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Abstract Ultrasonic testing is a non-destructive testing method of choice for

estimating the anisotropic elastic properties of wood materials. This method is

reliable for estimating the Young’s and shear moduli. However, its applicability to

Poisson’s ratios remains uncertain. On the other hand, despite their destructive

nature, mechanical tests allow a direct measurement of all elastic properties

including the Poisson’s ratios. In some cases (e.g. when assessing cultural heritage

objects), destructive testing may not be an option. In this work, two types of

hardwood walnut (Juglans regia L.) and cherry (Prunus avium L.), which often

appear on cultural heritage objects, were tested using both ultrasonic and

mechanical testing methods under four different moisture conditions below fibre

saturation point. The results show that a higher moisture condition leads to a

decrease in material elasticity. For walnut wood, their longitudinal Young’s mod-

ulus (EL) was reduced by 679 MPa under the compression load for a one per cent

increase in moisture content. Moreover, three ultrasound data evaluation techniques,

which differ in the way they incorporate the Poisson’s ratios (full stiffness inversion,

simplified uncorrected, and simplified corrected), were used to estimate the Young’s

moduli (E). The main goal is to obtain reliable material parameters using the

ultrasound test. As a result, it is concluded that the chosen data evaluation method

influences the accuracy of the calculated E. In a certain case, the simplified-cor-

rected method, which requires only one specimen type, gave a closer agreement to

mechanical tests (e.g. DET ¼ 6% deviation on mechanical results). In another case,

the full-stiffness-inversion method, which requires four specimen types, gave the
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best estimation (e.g. DEL ¼ 2%). In this corresponding direction, the simplified-

corrected method can only partially reduce the overestimation of the simplified

uncorrected from DEL ¼ 47 to 32 %. The variation of E produced by different

evaluation procedures is due to the different correction factor values, which is a

consequence of the variation in m.

Introduction

In engineering, elastic material parameters are essential inputs to advanced material

models. However, the availability of elastic material parameters in the case of wood

is often very limited. It is mainly due to the enormous amount of species, each with

own characteristics as well as due to its natural complexity. The material properties

of wood are different in the three orthogonal material directions: longitudinal (L),

radial (R) and tangential (T). Consequently, a considerable experimental effort is

required to estimate the elastic parameters of only one particular wood species.

Various experimental methods have been developed to support the characterisa-

tion of wood properties using the mechanical test as the standard (Keunecke et al.

2008; Hörig 1935; Ozyhar et al. 2012). The mechanical test allows direct and

accurate measurement of all elastic properties: Young’s moduli (E), shear moduli (G)

and Poisson’s ratios (m). However, the test is a destructive test, which limits its

applicability. In a case of assessing standing constructions or cultural objects, the

non-destructive tests are more suitable. The non-destructive testing of choice for

wood elastic properties, which has been developed over the last decades, is ultrasonic

testing (Bucur and Archer 1984; Gonçalves et al. 2011; Ozyhar et al. 2013). Despite

its reliability of estimating E in the principal axes (L, R, and T) and G on the material

planes (LR, LT and RT), its applicability to estimating m is uncertain. Since the

ultrasonic method is based on the inversion of the stiffness data, E and m values are

partially related. Therefore, the uncertainty of m questioned the accuracy of E.

Both ultrasonic and mechanical testing methods of two types of hardwood walnut

(Juglans regia L.) and cherry (Prunus avium L.) were performed in this study. These

species frequently appear in cultural heritage objects in museums. However, their

elastic properties have only been scarcely investigated (e.g. Keylwerth (1951);

Grosser and Jeske (2008)). For understanding the influence of moisture on the elastic

strength of the material, the tests were carried out under four different moisture

conditions: 50, 65, 80 and 95 % relative humidity (RH) at a temperature of 20 �C. The

first goal of this study is to obtain a reliable set of moisture-dependent material

properties for these two hardwood species (walnut and cherry wood) with a sufficient

accuracy.

Moreover, alternative methods focusing mainly on improving the ultrasound

testing were proposed in this study. E can only be accurately estimated from stiffness

data if knowledge of m is available (Ozyhar et al. 2013). Therefore, three data

evaluation techniques, which differ in the way to incorporate m, were used to estimate

E from the ultrasonic data. The results were compared with the mechanical test

results as the reference. The aim is to improve the accuracy of the ultrasonic method.

