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Abstract  10 

This paper presents a comparative study using static and ultrasonic testing for the 11 

determination of the full set of orthotropic material properties of wood. In the literature, 12 

material properties are typically only available in the longitudinal direction, and most 13 

international standards do not provide details on the testing of the other two secondary 14 

directions (radial and tangential). This work provides a comprehensive study and discussions 15 

on the determination of all twelve orthotropic material properties of two hardwood species 16 

using static testing and an alternative testing approach based on ultrasonic waves. 17 

Recommendations are given on the execution of the tests and the interpretation and 18 

calibration of the results.  19 
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1 Introduction 1 

Wood is an anisotropic material, which, in terms of elastic models, is characterised as an 2 

orthotropic material. As such, it has unique and independent mechanical properties in the 3 

directions of three mutually perpendicular axes: longitudinal, radial, and tangential [1]. As 4 

orthotropic material, wood is defined by twelve constants (nine independent), which describe 5 

its elastic behaviour: three moduli of elasticity (MOE), three moduli of rigidity (G), and six 6 

Poisson’s ratios (𝜈𝜈). Typically, these material properties are determined through static 7 

testing, which involves the destructive testing of small test specimen, and includes 8 

mechanical testing methods such as four point bending, compression and tension tests. Since 9 

for engineering purposes, the superior characteristics of wood parallel to the grain are mainly 10 

utilised, it is mostly the MOE in longitudinal direction that is normally of interest. 11 

Consequently, MOE values in the radial and tangential directions are very scarce in the 12 

literature. Furthermore, it is very difficult to determine the radial and tangential material 13 

characteristics, and international standards do not provide full details on the mechanical 14 

testing of the material properties in the two secondary directions of wood. Only standard EN 15 

408:2010 [1] gives some criteria for the determination of a selection of mechanical properties 16 

perpendicular to the grain direction. 17 

Most values of the longitudinal MOE reported in the literature commonly describe the MOE 18 

derived from bending tests (MOEB), which are normally different from MOE values derived 19 

from tension or compression tests. Schneider et al. [2] investigated variations between MOEs 20 

derived from bending, tension and compression test on sugar maple at 12% moisture content. 21 

The researchers found that the determined values ranged from 15.1 GPa for the MOE in 22 

compression (MOEC) up to 16.5 GPa for the MOE in tension (MOET). Wangaard [3] 23 

compared the MOEs derived from bending and compression tests of several wood species 24 

and found that the values determined from compression tests were somewhat higher than the 25 
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ones derived from bending tests. 1 

Since static material testing is very time consuming and provides only an approximate 2 

evaluation of a large batch of material on the basis of testing of a small sample population 3 

[3], it is unsuitable for determining the material properties of in-situ structures, in particular 4 

due to its destructive nature. Hence, an attractive alternative to destructive static testing is 5 

non-destructive testing (NDT) or non-destructive evaluation, which is defined as the 6 

technique of identifying the physical and mechanical properties of an element of a given 7 

material without altering its final application capacity [4]. NDT methods have long been used 8 

on timber to assess structures without causing damage, and involve a wide group of analysis 9 

techniques. The earliest non-destructive evaluation of wood is visual inspection, which has 10 

mainly been used for the selection of timber for construction purposes. Even nowadays this 11 

method is still widely used for grading wood products such as lumber, piles and poles. NDT 12 

methods also allow the evaluation of in-situ structures, enabling their maintenance or 13 

rehabilitation through the mapping of the deteriorated areas, permitting the assessment of 14 

their structural integrity without the need to remove part of the structure [5].  15 

In the early 20th century, scientific NDT methods became available with the development of 16 

the theory of elasticity and more advanced measuring equipment to determine the material 17 

properties of wood. Ross [4] described the use of several techniques, including X-rays, 18 

vibration analysis and sound wave transmission, used to characterise wood non-destructively. 19 

Hearmon [6] and Kollmann & Krech [7] were the first researchers in Europe who conducted 20 

research on the determination of the MOE based on dynamic methods. Hearmon [8] was the 21 

first to promote NDT techniques using ultrasonic waves for the elastic characterization of 22 

wood. And McDonald et al. [9] stated high correlations between the MOE obtained from 23 

acoustic wave and static deflection techniques. 24 

For ultrasonic testing, an ultrasonic wave is induced into a material through an ultrasound 25 
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transmitter (ultrasonic transducer) and the wave transmission time over a known distance is 1 

measured [10]. The measured “time of flight” and the known distance are used to estimate the 2 

wave velocity, which is the basis for determining various material properties. For the 3 

ultrasonic testing of wood, the applied ultrasound frequencies are typically in the low range 4 

between 20 kHz and 500 kHz, due to the high attenuation which occurs in wood. Depending 5 

on the direction of grain (longitudinal, radial or tangential), the waves travel through wood 6 

with different velocities. The wave velocities in the longitudinal direction are the highest and 7 

range from 3,050 – 6,100 m/s as reported by Gerhards [11], who determined these values on 8 

small clear wood specimens with a moisture content of 9% to 15%. The velocities in radial 9 

and tangential direction are usually around a third of the longitudinal wave velocity, with the 10 

radial direction featuring slightly higher velocities than the tangential direction [12]. This is 11 

due to the fact that the anatomical elements, such as fibres and tracheid, are aligned in 12 

longitudinal direction and the wood rays in radial direction, while in tangential direction, 13 

along the annual growth rings, no structural elements exist. In addition, the annual rings 14 

behave as a barrier for elastic wave propagation resulting in reduced wave velocity. Several 15 

factors influence the wave velocity in wood, the most important of which is the microscopic 16 

and macroscopic structure of wood, where the microfibril angle and the length of the 17 

anatomical elements play a vital role. Bergander & Salmen [13] demonstrated that a small 18 

cell wall layer results in a high longitudinal MOE, with corresponding higher acoustic wave 19 

velocities. The influence of wood density on the wave velocity has been the subject of several 20 

studies, with different researchers arriving at a variety of conclusions. Bucur & Chivers [14] 21 

found that an increasing density leads to slower wave propagation velocities, while Oliveira 22 

& Sales [15] observed the opposite behaviour. Other researchers stated that the density does 23 

not have any influence on the wave velocity ([16] and [17]) or that it has a positive effect but 24 

is suppressed by other factors such as the micro and macro structure of the material [18].  25 
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MOE values obtained from ultrasonic testing are generally higher than those determined 1 

through static deflection [5]. Smulski [19] reported on dynamically determined MOE values 2 

for four hardwood species (maple, birch, ash and oak), which were between 22% and 32% 3 

higher than statically obtained MOE values from bending tests. Similar values were also 4 

presented by Burmester [20], with dynamic MOE values being 19% to 34% higher than the 5 

static MOE values derived from bending tests on beech and two tropical hardwood species. 6 

According to Halabe et al. [21], this is because wood is a viscous elastic and highly impact 7 

absorbent material. As such, for wood, the restored elastic force is proportional to the 8 

displacement and the dissipative force is proportional to the velocity. Hence, when a force is 9 

applied for a short time, the material shows a solid elastic behaviour, while for a longer 10 

application of a force, the behaviour is more similar to that of a viscous liquid. This 11 

behaviour is therefore more evident in static bending tests (long duration) than in ultrasonic 12 

testing. And thus, the MOEs determined from ultrasound measurements are usually larger 13 

than those obtained from static testing [5].  14 

This paper presents a comparative study on the determination of the full orthotropic material 15 

properties of wood using traditional static testing and dynamic testing based on ultrasonic 16 

stress waves. For two hardwood species, Spotted Gum (Eucalyptus Maculate) and 17 

Tallowwood (Eucalyptus Microcorys), all 12 elastic material properties (moduli of elasticity, 18 

moduli of rigidity and Poisson’s ratios - in longitudinal, radial and tangential directions) are 19 

determined from static and ultrasonic testing. The obtained values are compared against each 20 

other as well as against literature values (where available). For the static testing, the strength 21 

properties (modulus of rupture, the compression strength and tensile strength) are also 22 

determined. For the investigation, wood from two pole specimens, of Spotted Gum and 23 

Tallowwood, are tested. For the static testing approach, four-point bending, compression, 24 

tension and Poisson’s ratio tests are undertaken on full pole sections as well as small clear 25 
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specimens produced from the same poles. The ultrasonic testing is conducted on full pole 1 

sections, cross-sectional pole sections and wood block specimen also manufactured from the 2 

same pole specimens. Since international standards only fully cover mechanical testing of 3 

wood in longitudinal direction, testing procedures for the radial and tangential directions are 4 

proposed and evaluated. MOE values are determined from different static testing methods 5 

(bending, compression and tension tests) and their results are compared against each other.  6 

The presented study is believed to be the first to provide the full material properties of the 7 

two investigated wood species, Spotted Gum and Tallowwood. It also provides valuable 8 

information on the mechanical testing of wood in radial and tangential direction. Most 9 

importantly, it presents a comparative analysis of using static and ultrasonic testing 10 

approaches for the determination of the full material properties of wood. 11 

As such, the focus of the presented research is to compare the different testing methods and 12 

results. The aim is not to test as many poles as possible, which has been done previously in 13 

other studies in order to gather information on the variation of the material properties within a 14 

species. The focus of this research is on the methods themselves, which require material of 15 

consistent properties to exclude additional uncertainties as introduced by varying material 16 

characteristics.  17 

2 Background 18 

2.1 Material properties of wood 19 

Wood is a natural grown material and can be characterized by its orthotropic and 20 

heterogeneous structure. As an orthotropic material, it has three main directions: longitudinal 21 

