultrasound and compression test was statistically 

equivalent for all species for which this value was obtained in both tests (Table 2, zero is 

included the CI of the mean difference). However, it is also important to highlight the high 

variability of these parameters. As in Casteren et al. (2013), groups of species that 

significantly differed in terms of the longitudinal elasticity modulus of their branches could 

be distinguished (Fig. 4). However, these groups were not equally detached based on the 

results of the ultrasound and compression tests (Fig. 3). Despite these differences, both 

tests show the importance of studies aiming to characterize tree branches because the 

stiffness differences will greatly influence the biomechanical behavior of trees and should 

be considered in tree simulations. On the other hand, being able to cluster species according 

to similar strength and stiffness properties is important in tree risk analysis because it 

allows us to extend the reach of the results. 

 

* In each graph, the same letters indicate that the values of the moduli are statistically equivalent  
 

Fig. 3. Mean longitudinal elasticity modulus, standard deviations and coefficients of variation (%) 
obtained from ultrasound (upper figure) and compression (lower figure) tests 

 

The density variation in the branch pieces removed from different fork levels was 

not statistically significant (P-value = 0.44). Numerically, the tree density slightly 
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increased from the first (458 kg.m-3) to the second fork level (463 kg.m-3) and decreased in 

the third level (428 kg.m-3).  

Density variations along the axes of branches are compatible with the results from 

analyses of anatomical variations in the axial direction of the branch (Bhat et al. 1989; 

Gartner 1995; He and Deane 2016), including those related to the location of the reaction 

wood and branch hydraulic functions.  

The phenomena that interfere with tests using ultrasound wave propagation and 

static compression are different. In the case of wave propagation, although density has a 

direct influence on the calculation of the stiffness coefficient (Eq. 1), velocity is the most 

influential parameter because its value is squared. The velocity can significantly vary due 

to variations in the anatomical structure (Bucur 2006) and thus overcome the influence of 

density (Bucur 2006).  

Of the species evaluated in this research, half presented higher modulus of elasticity 

values for branches with higher densities (Fig. 4), while the moduli of the other half did 

not follow a pattern. Considering the differences between the tests (ultrasound and 

compression) and the anatomical structure and density variations along the axes of the 

branches (different fork levels), the behavior of the modulus of elasticity in the longitudinal 

direction (EL) had no unique pattern, increasing or decreasing from the first to the other 

branching levels (Fig. 4).  

The longitudinal elastic modulus (EL) obtained in the compression test had a direct 

relationship with the compressive strength (fc) for 4 of the 6-species studied (Fig. 4). Direct 

relationships between strength and modulus of elasticity are not found for forest species, 

as can be easily verified in tables of wood properties, in which species with higher strength 

than others present smaller stiffness (Nahuz et al. 2013). 

No physical or mechanical property data are available, even for trunk wood, for 

most species used in this research, making a comparison of results difficult. Data from 

Lima et al. (2010) indicate a basic density of 430 kg.m-3 and a compressive strength (fc) at 

an equilibrium moisture content of 18 MPa for wood from the trunk of Gallesia integrifolia 

species. In this study, the wood from branches of this species presented an average basic 

density of 394 kg.m-3 and an average compressive strength of 14.6 MPa under green 

conditions. If this value of compressive strength is corrected to the equilibrium moisture 

condition according to the equation proposed by ABNT NBR 7190 (1997), the inferred 

value is 18 MPa, which matches that obtained by Lima et al. (2010) for trunk wood. No 

stiffness data were found for this species, but considering its compressive strength and 

density, the modulus of elasticity should be below 9500 MPa, using the hardwood strength 

classes from ABNT (NBR 7190 1997) or from EN 338 (2010), making the result obtained 

in this research (Table 2) comparable to that in the literature for wood from trunk.  

Due to the lack of data on the studied species, only a brief discussion is given here 

of the mechanical properties of trunk wood under green conditions using species with basic 

densities of the same order of magnitude as those studied in this research. The values 

obtained in this research were much lower than those in the literature, both for the modulus 

of elasticity and compressive strength. In data obtained from the Technological Research 

Institute (Nahuz et al. 2013) for green wood from species indicated for use in civil 

construction, the modulus of elasticity (in bending) varies from 7963 to 12258 MPa, and 

the compressive strength varies from 29.4 to 40.6 MPa for species with basic densities 

varying from 440 to 540 kg.m-3. These differences in magnitude may be related to the 

characteristics of the species used in urban areas because the present results were very close 

to those obtained by Lima et al. (2010) for Gallesia integrifolia.
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* The numbering above the bars of the ultrasound test results indicates the average density (kg.m-3) in each section, and that above the bars of the 
compression test results indicates the mean compressive strength (MPa). 
 
Fig. 4. Mean modulus of elasticity values obtained at the first, second, and third levels of branch forks in the ultrasound (1) and compression (2) tests for 
different species 
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Another explanation may be related to the differences between trunk and branch 

wood because the present results are of the same order of magnitude as those of Casteren 

et al. (2013), who also analyzed branch wood. Diaz and Martínez (2016) suggest that 

branch wood is less resistant than trunk wood, but they did not present results to support 

this statement. On the other hand, Dadzie et al. (2016) showed results for two hardwood 

species with 17% and 10% moisture and concluded that although the density of the branch 

wood was statistically superior to the density of trunk wood, the modulus of elasticity and 

strength in the bending and compressive strength tests were statistically equivalent.  

Considering the practical aspects of applying the methodologies used to 

characterize branch wood, the ultrasound test is simpler and less expensive (do not need to 

use strain gages and universal test machine) than the static tests, but the preparation of the 

test specimen is more complex (polyhedron x prism). The use of strain gages requires a 

gage bonding step and cable soldering, which is laborious and requires extra time. In 

addition, when testing green wood, it is necessary to carry out the bonding and the test 

sequentially to avoid drying the wood because it is not possible to saturate the specimen 

with the gages. Additional care should be taken with the glue because the wood has a high 

moisture content. Finally, there were many problems with the operation of the gages, 

making it impossible to use automated spreadsheets to calculate the elastic modulus and 

Poisson ratios because a detailed and individualized analysis of the results is necessary to 

eliminate bad results. It is possible that, despite the careful analysis, the moisture content 

affected the glue in some cases.  

 
 
CONCLUSIONS 
 

An ultrasound methodology was applied to green wood branches to completely 

characterize the elastic properties of the wood. The obtained elastic parameters were 

comparable with the values expected based on theoretical aspects related to the behavior 

of the wood. The compression test allows determination of the strength, complementing 

the characterization obtained via ultrasound, but its application for the complete 

characterization of the elastic parameters is not feasible in wood branches because of their 

limited size. 
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