Hence, a reliable set of elastic material properties (E, G and m) can be obtained.
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Material and methods

Material

The measurements in this study were taken for walnut (Juglans regia L.) and cherry

(Prunus avium L.) wood grown in the Caucasus region. The average wood densities

(q) were 670 and 575 kg/m3, respectively, and were measured in normal climatic

conditions with a temperature of 20 �C and RH of 65 %. The specimens were small

clear wood without any natural growth characteristics such as reaction wood or

knots.

Wood is described as an orthotropic material on three material axes (L:

longitudinal or fibre grain, R: perpendicular to growth rings, and T: tangential to

growth rings) (Bodig and Jayne 1993). Based on Hooke’s law, the relation between

stress and strain for an orthotropic material presented under Voigt’s notation is

e½ � ¼ S½ � � r½ �;
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where S½ � is the compliance tensor, r½ � and e½ � are stress and strain tensor, respec-

tively. Under Voigt’s notation, they become matrix and vectors as shown in Eq. 1.

Ei is the Young’s modulus along axis i. Gij is the average shear modulus in ij and ji

direction, and the first and second indices represent the direction of vector normal to

the shear surface and the loading direction. mij is the Poisson’s ratio that corresponds

to a passive contraction in direction i when an extension is applied in direction j.

Due to the material symmetry, the S½ � matrix is symmetric, which leads to mLR

ER
¼ mRL

EL
,

mLT
ET

¼ mTL

EL
and mTR

ER
¼ mRT

ET
. Therefore, the orthotropic constitutive equation incorporates

nine independent elastic constants comprised of three Young’s moduli, three

Poisson’s ratios and three shear moduli.
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In the mechanical test, all elastic parameters are directly obtained as test results.

In the ultrasonic test, however, ultrasound waves propagating through the material

provide the stiffness matrix C½ �, which needs to be inverted to calculate S½ � ¼ C½ ��1

and furthermore used to obtain the elastic parameters.

Mechanical test

Compression and tension tests

The specimens used for the compression and tension tests were dog-bone-shaped

specimens. They were prepared for three different loading directions L, R and T

(Fig. 1). Specimens with similar dimensions have been successfully tested to

determine the E and m of yew and spruce wood (Keunecke et al. 2008) and beech

wood (Hering et al. 2012; Ozyhar et al. 2013). The specimens were acclimatised at

50, 65, 85 and 95 % RH and a constant temperature of 20 �C for at least two months

before the tests. For each RH level, loading direction and wood species, 10–15

specimens were prepared.

Compression (CT) and tension (TT) tests were performed using a Universal

Testing Machine (Zwick Roell Z100, Zwick Germany) equipped with a 100 kN

load cell. A 50 N predefined initial force was set with a displacement rate of 5 mm/

min and used as a starting point for the measurement. As soon as the initial load was

reached, the tests were continued under a displacement-controlled rate of 1 mm/min

to achieve failure within 90 (±30) s (Keunecke et al. 2008).

Before the test, three samples were tested for each load direction, humidity level

and wood species to estimate the ultimate stress of the specimens. Fifty percent of

the average ultimate strength obtained in this pretest was used as the upper-stress

Fig. 1 Dog-bone-shaped specimens for the compression and tension test
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limit for the actual measurements. With this limitation, E and m can be measured

without damaging the specimens. Therefore, the same samples could be used for

both tension and compression tests.

For the measurement of strain, a high contrast random dot texture (‘‘speckle

pattern’’) was applied to an 11 � 14 mm2 area on the specimen’s waist on at least

two adjacent sides (Fig. 1). The speckles were applied with a Harder & Steenbeck

evolution airbrush gun in combination with a nozzle cup diameter of 0.8 mm and an

airbrush needle with a diameter of 0.4 mm. During the measurement, pictures with a

frequency of 2 Hz were taken by using two cameras aiming straight at two adjacent

sides of the specimen in the speckle regions. Based on these set of pictures, the

surface strains were calculated with a commercial two-dimensional digital image

correlation software (VIC 2D, Correlated Solution). This strain measurement is

known as the digital image correlation (DIC) technique. This method was explained

in Keunecke et al. (2008).