(along the fibre), radial (perpendicular to growth rings) and tangential (tangential to growth 22 

rings) as shown in Figure 1. In each of the three directions, wood possesses different material 23 

characteristics. As such, the elastic and strength properties as well as the swelling and 24 

shrinking behaviour are different depending on the fibre direction.  25 
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 1 

Figure 1: The three principal axes of wood with respect to the grain direction [22]. 2 

The orthotropic elastic behaviour of wood can be described by Hooke’s three-dimensional 3 

law of elasticity (presented in Equation (1)), and is expressed by its compliance matrix [Sij]. 4 

The compliance matrix [Sij] comprises twelve constants (whereof nine are independent); they 5 

are three moduli of elasticity (MOEL, MOER and MOET), three moduli of rigidity (GLR, GLT 6 

and GRT) and six Poison’s ratios (of which three are independent, 𝜈𝜈𝐿𝐿𝐿𝐿, 𝜈𝜈𝐿𝐿𝐿𝐿 and 𝜈𝜈𝑅𝑅𝑅𝑅). Hooke’s 7 

law can be written as: 8 

⎣
⎢
⎢
⎢
⎢
⎡
𝜀𝜀𝐿𝐿𝐿𝐿
𝜀𝜀𝑅𝑅𝑅𝑅
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𝛾𝛾𝐿𝐿𝐿𝐿
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⎥
⎥
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⎥
⎤

 (1) 

where ε is the elastic strain vector, σ the stress vector, MOE the modulus of elasticity, G the 9 

modulus of rigidity, and ν the Poisson’s ratio. The subscripts L, R and T stand for the 10 

longitudinal, radial and tangential direction in wood.  11 
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2.2 Material properties from static testing 1 

The orthotropic material properties of wood can be determined by conducting static material 2 

testing including bending, compression, tensile and Poisson’s ratio testing. The following 3 

section presents the equations that can be used to determine the moduli of elasticity, moduli 4 

of rigidity and Poisson’s ratios of wood from static material testing. 5 

2.2.1 Modulus of elasticity  6 

Due to the three different fibre directions, wood has three different MOEs in longitudinal, 7 

radial and tangential direction, usually stated as MOEL, MOER and MOET. Literature values 8 

for the MOE in radial and tangential direction are scarce and values given for MOEL are most 9 

commonly derived from bending testing. MOEL values are always highest, followed by 10 

MOER and MOET. As a general rule of thumb, the ratio of MOER/MOEL is 0.1 and of 11 

MOET/MOEL is 0.05. The MOE values can be determined with bending, tension or 12 

compression testing. For the different fibre directions, different test specimens are tested. For 13 

four-point bending testing, the MOE can be calculated using Equation (2) for rectangular test 14 

specimens and Equation (3) for round specimens following DIN 52186 [23]. 15 

𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) =
2(2 ∙ 𝑙𝑙3 − 3 ∙ 𝑙𝑙 ∙ 𝑙𝑙′2 + 𝑙𝑙′3)

8 ∙ 𝑏𝑏 ∙ ℎ
∙
Δ𝐹𝐹
Δ𝑓𝑓

 (2) 

 16 

𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) =
2 ∙ 𝑙𝑙3 − 3 ∙ 𝑙𝑙 ∙ 𝑙𝑙′2 + 𝑙𝑙′3

3 ∙ 𝜋𝜋 ∙ 𝑑𝑑4
∙
Δ𝐹𝐹
Δ𝑓𝑓

 (3) 

where l is the span between the supports, l’ is the distance between the loading points, b and h 17 

the width and the thickness of the specimen, d the diameter of the test specimen, and ΔF/Δf is 18 

the linear elastic slope of the load-displacement graph.  19 

For compression testing, the MOEC can be calculated using Equation (4) from DIN 52192 20 

[24]. 21 
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𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 =
𝑙𝑙0
𝑎𝑎 ∙ 𝑏𝑏

∙
Δ𝐹𝐹
Δ𝑓𝑓

 (= 𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇)   (4) 

where l0 is the original length of the specified measured distance, a and b the cross section 1 

measurements and ΔF/Δf is the linear elastic slope of the load-displacement graph. To 2 

determine MOET from tension testing, for this research, Equation (4) is also used. 3 

2.2.2 Modulus of rigidity  4 

To determine the modulus of rigidity (or shear modulus), denoted by G, many tests have been 5 

developed. An out-dated testing method formerly used for solid wood includes the twisting of 6 

thin plates of wood and many of the species-specific shear moduli data currently in use 7 

originated from these types of tests [25]. Currently, the moduli of rigidity are typically 8 

determined following the ASTM D198 [26] standard, which specifies a torsion or three-point 9 

bending test. For the torsion test, as described in ASTM D198 [26], the modulus of rigidity 10 

can be derived from the following equation 11 

𝐺𝐺𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =
16𝑙𝑙𝑙𝑙

𝑏𝑏ℎ3 ��16
3 � − 𝜆𝜆 �ℎ𝑏𝑏�� 𝜃𝜃

 (5) 

where G is the modulus of rigidity, l the length of specimen, t the torque, λ the St. Venant 12 

constant, θ the angle of twist, b the width and h the height of the specimen.  13 

The moduli of rigidity can also be determined indirectly through analytical calculations using 14 

statically determined MOEs and Poisson’s ratios. The analytical relationship between the 15 

modulus of rigidity, the MOE, and the Poisson’s ratio for orthotropic materials was first 16 

presented by Saint-Venant [27] and experimentally verified by Hudson [28] for rock material. 17 

The following equations show the analytical derivations of the three moduli of rigidity. 18 

𝐺𝐺𝐿𝐿𝐿𝐿 =
𝑀𝑀𝑀𝑀𝑀𝑀𝐿𝐿 ∙ 𝑀𝑀𝑀𝑀𝐸𝐸𝑅𝑅

𝑀𝑀𝑀𝑀𝑀𝑀𝐿𝐿 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅 + 2𝜈𝜈𝐿𝐿𝐿𝐿 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅
 (6) 

 
-9- 

 



𝐺𝐺𝐿𝐿𝐿𝐿 =
𝑀𝑀𝑀𝑀𝑀𝑀𝐿𝐿 ∙ 𝑀𝑀𝑀𝑀𝐸𝐸𝑇𝑇

𝑀𝑀𝑀𝑀𝑀𝑀𝐿𝐿 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇 + 2𝜈𝜈𝐿𝐿𝐿𝐿 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇
 (7) 

𝐺𝐺𝑅𝑅𝑅𝑅 =
𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅 ∙ 𝑀𝑀𝑀𝑀𝐸𝐸𝑇𝑇

𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇 + 2𝜈𝜈𝑅𝑅𝑅𝑅 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇
 (8) 

where G is the modulus of rigidity, 𝜈𝜈 is the Poisson’s ratio, MOE is the modulus of elasticity 1 

and the subscripts L, R and T are the longitudinal, radial and tangential orthotropic directions 2 

of wood.  3 

2.2.3 Poisson’s ratios 4 

Wood has six Poisson’s ratios, which are denoted as νLR, νRL, νLT, νTL, νRT, and νTR, where the 5 

first subscript letter indicates the direction of the applied load and the second letter indicates 6 

the direction of the lateral deformation. Determining the Poisson’s ratios of wood is difficult 7 

due to size limitations of wood specimen in radial and tangential fibre directions and 8 

literature values are very scarce. Especially the ratios νRL and νTL are very small and therefore 9 

difficult to measure. While no standards exist for the determination of the Poisson’s ratios for 10 

wood, the tests described in this research were performed based on the ASTM International 11 

Standard E132 [29].  12 

2.3 Material properties from ultrasonic testing 13 

For the ultrasonic testing, the material properties can be determined from wave velocity 14 

measurements, which can be calculated from time-of-flight readings of longitudinal and shear 15 

waves. The following presents the equations that can be used to determine the moduli of 16 

elasticity, moduli of rigidity and Poisson’s ratios of wood from ultrasonic testing. 17 

2.3.1 Modulus of elasticity and modulus of rigidity  18 

When an elastic wave travels through orthotropic wood, it is mainly affected by the MOE and 19 

density, but also the Poisson’s ratio has a minor influence. The orthotropic equation to 20 
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determine the MOE from a known longitudinal wave velocity, density and Poisson’s ratio can 1 

be written as: 2 

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑉𝑉𝐿𝐿2 ∙ 𝜌𝜌 ∙ �
(1 + 𝜈𝜈)(1 − 2𝜈𝜈)

(1 − 𝜈𝜈)
� (9) 

where MOE is the dynamic modulus of elasticity (in longitudinal, radial or tangential 3 

direction), VL the longitudinal wave velocity (along the grain, across the grain or tangentially, 4 

respectively), ρ the density of wood and ν the Poisson’s ratio.  5 

For the ultrasonic determination of MOEs of wood, typically the one-dimensional wave 6 

theory with isotropic material assumption, is applied. The equation for the simplified 7 

isotropic material, neglecting the influence of the Poisson’s ratio, can be written as: 8 

𝑀𝑀𝑂𝑂𝐸𝐸 = 𝑉𝑉𝐿𝐿2 ∙ 𝜌𝜌 (10) 

where VL is the longitudinal wave velocity, ρ the density of the material and ν the Poisson’s 9 

ratio. While wood is neither homogeneous nor isotropic, the usefulness of the one-10 

dimensional wave theory may be put into question. However, several researchers have shown 11 

that the one-dimensional wave theory is appropriate for describing the wave behaviour in 12 

wood [30]. As such, Bertholf [31] and Kollmann & Krech [7] showed the dependency of the 13 

wave propagation velocity and the MOE of clear wood specimen. 14 

Following the one-dimensional wave assumption, the moduli of rigidity, G, can be 15 

determined from the shear wave velocity and density according to the following equation: 16 

𝐺𝐺 = 𝑉𝑉𝑠𝑠2 ∙ 𝜌𝜌 (11) 

where VS is the shear wave velocity and ρ is the density of the tested wood.  17 
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2.3.2 Poisson’s ratios  1 

The following presents the equations for determining all six Poisson’s ratios from ultrasonic 2 

testing based on the orthotropic theory. The basis for the derivation is the compliance matrix 3 

[Sij] from Equation (1). When inverting the compliance matrix, the stiffness matrix [Cij] is 4 

obtained as: 5 

�𝐶𝐶𝑖𝑖𝑖𝑖� =

⎣
⎢
⎢
⎢
⎢
⎡
𝐶𝐶11 𝐶𝐶12 𝐶𝐶13 0 0 0
𝐶𝐶21 𝐶𝐶22 𝐶𝐶23 0 0 0
𝐶𝐶31 𝐶𝐶32 𝐶𝐶33 0 0 0
0 0 0 𝐶𝐶44 0 0
0 0 0 0 𝐶𝐶55 0
0 0 0 0 0 𝐶𝐶66⎦

⎥
⎥
⎥
⎥
⎤

. (12) 

From the stiffness matrix, an orthotropic material can be characterized by measuring as many 6 

velocities as there are unknown orthotropic constants (i.e. nine), six along the principal 7 

orthotropic axes, yielding the diagonal terms (C11, C22, C33, C44, C55, C66) and three at an 8 

angle to the principal axes, to determine the off-diagonal terms (C12, C13, C23) of the stiffness 9 

matrix. The six diagonal stiffness terms have the general form: 10 

𝐶𝐶𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑖𝑖𝑖𝑖2 ∙ 𝜌𝜌 (13) 

and the three off-diagonal stiffness components have the form: 11 

𝐶𝐶𝑖𝑖𝑖𝑖 =
𝛤𝛤𝑖𝑖𝑖𝑖

𝑛𝑛𝑘𝑘 ∙ 𝑛𝑛𝑗𝑗
− 𝐶𝐶𝑖𝑖𝑖𝑖 (14) 

where Γ is the Christoffel tensor and 𝑛𝑛𝑗𝑗,𝑘𝑘 are the propagation vectors. 12 

For the determination of the off-diagonal terms in the stiffness matrix with wave velocities 13 

measured at 45° angle to the principal axes (i.e. in LR plane 𝑛𝑛 = � 1
√2

, 1
√2

, 0�
𝑇𝑇
, in the LT plane 14 

𝑛𝑛 = � 1
√2

, 0, 1
√2
�
𝑇𝑇
 and in the RT plane 𝑛𝑛 = �0, 1

√2
, 1
√2
�
𝑇𝑇
), the specialized equations based on 15 
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Equation (15) are: 1 

𝐶𝐶12 = �(𝐶𝐶11 + 𝐶𝐶66 − 2𝜌𝜌 ∙ (𝑉𝑉12)2) ∙ (𝐶𝐶66 − 𝐶𝐶22 − 2𝜌𝜌 ∙ (𝑉𝑉12)2) − 𝐶𝐶66 (15) 

𝐶𝐶13 = �(𝐶𝐶11 + 𝐶𝐶55 − 2𝜌𝜌 ∙ (𝑉𝑉13)2) ∙ (𝐶𝐶55 − 𝐶𝐶33 − 2𝜌𝜌 ∙ (𝑉𝑉13)2) − 𝐶𝐶55 (16) 

𝐶𝐶23 = �(𝐶𝐶22 + 𝐶𝐶44 − 2𝜌𝜌 ∙ (𝑉𝑉23)2) ∙ (𝐶𝐶44 − 𝐶𝐶33 − 2𝜌𝜌 ∙ (𝑉𝑉23)2) − 𝐶𝐶44 (17) 

where 𝑉𝑉𝑖𝑖𝑖𝑖 are the shear wave velocities at a 45° angle. Theoretically, instead of using the 2 

shear wave velocity, also the longitudinal wave velocity can be used; however one term 3 

always results in imaginary values. This observation was also made by Bucur & Archer [32] 4 

where the calculations using the longitudinal wave resulted in imaginary values and were 5 

therefore without any practical use. 6 

The elastic compliances are related to the stiffness terms and the elastic constants (E, G and 7 

ν) and are defined by the following equations: 8 

𝑆𝑆11 =
𝐶𝐶22 ∙ 𝐶𝐶33 − (𝐶𝐶23)2

𝛥𝛥𝛥𝛥
=

1
𝐸𝐸11

 

𝑆𝑆22 =
𝐶𝐶33 ∙ 𝐶𝐶11 − (𝐶𝐶13)2

𝛥𝛥𝛥𝛥
=

1
𝐸𝐸22

 

𝑆𝑆33 =
𝐶𝐶11 ∙ 𝐶𝐶22 − (𝐶𝐶12)2

𝛥𝛥𝛥𝛥
=

1
𝐸𝐸33

 

𝑆𝑆12 =
𝐶𝐶23 ∙ 𝐶𝐶31 − 𝐶𝐶33 ∙ 𝐶𝐶21

𝛥𝛥𝛥𝛥
 

𝑆𝑆13 =
𝐶𝐶21 ∙ 𝐶𝐶32 − 𝐶𝐶11 ∙ 𝐶𝐶31

𝛥𝛥𝛥𝛥
 

(18) 
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𝑆𝑆23 =
𝐶𝐶13 ∙ 𝐶𝐶21 − 𝐶𝐶11 ∙ 𝐶𝐶23

𝛥𝛥𝛥𝛥
 

𝑆𝑆44 =
1
𝐶𝐶44

=
1
𝐺𝐺44

 ;           𝑆𝑆55 =
1
𝐶𝐶55

=
1
𝐺𝐺55

 ;           𝑆𝑆66 =
1
𝐶𝐶66

=
1
𝐺𝐺66

 

where  

𝛥𝛥𝛥𝛥 = 𝐶𝐶11 𝐶𝐶22 𝐶𝐶33 + 2 𝐶𝐶12 𝐶𝐶23 𝐶𝐶31 − (𝐶𝐶12)2 𝐶𝐶11 − (𝐶𝐶13)2 𝐶𝐶22. 

From these equations, the six Poisson’s ratios can be calculated as: 1 

𝜈𝜈21 = −
𝑆𝑆21
𝑆𝑆22

;           𝜈𝜈31 = −
𝑆𝑆31
𝑆𝑆33

 ;           𝜈𝜈32 = −
𝑆𝑆32
𝑆𝑆33

 

𝜈𝜈12 = −
𝑆𝑆12
𝑆𝑆11

;           𝜈𝜈13 = −
𝑆𝑆13
𝑆𝑆11

 ;           𝜈𝜈23 = −
𝑆𝑆23
𝑆𝑆22

 

(19) 

For simplification, as previously stated for the MOE and modulus of rigidity, the one-2 

dimensional wave theory with isotropic material assumption can also be presumed here, and 3 

the Poisson’s ratio can be calculated as follows: 4 

𝜈𝜈 =
𝑉𝑉𝑃𝑃2 − 2𝑉𝑉𝑆𝑆2

2(𝑉𝑉𝑃𝑃2 − 𝑉𝑉𝑆𝑆2)
 (20) 

where VP is the longitudinal wave velocity and VS is the shear wave velocity.  5 

Since ultrasonic Poisson’s ratio measurements often comprise significant measurements 6 

errors, Kohlhauser & Hellmich [33] presented an approach using combined ultrasonic and 7 

static material testing. The researchers showed that more accurate Poisson’s ratios can be 8 

determined by combining ultrasonic and static test results. Kohlhauser & Hellmich derived 9 

corresponding equations and applied them to three metallic materials and one orthotropic 10 

wood (spruce). More details on the combined ultrasonic and static approach including 11 

equations for the calculation of the Poisson’s ratios can be found in [33] and [34]. 12 
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3 Material testing 1 

All static and ultrasonic tests were carried in the Materials Testing Laboratory at the Faculty 2 

of Engineering and Information Technology (FEIT) of the University of Technology, Sydney 3 

(UTS) in a controlled climate of 20° Celsius and 60% humidity resulting in an equilibrium 4 

wood moisture content of approximately 12%.  5 

3.1 Static material testing  6 

For all static tests, the following two testing machines were used: a 50 kN Shimadzu AG-X 7 