The Young’s/elastic moduli Eð Þ are defined as

Ei ¼
Drii
Deii

¼ rii;2 � rii;1
eii;2 � eii;1

for all i 2 L;R; T ð2Þ

where Drii and Deii, respectively, represent the difference of stresses and strains in i

direction. The Young’s moduli were measured in the linear elastic range based on

linear regression applied to stress and strain diagram. The stress boundaries rii;1 and

rii;2 were set at approximately 20 and 40 % of the expected ultimate stress.

The Poisson’s ratios mð Þ are defined as

mij ¼
Deii
Dejj

¼ eii;2 � eii;1
ejj;2 � ejj;1

for all i; j 2 L;R; T and i 6¼ j ð3Þ

where eii represents the passive strain component in the load direction i and ejj the

active strain component in j direction. The Poisson’s ratios were determined from

the linear regression between the passive and active strain diagram in the same

range as the Young’s moduli.

Arcan test

Arcan test (AT) was performed to determine the shear moduli (G) mechanically.

This test allows a direct application of shear stresses to the specimen without any

additional stresses (compression or torsional), which is often the issue in the

conventional shear block test. The specimens were 130 � 50 � 8 mm3 boards with

notches (Fig. 2), which were prepared in six different load axes directions (RT, TR,

TL, LT, LR, RL). The tests were performed under standard climatic conditions

(65 % RH, 20 �C). In total, 10–15 samples were prepared for each loading direction

and wood species and acclimatised in the climatic room for at least two months

before the tests.

The test with a displacement-controlled rate of 1 mm/min was conducted with

the same machine used for the tensile and compression tests. The specimens were

loaded up to 60 % of their ultimate stress. To determine the ultimate strength, three
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samples for each loading direction were tested before the actual measurement. The

DIC technique was also used for the strain evaluation. During the measurement,

pictures with a frequency of 2 Hz were taken on both sides of the specimen

containing speckle pattern using two identical cameras. The two sets of pictures

were separately analysed to measure the strain on each specimen’s surface. The

average shear strain was then used for evaluating the shear moduli.

The shear moduli are defined as

Gij ¼
Drij
Deij

¼ rij;2 � rij;1
eij;2 � eij;1

for all i; j 2 L;R; T and i 6¼ j ð4Þ

where Drij and Deij represent the difference of the shear stresses and the shear strain,

respectively. The indices i and j represent the direction of the vector normal to the

shear surface and the loading direction. The shear moduli were measured in the

linear elastic range from the linear regression of the shear stress and twice the shear

strain diagram. The shear stress boundaries rij;1 and rij;2 were set to approximately

10 and 50 % of the expected ultimate stress.

Ultrasonic test

The ultrasonic test is a non-destructive testing technique based on the propagation of

ultrasonic waves in a material. Two types of wave are used, longitudinal wave and

shear/transverse wave. The longitudinal wave shows particle motion along its

propagation direction, whereas the shear wave is characterised by particle motion

perpendicular to the propagation direction. To determine all independent compo-

nents of the C½ � matrix, at least, three longitudinal, three shear wave velocities

Fig. 2 Arcan test specimens to measure the shear moduli for the six principal orthotropic planes
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propagating along the principal axes and three shear wave velocities measured at a

suitable angle to the principal axes (quasi-shear wave) are needed (Bucur 2006). In

this study, the selected angle for the quasi-shear wave is a ¼ 45� with respect to

principal direction. The notation for the wave velocities is listed in Table 1.

The selected longitudinal and shear waves frequency were 2.27 and 1 MHz,

respectively, which lead to the wavelengths (k) of 0.5–2.5 mm. These frequencies

were selected because k must be as big as possible but smaller than specimen

dimension to avoid guided wave effects (Bucur 2006; Zaoui 2002; Kohlhauser and

Hellmich 2013). Bigger k provides a better approximation of the solid continuum to

capture the macroscopic wood behaviour. If k is too small, the interaction of wood

year rings cannot be avoided. Moreover, this selected range of frequency (1 MHz or

higher) has been successfully attempted in several previous studies for other wood

species (Bucur and Archer 1984; Ozyhar et al. 2013; Gonçalves et al. 2011).