(ISO 7500-1, Class 1 rated) machine and a 500 kN Shimadzu REH-50 machine. While the 8 

50 kN Shimadzu was programmable and accurate to ±0.5% of the displayed force, the 9 

500 kN Shimadzu machine was manually controlled and less accurate. Hence, the 500 kN 10 

Shimadzu was only used where the maximum range of the smaller 50 kN Shimadzu was 11 

exceeded. 12 

3.1.1 Testing specimen 13 

For the static testing, a number of test specimens were produced from two plantation grown 14 

untreated Spotted Gum and Tallowwood poles. Both poles were about 30 years in age, had a 15 

diameter of approx. 30 cm and a length of 11.5 m. From each pole, one 1.5 m piece was used 16 

to produce a number of small clear testing samples, and four 5 m pieces were used in their 17 

entirety for MOE testing in bending. All produced small specimens were clear, straight 18 

grained and did not contain any visible defects such as knots or splits (Figure 2). Only the 19 

heartwood was used for manufacturing the samples. Since the available raw material was 20 

limited, only seven test specimens and not ten, as recommended in DIN 52180 [35], were 21 

manufactured and tested for all tests except the bending tests in radial and tangential 22 

direction, where twelve specimens were tested to compensate for the small dimensions of the 23 

test specimen containing only a few annual growth rings.  24 
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 1 

Figure 2: Small clear specimens used for static material testing 2 

The bending specimens in longitudinal grain direction were manufactured with a rectangular 3 

cross section of 34×34 mm, which allowed for bending tests to be conducted in two 4 

directions. Thereby, more MOE results could be obtained, which was important since the raw 5 

material supply was limited. Since for the bending specimen in radial and tangential grain 6 

directions no standards are available, the specimens were cut with the same length to 7 

thickness ratio as the longitudinal specimen but wider to make them stronger. The maximum 8 

length of the specimen that could be cut from the trunk was 85 mm, which allowed for a 9 

testing span of 75 mm with a thickness of 5 mm according to DIN 52186 [23]. 10 

For the tension tests, the manufactured specimens had a predetermined breaking point (‘dog 11 

bone’ shape) as required by both DIN 52188 [36] and ASTM D143-09 [37] standards. The 12 

specimens had a cross section of 16×16 mm in the tested area, giving a cross sectional area of 13 

256 mm2 opposed to 120 mm2 (DIN 52188) and 46 mm2 (ASTM D143-09). This was done to 14 

allow for as many annual growth rings to be tested as possible because plantation eucalyptus 15 

is fast growing and has therefore wide annual growth rings. The German (DIN) standard 16 

recommends testing an area of at least five annual growth rings to obtain meaningful results. 17 

The specimens used for the longitudinal compression tests had a cross section of 30×30 mm 18 

and a length of 80 mm while the radial and tangential specimens were only 20×20 mm in 19 
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cross section and 60 mm long. The larger cross section of the longitudinal specimen again 1 

allowed for testing of a larger area. These measurements were chosen according to the DIN 2 

standards 52185 and 52192 [24, 38] since they were the only standards dealing with both 3 

instances. 4 

Prior to testing, all specimens were conditioned in a kiln to a wood moisture content of about 5 

12% according to the ASNZ 1080.1 [39] standard. The average density of all tested 6 

specimens was determined to be 1,060 kg/m3 for Spotted Gum and 1,090 kg/m3 for 7 

Tallowwood at 12% moisture content according to the ASNZ 1080.3 [40] standard. 8 

3.1.2 Bending tests 9 

To determine the MOE in bending and the MOR values (in longitudinal, radial and tangential 10 

grain directions), four-point bending tests were carried out. In addition to the small clear 11 

specimen, the full 5 m pole sections were also tested to obtain the MOE in longitudinal grain 12 

direction of the entire pole section as a comparison value to the small clear specimens. The 13 

MOE values of the full poles are expected to be lower than of the small clear specimen due to 14 

cracks, knots and higher moisture content in the pole. 15 

The small-size longitudinal bending specimens were tested in two directions, as mentioned 16 

above. The first direction of bending was only loaded to about 20% of the maximum load 17 

(within the elastic range) to determine the MOE. Thereafter, the specimens were turned 90° 18 

and loaded until failure to also determine the MOR. A picture of the test setup is shown in 19 

Figure 3a.  20 
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 1 

Figure 3: Four-point bending test setup, (a) in longitudinal grain direction, and (b) in radial 2 

and tangential grain direction - with custom built testing jig - (dimensions in mm). 3 

The deflections were measured with three linear variable differential transformers (LVDTs), 4 

which were placed below the loading points, as well as in the middle of the specimen. For the 5 

calculation of the MOE, only the readings from the middle LVDT were used. The crosshead 6 

movement was captured by a further LVDT and the applied load by a 500 kN load cell. The 7 

testing machine was manually operated and the load was time controlled. The specimens 8 

were loaded three times in the first direction to a deflection of 4 mm and then turned by 90° 9 

and loaded twice to 4 mm deflection before they were finally loaded until failure.  10 

The small-size bending specimens for the radial and tangential tests required a specially 11 

manufactured testing rig due to their small dimensions (Figure 3b). The test setup was chosen 12 

to be the same as for the longitudinal tests with the only difference that due to space 13 

limitations only the middle LVDT could be placed to measure the deflection.  14 

The full 5 m poles were tested in a four-point bending test setup up to a load of about 20% of 15 

their nominal maximum strength (Figure 4a). To stop the round poles from rotating during the 16 

testing, custom built supports were used at the loading points and as seats under the poles, 17 

which were also filled with packers to stabilize the pole (Figure 4b). Each pole section was 18 

loaded three times and the mid deflection and the deflection under the loading points were 19 

captured using three LVDTs. 20 
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 1 

Figure 4: (a) Four-point bending test setup of full 5 m pole (dimensions in mm), and (b) 2 

custom built pole support. 3 

3.1.3 Tension tests 4 

To determine the MOE in longitudinal direction from tension and the maximum tensile 5 

strength, tension testing was conducted. Figure 5 shows the test setup with an extensometer 6 

used to measure the elongation of the ‘dog bone shaped’ specimen over a length of 80 mm 7 

while the testing machine recorded the crosshead movement and the applied tensile force. 8 

 9 

Figure 5: Tension test setup with 80 mm extensometer (dimensions in mm) 10 
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Before the failure of the specimen, the extensometer was removed to prevent damage. The 1 

tension specimens were only loaded once to avoid losing of the jaws grips to the specimens.  2 

3.1.4 Compression tests 3 

Compression tests were performed to determine the MOE in longitudinal, radial and 4 

tangential direction as well as the compression strength. The testing was set up according to 5 

the DIN 52185 standard [38] and the alteration of length was measured with an extensometer 6 

as shown in Figure 6a. To minimize slack, a spherical seat with springs was used to ensure a 7 

perfect transmission of the compression force to the specimen. 8 

 9 

Figure 6: Test setup of compression tests in (a) longitudinal grain direction equipped with a 10 

40 mm extensometer, and (b) tangential direction equipped with a 30 mm strain gauge. 11 

For the compression tests in radial and tangential grain directions, only the German standard 12 

DIN 52185 [38] provides details on the test setup, which is similar to the compression testing 13 

in longitudinal direction, and is shown in Figure 6b. The only difference is the size of the 14 

specimens, which is limited in radial and tangential direction. While for the longitudinal tests, 15 

the compression strain was measured with a 40 mm extensometer, for the radial and 16 

tangential specimens, the strain was measured with a 30 mm strain gauge. In both tests, the 17 

specimens were loaded within the elastic range for three times before they were tested until 18 

failure.  19 
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3.1.5 Poisson’s ratio tests 1 

For the Poisson’s ratio tests, a total of six Poisson’s ratios were determined. Due to size 2 

limitations of wood specimen in radial and tangential grain directions, Poisson’s ratio testing 3 

of wood is extremely difficult; and literature values are very scarce to find. For the execution 4 

of the Poisson’s ratio tests, only specimens with longitudinal grain directions could be cut 5 

long enough to allow for grips for the testing machine and the distribution of the strain. For 6 

the radial and tangential fibre directions, additional grips were glued to the testing specimens 7 

as displayed in Figure 7. The strain in horizontal and vertical direction as well as at 8 

45 degrees to grain was measured with 30 mm strain gauge rosettes, which allowed the 9 

calculation of the Poisson’s ratios. An extensometer was used to verify the strain gauge 10 

readings in vertical direction. 11 

 12 

Figure 7: Test setup for Poisson's ratio measurements in radial/tangential grain direction with 13 

labels of the strain gauge rosette, extensometer, test specimen and grip. 14 

Since two of the ratios (νRL, νTL) are about one order of magnitude smaller than the others, 15 

external signal amplifiers were used to increase the signal power of the measured strains.  16 

Strain gauge 
rosette Extensometer 

Grip 

Test 
specimen 
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3.2 Ultrasonic material testing  1 

No standards are defined for time-of-flight measurements of wood. However, the ASTM 2 

standard provides a ‘Standard Test Method for the Laboratory Determination of Pulse 3 

Velocities and Ultrasonic Elastic Constants of Rock’ [41]. Where applicable, this standard 4 

was applied, otherwise, tests were carried out according to common practice mentioned in the 5 

literature and used in the industry. 6 

3.2.1 Testing specimens 7 

For the ultrasonic testing, the same two Spotted Gum and Tallowwood poles were tested as 8 

for the static testing. For each wood species, measurements were taken from a manufactured 9 

wood block specimen, cross-sectional pole sections and the full 5 m pole sections. The 10 

manufactured wood blocks (one for each species) were produced from several small clear 11 

specimen that were glued together as shown in Figure 8a. This was done to create a specimen 12 

with annual growth rings aligned strictly radial and tangential. The small specimen were cut 13 

from the heartwood and were free of any visible wood defects such as knots or cracks. The 14 

larger size of 150×150×150 mm (compared to the static testing specimen) was chosen to 15 

allow for more adequate wave propagation. According to Bucur [42], a minimum length of 16 

the testing specimen of twice the wave length is required to reduce boundary influences and 17 

to allow for wave propagation as free waves. In addition, a longer propagation time allows 18 

for more accurate time-of-flight measurements.  19 
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 1 

Figure 8: (a) Wood block specimen used for ultrasonic testing, and (b) indication of the 25 2 

measurement locations used in each plane. 3 

According to Sanabria et al. [43], the ultrasonic material properties of wood and adhesives 4 

are very similar, and hence, it is assumed that the glue lines cause a reflection of the wave but 5 

do not affect the time-of-flight. To verify this assumption, time-of-flight tests were carried 6 

out on a raw specimen in tangential direction, and after testing, the specimen was cut in 4 7 

pieces, glued back together and the testing was repeated. It was found that the standard 8 

deviation of the measured time-of-flight values was in the same range for the measurements 9 

on the raw specimen as well as on the glued specimen. For the manufactured test specimen, 10 

PVA glue, which produces very thin glue lines, was used.  11 

For the actual time-of-flight measurements of the wood blocks, recordings were not only 12 

taken in the centre but also in a 25 mm raster over the entire surface, which resulted in 25 13 

measurement points for the longitudinal, radial and tangential grain directions (Figure 8b). 14 

For the measurements of the longitudinal wave, flat transducers with a diameter of 50 mm 15 

were used. For the wood block specimen, testing was conducted with two types of 16 

transducers, i.e. one pair to excite longitudinal waves (P-waves) with a frequency of 24 kHz, 17 
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and one pair of shear wave (S-wave) transducers with a frequency of 250 kHz. For both wave 1 

excitations, measurements were taken in all three orthotropic directions using the 25 mm test 2 

raster.  3 

In addition to the wood block specimen, ultrasonic testing was also conducted on the 4 

previously statically tested full scale 5 m pole sections (in longitudinal grain direction), and 5 

on cross-sectional specimen to measure the time-of-flight in radial direction (Figure 9). This 6 

was done to study the effect of natural wood defects on the ultrasonic measurements. Only 7 

the longitudinal wave transducers of 24 kHz were used for the testing. For the ultrasonic 8 

testing of the full scale poles, measurements were taken in longitudinal grain direction on 9 

four locations on both ends of the poles as well as in the pole centre as depicted in Figure 9a 10 

(locations 1-5 and a-e). Since the Tallowwood poles had a spiral growth of almost exactly 11 

180° over the 5 m length of the pole, measurements were also taken at 180° rotational shift to 12 

measure along the grain (i.e. 1-c, 2-d, 3-a, 4-b) instead of measuring along the axis. For the 13 

measurements in radial grain direction, 150 mm thick cross-sectional specimens were cut 14 

from the poles (Figure 9b). These specimens had a diameter of roughly 300 mm and 15 

transversal measurements were taken at four locations around the specimen (every 45°) to 16 

measure the time-of-flight across the grain. To allow for perfect coupling of the transducers, 17 

the specimens were levelled at the measurement points as it can be seen in Figure 9b. The 18 

moisture content on the outside of the full pole sections to a depth of approximately 20 mm 19 

was about 12%, while in the centre of the pole, the moisture content was around 22% for both 20 

species. The cross-sectional pole specimens were cut from the centre of the pole and were 21 

tested immediately after cutting and therefore had the same moisture conditions as the full 22 

poles.  23 
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Figure 9: (a) Time-of-flight measurement setup in longitudinal direction of full 5 m pole 1 

section, and (b) cross-sectional pole sections for radial time-of-flight measurements. 2 

3.2.2 Ultrasonic testing 3 

For the ultrasonic testing, the commercially available testing unit Pundit Lab from Proceq 4 

Switzerland was used for wave generation and recording. The unit consisted of a pair of wave 5 

transducers (a sending transducer and a receiving transducer) and a terminal/display station 6 

with data acquisition and the software Pundit Link for data visualisation and analysis (Figure 7 

10a). Two types of transducers were utilised, one pair to excite longitudinal waves with a 8 

frequency of 24 kHz and one pair of shear wave transducers with a frequency of 250 kHz. 9 

The frequency of 24 kHz of the P-wave transducers was chosen due to the high attenuation of 10 

wood - a maximum travel distances of up to 6 m had to be covered. For the shear wave 11 

transducers, only a 250 kHz model was available, which was suitable for shear wave testing 12 

of the wood block specimens. Based on a series of preliminary testing, the sampling 13 

resolution was set to 0.1 μs, the pulse length to 20 μs, the voltage to 500 V, and the gain level 14 

to 100x [34]. The schematic of the testing setup is shown in Figure 10b. To verify the Pundit 15 

(a) (b) 
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Lab unit, a pre-testing series was executed with measurements being taken in parallel using a 1 

piezoelectric accelerometer of type PCB 352C34 to measure the receiving wave and the 2 

National Instruments data acquisition system SCB-68 with a sampling rate of 1MHz. For the 3 

pre-testing, the time-of-flight was calculated using the software Matlab. Since both time-of-4 

flight calculations yielded exactly the same results, the testing data was subsequently only 5 

recorded and analysed using the Pundit system. For all tests, a water based gel was used as 6 

coupling media between the transducers and the specimens. 7 

      

Figure 10:  (a) Ultrasound testing unit 'Pundit Lab' [44], and (b) schematic of test set up. 8 

4 Results 9 

4.1 Static material testing 10 

4.1.1 Modulus of elasticity 11 

From the static testing of the small clear specimen in bending, compression and tension, 12 

MOE values were calculated using Equation (2) for bending testing and Equation (4) for 13 

compression and tension testing. Table 1 presents the mean values of the calculated MOE 14 

values from all tested specimen in longitudinal, radial and tangential direction as well as 15 

literature values for comparison for MOEL of both tested species.  16 

(a) (b) 
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Table 1: Mean values of MOEs (in N/mm2) from static testing (bending, compression and 1 

tension testing) and comparative literature (average) values [45] for Spotted Gum and 2 

Tallowwood.  3 

 Bending Compression Tension Average Literature (Bending) 
 Spotted Gum  

MOEL 26,512 27,462 24,467 26,147 23,000 
MOER 2,207 2,602 - 2,405 - 
MOET 1,457 1,540 - 1,499 - 
 Tallowwood 

MOEL 20,720 21,548 20,983 21,078 18,000 
MOER 2,227 2,372 - 2,300 - 
MOET 1,317 1,535 - 1,426 - 
 4 

The MOEs obtained from the three different testing methods correspond well to each other 5 

with the exception of MOEL of Spotted Gum in tension, which is about 10% lower than the 6 

values determined from the corresponding bending and compression testing methods. For the 7 

tension testing of Spotted Gum, all specimens failed at the predetermined breaking point but 8 

only one of the seven tested samples reached an MOEL of 28,128 N/mm2, a similar value to 9 

those obtained from bending and compression testing. The average MOE values (from 10 

bending, compression and tension testing) of both species show the typical ratio MOER/MOEL 11 

of roughly 0.1 and MOET/MOEL of 0.05.  12 

A comparison with literature values is only possible for the MOE in longitudinal direction 13 

where average values of 23,000 N/mm2 for Spotted Gum and 18,000 N/mm2 for Tallowwood 14 

in dry conditions (12% MC) are given by Bootle [45]. While the actual testing method is not 15 

specifically mentioned by Bootle, it is understood that these values were obtained from 16 

bending. It can be seen that for both tested wood species, the values are approximately 10% 17 

higher than the average literature values, which is acceptable since this is well within the 18 

observed variations for these woods.  19 
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While the longitudinal bending test specimens were tested twice, for 0° and 90°, the resulting 1 

MOE values showed no significant difference, which suggests that the angle of the annual 2 

growth rings in respect to the applied load does not have an influence on the MOE for the 3 

tested specimen. The standard deviation of all tests ranged between 3% and 9% with the only 4 

exception being the MOEL from compression testing with a standard deviation of 15%.  5 

The tests on the full 5 m pole sections produced an MOEL of 18,322 N/mm2 for Spotted Gum 6 

and 14,986 N/mm2 for Tallowwood. These values are approximately 30% lower than the 7 

results of the small clear test specimens, which is expected, and is mainly due to the cracks 8 

and knots that exist in the full scale pole sections and the higher moisture content inside of 9 

the poles ranging from 12% on the outside to about 50% in the centre of the poles. 10 

4.1.2 Poisson’s ratio 11 

The determined Poisson’s ratios from the static testing are presented in Table 2 for Spotted 12 