In the case of sample dimensions, the requirement of the ultrasonic test is

flexible. Any specimen with a thickness of at least three times k in the propagation

direction (C7.5 mm) can be measured (Bucur 2006; Gonçalves et al. 2011). The

maximum specimen thickness is limited by the ultrasound attenuation, which is

higher for the cross-grain planes. Hence, specimen dimension can be varied from

the millimetre scale to metres (Bucur 2006). The lateral dimensions (width/ length)

are not relevant. The high frequency guarantees that the ultrasonic beam is bounded

by a cylinder with the size of the transducer diameter. The transducer and receiver

must only be placed on two flat and parallel surfaces aligned to each other.

In this study, four different types of cuboid specimens, corresponding to specific

material planes (Fig. 3), were used to carry out the ultrasonic test (UT). Each

specimen type was manufactured in 3 different edge lengths (16, 13 and 10 mm).

They were further acclimatised at RH 50, 65, 85, 95 % and a constant temperature

of 20 �C for at least two months before the test as it is done for the mechanical test

specimens. Approximately 10–15 specimens were prepared for each type,

dimension, wood species and RH level.

The ultrasonic test was performed in each climate room where the samples had

been stored. The test was carried out using the Epoch XT flaw detector (complies to

EN12668-1 (2010)) with a direct through-transmission technique. A transmitter

transducer (Olympus A133S with a diameter of 12 mm for longitudinal waves and

Table 1 Notation for the ultrasound propagation velocities (Ashman et al. 1984)

Wave

velocitiesa
Explanation

Vii Wave velocity of longitudinal wave propagating in the i direction and the particle

motion (direction of polarisation) in the same direction

Vij Wave velocity of shear wave propagating in the i direction and the particle motion in the

perpendicular j direction

Vij=ij Wave velocity of quasi-shear wave with propagation along n ¼ 1ffiffi
2

p 1ffiffi
2

p
� �T

(a ¼ 45� angle

between the i and j directions) and particle motion on the i - j plane

a i; j 2 L;R;T

Wood Sci Technol (2017) 51:47–67 53
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Staveley S-0104 with a diameter of 12.7 mm for transversal waves) sends

ultrasound waves from one surface of the specimen. A separate receiver detects

the first arrival of waves (time of flight) on the opposite surface.

In this experimental test, the flight time of three longitudinal, six shear and three

quasi-shear waves propagating on each specimen dimension was recorded for each

specimen thickness. The velocities were determined by linear regression between

the measured time and the specimen thicknesses. The resulting velocities were then

used to estimate the E and m.

Three different data evaluation techniques were used to evaluate the ultrasound

results. The first data evaluation technique, full stiffness inversion (UT-FSI), is the

method that has been implemented in previous studies (e.g. Bucur and Archer

(1984); Kriz and Stinchcomb (1979); Ozyhar et al. (2013)). This technique requires

the whole set of the wave velocities to estimate the Young’s moduli. Each

component of stiffness matrix C½ � is calculated using the equations in Table 2. Then,

the S½ � matrix is calculated by inverting the C½ � matrix, from which the whole set of

E, G and m is obtained with Eq. 1.

The second data evaluation technique, simplified uncorrected (UT-SU), is a

simplified version of ultrasound data analysis, which only requires the wave

velocities from specimens type I (Table 2). This method significantly increases the

time efficiency of the ultrasonic test. However, the main diagonal terms of the

stiffness matrix are assumed equal to E and G (Eq. 5). Or in other words, the off-

diagonal terms of the material stiffness matrix are zero, which also means that the m
are zero in every load direction. The calculation of G, which is independent of m, is

not influenced by this assumption. However, it leads to an overestimation of E

(Ozyhar et al. 2013).