Gum and Tallowwood. To allow comparison with literature values, also listed are Poisson’s 13 

ratios (averaged, minimum and maximum values) for 11 hardwood species [46] – White Ash 14 

(Fraxinus Americana), Yellow Birch (Betula Alleghaniensis), Black Cherry (Prunus 15 

Serotina), African Mahogany (Khaya Ivorensis), Honduras Mahogany (Swietenia 16 

Macrophylla), Sugar Maple (Acer Saccharum), Red Maple (Acer Rubrum), Red Oak 17 

(Quercus Rubra), White Oak (Quercus Alba), Sweet Gum (Liquidambar Styraciflua) and 18 

Black Walnut (Juglans Nigra). To evaluate the variability and repeatability of the results, the 19 

coefficients of variation (COVs) are also given for the two tested species. 20 
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Table 2: Mean values of Poisson’s ratios and COVs from static testing of Spotted Gum and 1 

Tallowwood, and comparative literature values of 11 hardwood species* [46]. 2 

 νLR νLT νRT νTR νRL νTL 

 Spotted Gum 
Poisson’s ratio [-]  0.49 0.55 0.66 0.48 0.045 0.047 
COV [%] 31.5 22.4 4.2 3.6 21.6 29.1 
 Tallowwood 
Poisson’s ratio [-] 0.46 0.83 0.69 0.43 0.043 0.050 
COV [%] 31.3 7.0 2.0 3.9 23.5 13.7 
 Literature values (11 hardwood species) 
Average values 0.38 0.49 0.67 0.33 0.056 0.036 
Minimum 0.30 0.40 0.56 0.26 0.033 0.023 
Maximum 0.50 0.64 0.77 0.43 0.086 0.051 

* White Ash (Fraxinus Americana), Yellow Birch (Betula Alleghaniensis), Black Cherry 3 
(Prunus Serotina), African Mahogany (Khaya Ivorensis), Honduras Mahogany (Swietenia 4 
Macrophylla), Sugar Maple (Acer Saccharum), Red Maple (Acer Rubrum), Red Oak 5 
(Quercus Rubra), White Oak (Quercus Alba), Sweet Gum (Liquidambar Styraciflua) and 6 
Black Walnut (Juglans Nigra). 7 
 8 

The determined Poisson’s ratios of both species are very similar to each other (except for νLT 9 

for Tallowwood), and they are comparable to literature values of the 11 stated hardwood 10 

species. As for variability and repeatability of the results, the COVs for νLR and νLT of both 11 

species are high, with values up to 31.5% (with the exception of νLT for Tallowwood of 12 

7.0%). COV values for νRT and νTR, however, are adequate for both types of wood, ranging 13 

between 2.0% and 4.2%. The higher COV values of νRL and νTL are due to the smaller 14 

Poisson’s ratio values (being approximately one order of magnitude smaller compared to the 15 

others), resulting in measurements of smaller accuracy and naturally higher COV values. 16 

Niemz & Ozyhar [47] presented COV values for European Beech (Fagus sylvatica), which 17 

were in the same range of the tested Spotted Gum and Tallowwood (between 4% and 67%). 18 

Their COV values were also lower for tests in the RT and TR planes and highest in the LR 19 

plane.  20 
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When comparing the Poisson’s ratios of Spotted Gum and Tallowwood with other hardwood 1 

species, e.g. the 11 hardwood species as published in [46], the Poisson’s ratios of Black 2 

Walnut are most similar to those of Spotted Gum and Tallowwood. A trend is observed with 3 

νRT values being the highest, followed by νLT, νLR, νTR, νRL and νTL. The largest differences are 4 

between νLT and νRT, with νRT values being 37% higher, while νLT is 29% higher than νLR, and 5 

νLR 15% higher than νTR. νRL and νTL are approximately one order of magnitude smaller, with 6 

νRL being 56% higher than νTL. 9 of the 11 hardwood species in the compilation follow 7 

exactly the same trend. For Tallowwood, νLT is larger than νRT while νRL and νTL values are 8 

similar again with values of 0.043 and 0.050 as it is the case for Spotted Gum. Overall, the 9 

determined Poisson’s ratios of the two eucalypts, Spotted Gum and Tallowwood, are very 10 

similar to each other except for νLT where the value for Tallowwood is 0.83 compared to 0.55 11 

for Spotted Gum, which is 51% higher. The νLT Poisson’s ratio of Tallowwood is also higher 12 

than all the νLT ratios of the 11 hardwoods, where African mahogany has the highest value 13 

with 0.64.  14 

Overall, it can be concluded that the statically determined Poisson’s ratios of Spotted Gum 15 

and Tallowwood are reasonable and comparable to other hardwood species. It is understood 16 

that these results are the first time that the Poisson’s ratios for the two eucalyptus species 17 

have been determined and published, and as such, these values are very valuable for future 18 

research and applications in Australia. 19 

4.1.3 Strength properties (MOR, CS and TS) 20 

The strength properties determined from the static testing comprise the Modulus of Rupture 21 

(MOR) in longitudinal, radial and tangential direction, the Compression Strength (CS) in all 22 

three directions and the Tensile Strength (TS) in longitudinal direction for Spotted Gum and 23 

Tallowwood as presented in Table 3. Literature values for these properties are very scarce 24 

and hence only values from Bolza & Kloot [48] for MOR and CS in longitudinal direction are 25 
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presented for comparison.  1 

Table 3: Mean values of MORL,R,T, CSL,R,T and TSL (in N/mm2) from static testing and 2 

comparative literature values [48] of Spotted Gum and Tallowwood. 3 

 MORL MORR MORT CSL CSR CST TSL 
 Spotted Gum 

Static testing 141 20 15 78 24 21 159 
Literature 142   76    
 Tallowwood 
Static testing 122 19 13 68 20 24 107 
Literature 134   77    

 4 

The determined strength properties for Spotted Gum and Tallowwood correspond well to the 5 

literature values, especially for Spotted Gum. The tested properties of Tallowwood are 6 

generally lower than those obtained for Spotted Gum, whereas for the literature values, both 7 

species behave very similar. Figure 11a shows the typical loading curves from the four-point 8 

bending testing in longitudinal grain direction measured at mid-span for Spotted Gum and 9 

Tallowwood.  10 

  
(a) Bending testing (b) Compression testing 

Figure 11: Failure curves of Spotted Gum and Tallowwood for (a) 4-point bending testing 11 

and (b) compression testing.  12 
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While Spotted Gum generally started to splitter on the tension side and also showed 1 

compression marks on the top side, which resulted in a slow failure and a long creeping 2 

phase, Tallowwood, on the other hand, failed suddenly due to simple tension failure and 3 

showed no signs of compression failure. This is resonated by their TS and CS strength values 4 

with ratios of TS/CS for Spotted Gum of 2.0 compared to 1.57 for Tallowwood. Pictures of 5 

the typical failure modes in bending testing are presented in Figure 12. 6 

  
(a) Spotted Gum 

 
(b) Tallowwood 

 
Figure 12: Typical failure modes in bending testing of (a) Spotted Gum and (b) Tallowwood. 7 

In Figure 11b, the typical failure curves for compression tests in radial and tangential 8 

direction of Spotted Gum and Tallowwood are shown. For those tests, a long period of linear 9 

behaviour after the linear-elastic range and before failure was observed. A similar behaviour 10 

was seen with the tension tests in longitudinal direction. This phenomenon has not yet been 11 

documented in literature.  12 

4.2 Ultrasonic material testing 13 

4.2.1 Moduli of elasticity 14 

From the ultrasonic testing, MOE values were calculated for Spotted Gum and Tallowwood 15 

using Equation (11). Table 4 presents all determined MOE values in longitudinal, radial and 16 

tangential direction for the manufactured wood blocks, full pole sections and cross-sectional 17 

pole sections together with the measured longitudinal wave velocities (VP) of both tested 18 

species. The density values required to calculate the MOEs were 1,060 kg/m3 for Spotted 19 

Gum and 1,090 kg/m3 for Tallowwood as determined according to ASNZ 1080.3 [40]. 20 
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Table 4: Mean MOE values (in N/mm2) and mean longitudinal wave velocities (in m/s) from 1 

ultrasonic testing of manufactured wood blocks, full pole sections and cross-sections pole 2 

sections for Spotted Gum and Tallowwood. 3 

                           Wood block Full pole Cross-section 
 Longitudinal Radial Tangential  Longitudinal Radial 
 Spotted Gum  

MOE  32,313 4,165 3,282  33,328 3,494 
VP  5,521 1,982 1,760  5,607 1,815 

 Tallowwood  
MOE  28,764 4,783 3,610  28,755 4,522 
VP  5,137 2,095 1,820  5,136 2,037 
 4 

For the manufactured wood blocks, the presented MOE values in longitudinal, radial and 5 

tangential direction and the wave velocities are the mean values of the 25 measurement 6 

locations as illustrated in Figure 8b. The results were very consistent across the entire 7 

specimen with COVs of approx. 1% for the measurements in all three directions for both 8 

wood species. The calculated longitudinal MOE values are 32,313 N/mm2 for Spotted Gum 9 

and 28,764 N/mm2 for Tallowwood, the corresponding wave velocities are 5,137 m/s and 10 

5,521 m/s, respectively. 11 

For the full pole sections, the longitudinal MOE values and corresponding wave velocities are 12 

given for Spotted Gum for outside measurements along the axis and for Tallowwood for 13 

outside measurements along the spiral growth. Other wave velocity measurements through 14 

the pole centre or with rotational shifts were within margins of ±10%. The resulting 15 

longitudinal MOEs of 33,328 N/mm2 for Spotted Gum and 28,755 N/mm2 for Tallowwood 16 

are very similar to the values of the manufactured wood blocks. While this is unexpected, it is 17 

noted though that the full pole sections did not contain any visible knots or growth 18 

characteristics that would be considered to be defects (besides fine cracks along the grain). 19 

Typically, cracks form in the longitudinal direction, and the wider they are, the deeper they 20 
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become in radial direction. The main influence of cracks on the wave velocity is therefore on 1 

wave measurements in the tangential direction where the waves have to travel around the 2 

cracks. Hence, longitudinal and radial measurements are not affected much by the cracks.  3 

For the cross-sectional pole sections, the radial MOE values and corresponding wave 4 

velocities were 8.5% smaller for Spotted Gum and 2.9% smaller for Tallowwood when 5 

compared to the manufactured wood blocks. Despite visible cracks in the cross-sectional pole 6 

sections, the measured velocities were constant with COVs under 3%.  7 

4.2.2 Modulus of rigidity 8 

The mean moduli of rigidity (G) and shear wave velocities (VS), determined from the 9 

manufactured wood blocks, are presented in Table 5. The moduli of rigidity were calculated 10 

following Equation (12) using the averages of the two shear wave velocities measured in the 11 

same orthotropic plane. Since no literature values are available for the moduli of rigidity of 12 

Spotted Gum and Tallowwood, and to be able to position the measured G values, a 13 

compilation of statically determined moduli of rigidity presenting the averages, minimum and 14 

maximum G values of 10 hardwoods is also listed in Table 5 as published by Bergman et al. 15 

[46]. The 10 hardwoods include White Ash (Fraxinus Americana), Basswood (Tilia 16 

Americana), Yellow Birch (Betula Alleghaniensis), Black Cherry (Prunus Serotina), Eastern 17 

Cottonwood (Populus Deltoides), Sugar Maple (Acer Saccharum), Red Maple (Acer 18 

Rubrum), Sweet Gum (Liquidambar Styraciflua), Black Walnut (Juglans Nigra) and Yellow 19 

Poplar (Liriodendron Tulipifera). 20 
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Table 5: Mean moduli of rigidity, G, and mean shear wave velocities, VS, from ultrasonic 1 

testing of manufactured wood blocks for Spotted Gum and Tallowwood, and comparative 2 

literature values of 10 hardwood species* [46]. 3 

 Longitudinal/Radial 

 

Longitudinal/Tangential 

 

Radial/Tangential 

  cLR cRL cLT cTL cRT cTR 
 Spotted Gum 

G [N/mm2] 1,739 1,530 840 
VS  [m/s] 1,267 1,259 1,178 1,191 875 880 
 Tallowwood 
G [N/mm2] 1,725 1,393 905 
VS  [m/s] 1,257 1,259 1,121 1,140 914 909 
 Literature values (10 hardwood species) 
G (Average) 1,193 862 260 
G (Minimum) 622 511 251 
G (Maximum) 1,666 1099 268 

* White Ash (Fraxinus Americana), Basswood (Tilia Americana), Yellow Birch (Betula 4 
Alleghaniensis), Black Cherry (Prunus Serotina), Eastern Cottonwood (Populus Deltoides), 5 
Sugar Maple (Acer Saccharum), Red Maple (Acer Rubrum), Sweet Gum (Liquidambar 6 
Styraciflua), Black Walnut (Juglans Nigra) and Yellow Poplar (Liriodendron Tulipifera). 7 
 8 

While the measured shear wave velocities of Spotted Gum and Tallowwood were consistent, 9 

with COVs under 2% for all measurements of both wood species, when comparing the 10 

calculated G values with statically determined values of the 10 hardwood species, it can be 11 

observed that the moduli of rigidity of both tested species clearly lie above the average and 12 

even above the maximum values of the 10 hardwoods used for comparison. GLR of Spotted 13 

Gum is 45% higher than the average and 4% than the maximum, GLT is 77% higher than the 14 

average and 39% than the maximum, and GRT is 322% higher than the average and 313% 15 

than the maximum. The only wood with moduli of rigidity in a similar range of GLR and GLT 16 

to Spotted Gum and Tallowwood is Yew, as presented by Keunecke et al. [49]. The 17 

researchers state the high ray percentage (following the work from Burgert [50]), the thick 18 

cell wall and the microfibril angle as causes for the high moduli of rigidity. By modelling the 19 
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elastic properties of softwoods, Astley et al. [51] showed that GLR and GLT can double or 1 

triple with an increasing microfibril angle.  2 

The ratios between GLR, GLT and GRT of both tested species are calculated as 2.1/1.8/1 for 3 

Spotted Gum and 1.9/1.5/1 for Tallowwood. For the averaged G values of the 10 presented 4 

hardwood species from [46], the ratios are 4.6/3.3/1. Scheer [52] presented ratios of 5 

3.25/2.5/1 for hardwoods, and Bodig & Jayne [53] stated ratios of 10/9.4/1 for both soft and 6 

hardwoods. This highlights that both eucalypts, Spotted Gum and Tallowwood, have 7 

relatively large moduli of rigidity in the RT plane, which reflects their superior strength along 8 

and across the grain. 9 

4.3 Comparison of static and ultrasonic material testing results 10 

4.3.1 Moduli of elasticity 11 

A comparison of the mean MOE values determined from static and ultrasonic testing is 12 

shown in Table 6. It can be seen that the MOEs from the ultrasonic tests are consistently 13 

higher than those from the static tests. In the longitudinal direction, the differences are about 14 

23% and 36% for Spotted Gum and Tallowwood, respectively, which agrees well with values 15 

reported by other researchers (Burmester [20] and Smulski [19]). It is interesting that 16 

significant differences are observed between MOEs calculated from static and ultrasonic 17 

testing results in the transversal (i.e. both radial and tangential) direction for both species. For 18 

example, MOET calculated from ultrasonic testing is about 2.2 times higher than from static 19 

testing for Spotted Gum and about 2.5 times higher for Tallowwood.  20 
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Table 6: Comparison of static and ultrasonic MOE values (in N/mm2) in longitudinal, radial 1 

and tangential direction of Spotted Gum and Tallowwood.  2 

 Static Testing Ultrasonic Testing Error Proposed Factor (New Error) 
 Spotted Gum 

MOEL 26,174 32,313 23% - 
MOER 2,405 4,165 73% 0.5 (13%) 
MOET 1,499 3,282 119% 0.5 (10%) 
 Tallowwood 

MOEL 21,078 28,764 36% - 
MOER 2,300 4,783 108% 0.5   (4%) 
MOET 1,426 3,610 153% 0.5 (27%) 

The reason for such discrepancy can be explained by the nature of the tests and the 3 

complexity of the wood material. MOE results obtained from static testing are a measure of 4 

the average load vs. deformation relationship of the wood specimen at the given size, while 5 

MOEs calculated from ultrasonic testing are based on the measured wave velocity and the 6 

density of the wood material actually being tested. The relationship between MOE, wave 7 

velocity and density described in Equation (11) is mainly applicable to homogeneous and 8 

isotropic materials where ultrasonic waves propagate in one type of “consistent” media. In 9 

the case of wood material, such an assumption is no longer valid, especially in the cross fibre 10 

direction (i.e. the radial and tangential directions). In the longitudinal direction, due to the 11 

domination of longitudinal fibres, wave propagation is less affected by the orthotropic 12 

material characteristics; in contrast, in the transversal direction, the orthotropic material 13 

characteristics will affect the wave propagation significantly. The ultrasonic wave 14 

propagation in transversal direction will likely experience wave dispersion and scatter. In 15 

addition, there is only a single value for measured density; however, the effect of the density 16 

to the wave propagation in different directions is not the same for orthotropic materials. As a 17 

conclusion, Equation (11) can be used to estimate dynamic MOEs, which are useful for wave 18 

propagation analysis; however, it may not be suitable for direct correlation to static MOEs 19 
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unless correction factors are applied.            1 

The comments above are also supported by examining the wave behaviour between 2 

softwoods and hardwoods. While softwoods have significantly lower densities of around 3 

450 kg/m3 (compared to 1,060 kg/m3 and 1,090 kg/m3 for Spotted Gum and Tallowwood, 4 

respectively), they can reach similar wave velocities in the longitudinal direction due to their 5 

longer tracheids with lengths of approximately 3 mm in comparison to hardwood fibres with 6 

lengths of approximately 1 – 1.5 mm. The measured wave velocities in longitudinal direction 7 

(5,521 m/s and 5,137 m/s for Spotted Gum and Tallowwood, respectively) are close to the 8 

upper limit of the typical wave velocity range of most woods, which is approximately 9 

between 3,050 m/s and 6,100 m/s for small clear specimens with a moisture content of 9% to 10 