Fig. 3 Specimen types for ultrasound velocity measurements. Each type was produced in three different
edge lengths: 16, 13 and 10 mm
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Ei � cii ¼ q � V2
ii for all i 2 1; 2; 3

Gij ¼ Gji ¼ cð9�i�jÞð9�i�jÞ ¼ q � V2
ij þ q � V2

ji

� �
=2 for all i; j 2 1; 2; 3 and i 6¼ j

ð5Þ

To avoid the overestimation of E, a third data evaluation technique, simplified
corrected (UT-SC), is proposed. A parametric inversion of the S½ � matrix is

performed to obtain analytical expressions of the axial stiffness cii as a function of

the E and m. By operating Eq. 1, exact expressions for the first three diagonal terms

of the S½ � matrix are obtained. Each stiffness component is equal to E in the

corresponding direction multiplied by a certain correction factor kið Þ which is a

function of m (Eq. 6). Assuming that the nominal values of m are known (e.g. from

literature data (LD), from selected mechanical or other ultrasound tests), and their

variations among different specimens of the same species introduce a negligible

impact on the E calculations, these correction factors can be calculated. By using

this method, an accurate E estimation can be performed even though only specimens

of type I are available during the ultrasonic measurement.

c11 ¼ EL � kL

¼ EL � 1 � mRT � mTR

1 � mLR � mRL � mRT � mTR � mTL � mLT � mLR � mRT � mTL � mRL � mLT � mTR

c22 ¼ ER � kR

¼ ER � 1 � mTL � mLT
1 � mLR � mRL � mRT � mTR � mTL � mLT � mLR � mRT � mTL � mRL � mLT � mTR

c33 ¼ ET � kT

¼ ET � 1 � mLR � mRL

1 � mLR � mRL � mRT � mTR � mTL � mLT � mLR � mRT � mTL � mRL � mLT � mTR

ð6Þ

Table 2 Equation to calculate the stiffness components from the ultrasound wave velocities

Specimen type Wave velocities Equation

I VLL c11 ¼ qV2
LL

VRR c22 ¼ qV2
RR

VTT c33 ¼ qV2
TT

VRT=VTR c44 ¼ qV2
RT þ qV2

TR

� �
=2

VTL=VLT c55 ¼ qV2
TL þ qV2

LT

� �
=2

VLR=VRL c66 ¼ qV2
LR þ qV2

RL

� �
=2

II VRT=RT
a

c23 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c22 þ c44 � 2qV2

RT=RT

� �
c33 þ c44 � 2qV2

RT=RT

� �r
� c44

III VTL=TL
a

c31 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c11 þ c55 � 2qV2

TL=TL

� �
c33 þ c55 � 2qV2

TL=TL

� �r
� c55

IV VLR=LR
a

c12 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c11 þ c66 � 2qV2

LR=LR

� �
c22 þ c66 � 2qV2

LR=LR

� �r
� c66

a Quasi-shear wave with angle a ¼ 45�
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Results and discussion

The experimental results from mechanical tests and ultrasonic test with four

different moisture levels of the woods are presented in Table 3. E and G gradually

decrease with increasing wood moisture content (u) for both mechanical

(compression (CT) and tension (TT)) and ultrasound (UT) results. Figure 4 shows

the influence of moisture on the longitudinal Young’s moduli (EL) for the three

different methods. For walnut wood, the EL obtained from compression, tension and

ultrasound test on average decreased by 679, 423 and 184 MPa, respectively, for

each per cent increase in u. As opposed to the Young’s and shear moduli, no clear

trend of the moisture influence for Poisson’s ratios can be observed. The Poisson’s

ratios as obtained from the mechanical tests show a relatively high variability,

especially for mTL. Therefore, the changes of Poisson’s ratios cannot be uniquely

assigned to the influence of moisture or the inhomogeneity of the wood.

Moreover, the Poisson’s ratios (m) calculated based on the full-stiffness-inversion

(UT-FSI) method show inconsistent results. It is expected due to the combination of

the wood inhomogeneities, the ill-posed problem arises from the inversion of

stiffness matrix. The data of multiple specimens acquired during the ultrasonic

measurement were combined to obtain averaged material properties. Since each

specimen was introduced with natural inhomogeneity, their properties may slightly

vary. Moreover, the inversion of the stiffness matrix is numerically ill-posed. This

can be seen by adding uncertainty to synthesise ultrasound data and performing

inversion. A typical variance of 0.5–2 % in the ultrasonic velocities may induce

errors up to 5 % for E and G and 30% for m. While the influence of these problems is

negligible for E and G, it is clearly pronounced in the resulted m.

Therefore, m show unreasonably high values in certain directions (e.g. mRL, mTL,

mTR). However, in the other directions (e.g. mLR, mLT , mRT) the ultrasonic and

mechanical results show closer agreement. These deviations were also observed in

the previous study (Bucur and Archer 1984; Ozyhar et al. 2013). In fact, the

ultrasonic results at certain direction (e.g. mTL for walnut wood at u 7.2 and 9.2 %)

are exceeding one. The m with values exceeding one are considered to be unusual for

wood (Ting and Chen 2005). Under static mechanical test, Poisson’s ratio with

similar values has not been reported for wood.

The results obtained with the three different evaluation techniques are presented in

Table 4. However, due to the low availability of supported reference studies for

walnut and cherry wood, the correction factor cannot be optimally applied. A full set

of material parameters can only be found for walnut (Keylwerth 1951) but only for a

specific moisture condition. These data were used together with mechanical test

results for comparison. For the validation purposes, correction factors (k) based on

the m of UT-FSI method were also calculated and are presented in Table 4. The cross-

validations were made by multiplying E of the UT-FSI with k in the corresponding

direction. Since Eq. 6 is formally equivalent to the inversion of the C½ � matrix, the

results are equal to the component of C½ � matrix in the same direction, which is no

other than E of the simplified-uncorrected (UT-SU) technique.
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The deviation of the E between each method for walnut and cherry wood is

presented in Fig. 5 with the average of E resulting from compression (CT) and tension

test (TT) as the reference values. Additionally, the ultrasonic results from beech wood

obtained from Ozyhar et al. (2013) with mechanical results from Hering et al. (2012);

Stamer and Sieglerschmidt (1933) as the reference values are also presented.

As expected, the UT-SU version of ultrasound data often leads to an

overestimation of E, for example, for walnut wood at u ¼ 9:2–11.0 % and

q ¼ 590–693 kg/m3 the UT-SU method diverge DEL ¼ 47%, DER ¼ 133% and

DET ¼ 34% from the mechanical tests (Fig. 5). These results have been expected

because of the unknown m in the calculation. Although in most of the cases,

E obtained by the UT-SU method are overestimated, the EL and ET of UT-SU beech
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Fig. 4 Moisture-dependent Young’s moduli of walnut (Juglans regia L.) wood by means of:
compression test (CT), tension test (TT) and full stiffness inversion of ultrasonic test (UT-FSI)
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wood show good correlation which deviate only by 7 and 13 %, respectively, from

the literature data (Hering et al. 2012; Stamer and Sieglerschmidt 1933).

The corrected E based on UT-SC method always show lower values than the UT-SU.

In several cases, these values show a better agreement with the mechanical results and

literature data (e.g.DET ¼ 6% of UT-SC(TT) walnut wood). In another case, however,

the values are still overestimated (e.g. DEL ¼ 33% of UT-SC(LD) walnut wood). In

this direction, the UT-FSI provides a better estimation of E (DEL ¼ 2% of UT-FSI

walnut wood). When the UT-SC shows a closer agreement, for example in ET of

walnut and cherry wood and EL of beech wood, the E of the UT-FSI is underestimated

(DET ¼ �42% of UT-FSI walnut wood). In some cases, however, the UT-SC still

shows a closer agreement even though the UT-FSI result is not underestimated

(DER ¼ 6% of UT-FSI beech wood and DER ¼ 7% of UT-SC(LDc) beech wood).