15% as reported by Gerhards [11]. The special microscopic structure of the two hardwood 11 

species, with larger vessels and smaller fibres in the cross-sectional plane, allows the waves 12 

to propagate faster through the media and results in larger wave velocities and hence larger 13 

static MOE values are predicted with Equation (11).  14 

In order to calibrate the ultrasonic testing measurements in the transversal directions, for their 15 

correlation to static MOEs, the authors propose to consider a correction factor to modify the 16 

results from Equation (11). For example, for the two hardwood eucalypts, a factor of 0.5 is 17 

proposed for calculating the MOEs in radial and tangential direction. This factor is derived by 18 

minimising the error obtained from the available testing specimen. Applying the proposed 19 

factor, new averaged error values of the ultrasonic results of 12% for Spotted Gum and 16% 20 

for Tallowwood (with a maximum error of 27% for MOET of Tallowwood) are obtained, 21 

which comfortably represents the uncertainty of wood material. While the proposed factor is 22 

only derived from the limited number of testing specimen that were available for this study, 23 

other researchers are encouraged to further validate this proposed factor. 24 
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4.3.2 Modulus of rigidity 1 

While no static testing was conducted to directly determine the moduli of rigidity, the 2 

analytical relations presented in Equation (6) to (8) were used to determine the G values 3 

based on the statically determined MOE values and Poisson’s ratios. For the two tested 4 

species, Table 7 presents the analytically calculated G values compared against the moduli of 5 

rigidity from ultrasonic testing. From the table, it can be seen that for four of the six 6 

determined G values, the moduli of rigidity are larger for the ultrasonic testing compared to 7 

the analytical results. Only for GLR, the ultrasonic results are 15% and 10% smaller for 8 

Spotted Gum and Tallowwood, respectively. The GLT values of both species are 13% larger 9 

for the ultrasonic testing, while the GRT values are 31% and 36% larger for Spotted Gum and 10 

Tallowwood, respectively.   11 

Table 7: Comparison of moduli of rigidity (in N/mm2) from analytical calculations (based on 12 

static results from MOE and 𝜈𝜈) and ultrasonic testing for Spotted Gum and Tallowwood. 13 

 Analytical (Static) Results Ultrasonic Testing Difference 
 Spotted Gum 

GLR 2,001 1,739 -15% 
GLT 1,338 1,530 13% 
GRT 579 840 31% 
 Tallowwood 

GLR 1,902 1,725 -10% 
GLT 1,209 1,393 13% 
GRT 575 905 36% 

 14 

The comparison of the ultrasonic results and the analytical results shows the same trend for 15 

both tested species - overestimation of GLR values and underestimation of GLT and GRT values. 16 

This highlights that the analytical results, which are based on equations derived for 17 

orthotropic rock material, can only be considered partially applicable. Overall, it is noted that 18 

with an average difference of 20%, the alternative ultrasonic testing approach for the 19 
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determination of G is comparable to the static testing and lies well within the uncertainty 1 

range of wood. 2 

4.3.3 Poisson’s ratios 3 

For the static testing, all six Poisson’s ratios can be determined directly from the test 4 

measurements. For the ultrasonic testing, the Poisson’s ratios can be calculated using either 5 

the isotropic relationship from Equation (21) or the orthotropic relations from Equation (16) 6 

to (18). In addition, the Poisson’s ratios can also be determined from combined ultrasonic and 7 

static measurements as presented in [33]. Since for ultrasonic testing, only three independent 8 

Poisson’s ratios were determined based on the measured shear wave velocities, the three 9 

remaining Poisson’s ratios were calculated using the following relationship 10 

𝜈𝜈𝑖𝑖𝑖𝑖
𝑀𝑀𝑀𝑀𝐸𝐸𝑖𝑖

=
𝜈𝜈𝑗𝑗𝑗𝑗

𝑀𝑀𝑀𝑀𝑀𝑀𝑗𝑗
,   𝑖𝑖 ≠ 𝑗𝑗,   𝑖𝑖, 𝑗𝑗 = 𝐿𝐿,𝑅𝑅,𝑇𝑇 (21) 

where νij are the Poisson’s ratios and MOEi/j the moduli of elasticity determined from 11 

ultrasonic testing.  12 

To compare the various Poisson’s ratios, Table 8 presents the results from static testing, 13 

ultrasonic testing with isotropic relations, ultrasonic testing with orthotropic relations and 14 

combined ultrasonic and static testing for the two tested wood species. 15 
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Table 8: Comparison of Poisson's ratios from static testing, ultrasonic testing with isotropic 1 

relations, ultrasonic testing with orthotropic relations and combined ultrasonic and static 2 

testing for Spotted Gum and Tallowwood. 3 

 νLR νLT νRT νTR νRL νTL 
 Spotted Gum 

Static testing 0.53 0.55 0.66 0.48 0.045 0.047 
Ultrasonic (isotropic) 0.47 0.48 0.38 0.30 0.061 0.048 
Ultrasonic (orthotropic) 1.01 1.89 -0.06 -0.05 0.130 0.192 
Combined ultrasonic-static 0.88 2.15 0.87 0.54 0.130 0.192 
 Tallowwood 
Static  0.46 0.83 0.69 0.43 0.043 0.050 
Ultrasonic (isotropic) 0.47 0.48 0.38 0.29 0.078 0.060 
Ultrasonic (orthotropic) 0.75 2.17 -1.08 -0.82 0.124 0.273 
Combined ultrasonic-static 0.82 1.88 0.89 0.56 0.089 0.127 
 4 

The results show that the closest match between static and ultrasonic results was obtained for 5 

the simplified isotropic relationship, with mean deviations from the static values of 24% for 6 

Spotted Gum and 37% for Tallowwood, which comfortably lies within the known range of 7 

Poisson’s ratios for wood. For the ultrasonic results based on orthotropic relations, the 8 

determined Poisson’s ratios deviate quite significantly from the static results with values up 9 

to three to five times higher. For the orthotropic calculations, shear wave velocities at 10 

45°angle were required, however, they were not measured experimentally, and therefore, an 11 

extension (modification) of the Hankinson formula, as proposed by Schneckenberger [54], 12 

was used to calculate the shear wave velocity at 45°. The corresponding equation to calculate 13 

the wave velocity at various grain angles can be expressed as: 14 

𝑉𝑉𝜃𝜃 =
𝑉𝑉‖ ∙ 𝑉𝑉⊥

𝑉𝑉‖𝑠𝑠𝑠𝑠𝑠𝑠1.7𝜃𝜃 + 𝑉𝑉⊥𝑐𝑐𝑐𝑐𝑐𝑐1.7𝜃𝜃
   (22) 

where Vθ is the wave velocity at angle θ, V‖ the wave velocity parallel to the grain, V⊥ the 15 

wave velocity perpendicular to the grain, and θ the grain angle. It is assumed that the poor 16 
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agreement of the static and ultrasonic orthotropic results is due to the fact that, unlike other 1 

woods, the radial and tangential velocities of Spotted Gum and Tallowwood are very similar 2 

and therefore the orthotropic equations fail to determine accurate Poisson’s ratios. While the 3 

orthotropic approach must be dismissed for calculating the Poisson’s ratios based on 4 

ultrasonic measurements, the isotropic assumption gives reasonable results and can be 5 

recommended for calculating the Poisson’s ratios for Spotted Gum and Tallowwood. 6 

For the combined ultrasonic and static approach following Kohlhauser & Hellmich [33], the 7 

determined Poisson’s ratios were more accurate compared to the ultrasonic orthotropic 8 

values, however, the results still pale in comparison to the isotropic calculations. In particular 9 

for νLT, νRL and νTL, the combined approach still resulted in very high errors. For Spotted Gum 10 

and Tallowwood, this approach can therefore not be recommended.  11 

5 Conclusions 12 

This paper has presented a comprehensive investigation on traditional static testing and 13 

dynamic testing based on ultrasonic stress waves for the determination of the full orthotropic 14 

material properties of two hardwood species, Spotted Gum and Tallowwood. All twelve 15 

elastic material properties (moduli of elasticity, moduli of rigidity and Poisson’s ratios in 16 

longitudinal, radial and tangential direction) were determined from static and ultrasonic 17 

testing of small clear specimens and full pole sections, and these values were compared 18 

against each other as well as against values published in the literature (where available). 19 

International standards only fully cover static testing of wood in longitudinal direction, hence 20 

testing procedures for the two secondary directions (radial and tangential) were proposed and 21 

practical testing advice was given. Since the elastic material properties of wood published in 22 

the literature are mainly given in the longitudinal direction, this study is believed to be the 23 

first to provide the full orthotropic material properties for Spotted Gum and Tallowwood, and 24 

thereby presents valuable benchmark data. The comparative analysis of static and ultrasonic 25 
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testing showed that ultrasonic wave testing presents a very attractive alternative for 1 

determining the material properties of wood. The obtained maximum mean errors between 2 

statically and dynamically determined material properties were 22% for the moduli of 3 

elasticity, 20% for the moduli of rigidity and 37% for the Poisson’s ratios. These results lie 4 

well within the uncertainty range of wood. Due to the high density and special microscopic 5 

structure of the two tested hardwood eucalypts, a calibration factor of 0.5 is proposed for 6 

calculating the moduli of elasticity in radial and tangential direction based on ultrasonic wave 7 

testing.  8 
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