The correction factors presented in Table 4 are the compensation values from the

overestimated E obtained by UT-SU method. Therefore, the best estimation of E

with the simplified-corrected (UT-SC) method can only be obtained when

correction factor shows a good agreement with the ratio of UT-SU E and the

reference E (average of CT and TT) (SU-ref ratio). As given in Table 5 for both

walnut and cherry wood, the closest agreement of k between the SU-ref ratio and the

UT-SC is obtained for correction factor in T direction (kT). Hence, ET of UT-SC

provide the best estimation (Fig. 5).
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Fig. 5 Deviation of Young’s modulus (DEL, DER, and DET) of walnut (Juglans regia L.) (u ¼ 9:2–

11.0 %, q ¼ 590–693 kg/m3) and cherry (Prunus avium L.) (u ¼ 10:7%, q ¼ 560–589 kg/m3) wood
measured with various methods: compression test (CT), tension test (TT), literature data (LD)
(aKeylwerth (1951)), full stiffness inversion of ultrasonic test (UT-FSI), simplified-uncorrected (UT-SU),
simplified corrected by compression test’s Poisson’s ratios (UT-SC(CT)), Simplified corrected by tension
test’s Poisson’s ratios (UT-SC(TT)) and Simplified corrected by literature data’s Poisson’s ratios (UT-

SC(LD)) and Beech (Fagus sylvatica L.) wood (u ¼ 10:5–12.7 %, q ¼ 674–691 kg/m3) from ultrasonic

test (UT) (dOzyhar et al. (2013)) in combination with literature data (LD) (bHering et al. (2012), cStamer
and Sieglerschmidt (1933))
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Furthermore, when observing the correction factors obtained from mechanical

and literature data, a variance of 4.1–10.7 % is considered (Table 5). These

variations are considered to be relatively low. Thus, the assumption that the

variation of m among different specimens of the same species introduce a negligible

impact on the E calculations can be validated.

Table 4 also presents the results of G tested using the Arcan test (AT) and the

UT-FSI data for both woods in all six plane directions. The relative difference

between both methods using G is relatively low. A high deviation is only observed

for G of walnut wood in the LR plane which deviates by 36 % compared to the AT

and literature data (LD) (Fig. 6).

The moisture content (u) of the tested walnut and cherry wood is realised to be

relatively low (9.2–10.7 % in a normal climate 20 �C, RH 65 %). It is unusual since

it has been commonly known that the u of wood stored under normal conditions is

approximately 12 %. It is suspected due to the high level of extractive content of the

tested wood which disrupts the moisture sorption.

Even though due to the matrix symmetry the relations mLR

ER
¼ mRL

EL
, mLT

ET
¼ mTL

EL
and

mTR

ER
¼ mRT

ET
are predefined, the mechanical tests as given in Tables 3 and 4 can measure

three Young’s moduli and six Poisson’s ratios independently. Hence, twelve

independent elastic parameters including three shear moduli are obtained. This leads

to the asymmetry of C½ � and S½ � matrix. By calculating the C½ � or the S½ �, taking the

average value from every corresponding off-diagonal term and continued by a

backward calculation to re-obtain the elastic parameters, the mechanical test results

can be forced to be symmetric (Table 6). The influence of the matrix asymmetry

was relatively high on m (33.12 % for mRT). However, its influence on E and the

correction factor (k) was very low (maximum of 1.26 % for E and 1.28 % for k)

(Tables 6 and 7). Therefore, it was determined that the mechanical test results were

directly used without any further adjustment.

Conclusion and outlook

The change of moisture influences the elastic parameters of walnut and cherry

wood. A high moisture level (u) leads to lower Young’s (E) and shear moduli (G).

Based on the mechanical test results of walnut wood, EL were on average decreased

Table 5 Correction factors

variation of walnut (Juglans

regia L.) and cherry (Prunus

avium L.) at 20 �C/ RH 65 %

Walnut Cherry

kL kR kT kL kR kT

Ratio between UT-SU E and the reference E

SU-ref ratio 1.473 2.327 1.336 1.362 1.837 1.534

Correction factors

UT-SC (CT) 1.028 1.211 1.206 1.050 1.360 1.355

UT-SC (TT) 1.046 1.271 1.261 1.102 1.485 1.472

UT-SC (LD) 1.111 1.479 1.475

CoV (%) 4.1 10.7 10.8 3.4 6.2 5.8
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by 679 MPa in compression and 423 MPa in tension for every per cent increase in u.

For the Poisson’s ratios (m), however, no clear trend of moisture influence can be

observed.

Besides mechanical test, the ultrasound method is also capable of estimating

E and G with sufficient accuracy. In fact, in the case of accessing cultural heritage,

ultrasound method is preferable to mechanical test. The flexibility of the method in

terms of specimen dimensions and the capability of accessing without destroying

the specimens make it highly favourable. For large objects or objects with complex

geometry, little specimens (±10 mm) can be cut out, which is still much better than

large specimens required for mechanical test (±100 mm)

However, the natural wood inhomogeneities and the ill-posed problem of the

stiffness matrix inversion during the ultrasound data evaluation often lead to

uncertain propagation between the wave velocities and the elastic parameter. While

for E and G the influence is negligible, it is clearly pronounced for m. m, although

mainly influenced by the quasi-shear wave velocities, are also affected by

uncertainties in the longitudinal wave velocities. As a result, some m from the

UT-FSI method show strong deviations with respect to the reference mechanical test

(e.g. mTL), whereas for other values, a better agreement is observed (e.g. mRT).

The UT-FSI method requires the measurement of multiple specimen types (type

I, II, III and IV, Fig. 3). The simplified method of E as equivalent to the diagonal
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Fig. 6 Moisture-dependent shear moduli of walnut (Juglans regia L.) wood obtained with three different
methods: Arcan test (AT), literature data (LD), ultrasonic test (UT)
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terms of the stiffness matrix requires only the ultrasound measurement of specimens

type I, which greatly improves the time efficiency of the test by reducing the number

of samples to one-fourth. However, it leads to an overestimation, for example for

walnut wood with u 9.2–11.0 %, the overestimation DEL ¼ 47%, DER ¼ 133%
and DER ¼ 34% (Fig. 5). The exact correction factors for the simplified method

based on nominal m obtained from mechanical tests or literature can alleviate the

overcompensation. In most cases, it gave better agreement with the mechanical test

results (e.g. DET of walnut and cherry wood; DEL and DER of beech wood) (Fig. 5).

In other exceptional cases (e.g. DEL, DER of walnut and cherry wood), the UT-FSI

although providing inaccurate Poisson’s ratios still gave the best estimation (for

walnut wood DEL of UT-FSI ¼ 2% while DEL of UT-SC(LD) ¼ 32%). This trend

is also observed in the ultrasonic beech results from Ozyhar et al. (2013).

From the presented results, it is clearly shown that the chosen data evaluation

method influenced the calculated Young’s moduli. In some cases, however, E were

still overestimated even after the correction. It is expected due to the propagation of

uncertainties from the ultrasound test. Therefore, further work to clarify the reason

of the differences between methods will be carried out. For the moment, it seems

clear that before applying the ultrasound method to a new wood species, a validation

study with respect to mechanical tests should be performed to quantify uncertainties

and derive the optimum correction factors.

An extended study is going on to continue this topic. Statistical analysis is

performed to investigate the propagation of ultrasound measurement. The objective

is to identify the steps, which introduce most uncertainty in the data evaluation,

particularly for UT-FSI method. Moreover, several parameters in the ultrasound test

(e.g. the influence of geometry, tested point, fibre angle (for specimen type II, III

and IV), wavelength and frequency) will be studied further. Furthermore, the ability

of the ultrasound method to estimate at least some values of the Poisson’s ratio set

will be quantitatively discussed. The final goal is to provide an optimised set of

equations, which obtains from a reduced ultrasound data set the closest possible

agreement with mechanical tests. This established ultrasonic method will be applied

in the future to a real wooden historical object to investigate its stiffness properties,

which will become the basis of the conservation.

Acknowledgments This study was carried out at ETH Zürich and funded through the Swiss National

Science Foundation (SNF) project no. 147672.

Table 7 Influence of C½ � symmetry to the correction factor (k) of Walnut (Juglans regia L.)

Experimental data u (%) q (kg/m3) Correction factors (–)

Walnut kL kR kT

Original results (CT?AT) 9.2–10.0 561–693 1.028 1.210 1.205

[C] symmetry 9.2–10.0 561–693 1.029 1.226 1.220

CoV (%) 0.06 1.28 1.23
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