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Abstract The in-situ monitoring and characteriza-

tion of the mechanical properties of wood and timber

materials is of great importance due to their broad

structural applications. The purpose of this study was

to propose a nondestructive method to assess the

moisture-dependent viscoelastic behavior of structural

wood using the guided Lamb wave propagation.

Twelve green poplar wood specimens with different

moisture content (MC) underwent the Lamb wave

propagation tests and the wave characteristics were

acquired. The viscoelastic properties of the wood

specimens, including the shear storage and shear loss

moduli and the loss factor, were then estimated

through the solution of the corresponding inverse

Lamb wave propagation problem using the experi-

mentally measured Lamb wave characteristics. The

structural stiffness and damping of wood specimens

were affected by their MC, as the Lamb wave

amplitude and velocity significantly decreased with

MC. While the shear storage modulus decreased with

MC, the shear loss modulus and loss factor increased

with MC, resulting in a higher viscoelastic behavior.

The loss factor of the wood specimens was estimated

to be between 5.88% and 8.49% for different classes of

MC, showing an increase of 44% with MC. The Lamb

wave propagation method offers a strong tool for

nondestructive characterization of the viscoelastic

properties of wood materials and structures over a

broad MC range. Wood materials show a significant

viscoelastic behavior which is highly impacted by

their MC. The loss factor can play an important role in

the characterization and classification of structural

wood and timber with different MC.

Keywords Viscoelastic properties � Natural
materials � Materials characterization � Lamb wave �
Nondestructive evaluation � Ultrasound

1 Introduction

Woodmaterials are being extensively used in different

structural applications, Therefore, the in-situ nonde-

structive characterization of the mechanical properties

of structural wood is of great importance for health

monitoring and quality control purposes. Besides,

wood is known to be a viscoelastic natural material.

Thus, the viscoelasticity assessment of wood materials

is needed to fully comprehend the behavior of load-

carrying wood structuresin different conditions.

Destructive methods, including the tensile and bend-

ing tests, are mainly used to obtain the mechanical
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properties of balk wood and wood-based composites

[1, 2]. Such methods are, however, time-consuming

and cannot be used for the on-line characterization of

material properties. On the other hand, the natural

variations, complex anatomy, and behavior of wood

have made it difficult to propose an accurate nonde-

structive evaluation (NDE) method for the character-

ization of the mechanical properties of wood materials

[3, 4].

The viscoelastic properties of wood materials have

been assessed using different methods in the literature

[5–12]. For example, Hering and Niemz [8] used the

four-point bending tests to investigate the moisture

dependent creep compliance of European beech wood.

Dubois et al. [9] presented a rheological model based

on the generalized Kelvin-Voigt model for describing

the viscoelastic properties of wood. They performed

longitudinal tensile creep tests on Douglas fir speci-

mens for verification purposes. Ozyhar et al. [10]

investigated the time-dependent viscoelastic behavior

of beech wood by performing the tensile and com-

pression creep experiments in different wood’s

orthotropic directions. Li et al. [12] assessed the

temperature-dependent viscoelastic properties of Chi-

nese fir wood using dynamic mechanical analysis. The

strain-rate dependent behavior of wood, which is

related to its viscoelastic behavior, has also been

investigated in prior research studies [13]. However, in

all of the mentioned studies, the characterization of the

viscoelastic properties of wood has been performed

using destructive methods. Therefore, the reliable

nondestructive quantification of the viscoelastic prop-

erties of wood materials is yet to accomplish.

Near-infrared (NIR) spectroscopy [14–16] and the

ultrasonic and stress wave methods [17–22] have been

widely used in the literature for nondestructive

characterization of wood materials. To the authors’

knowledge, none of these methods has been used for

the assessment of the viscoelastic properties of wood

materials. NIR spectroscopy has been mainly used for

the estimation of the modulus of elasticity (MOE) and

the density of wood [16]. The NIR spectroscopy was,

however, shown to face challenges including the need

for frequent calibration and the accuracy issue in the

case of the characterization of thick timbers [16]. The

ultrasonic and stress wave methods have been exten-

sively used for the estimation of the dynamic MOE

(MOEd) of wood materials through the measurement

of the ultrasonic wave velocity [3, 17]. However, it

was shown that the relation between the MOE and

MOEd depends on different factors including the wood

species type and moisture content (MC) [23, 24], and

the MOEd overestimates the static MOE, especially at

high MC levels [25, 26]. Therefore, not only there is

currently a knowledge gap for nondestructive charac-

terization of the viscoelastic properties of wood

materials, but the accurate nondestructive estimation

of their elastic properties has remained challenging.

Guided wave propagation methods have been

extensively used for the evaluation of materials and

structures, and damage detection purposes [27–32].

Guided waves that propagate in plate-like media are

called Lamb waves [33], which may be used for

nondestructive characterization of the properties of

wood materials. For example, For example, Dahmen

et al. [27] assessed the elastic properties of olive wood

plates using the Lamb and bulk ultrasonic wave

propagation methods. Yang et al. [29] examined the

Lamb wave propagation in a woven glass fiber/epoxy

composite laminate to identify and localize a circle

through-hole defect in it. As the characteristics of

Lamb wave, including the wave velocity and dis-

placement amplitude, are related to the mechanical

properties of the propagation medium, the Lamb wave

propagation has become an ideal choice for nonde-

structive evaluation of the mechanical properties of

different types of materials. Besides, the low attenu-

ation nature of Lamb waves makes it suitable for fast

and in-situ characterization of large structures. This

may be regarded as an important issue for health

monitoring and quality control purposes. Furthermore,

the application of different Lamb wave modes and

excitation frequencies allows the detection of a variety

of tiny internal defects embedded in the material under

investigation. However, despite the broad application

of the Lamb wave propagation for materials evalua-

tion and damage detection purposes, far less attention

has been paid in prior research studies to the charac-

terization of the mechanical properties of wood

materials and timber structures using this method.

For example, Fathi et al. [34] have recently proposed a

machine learning-based model for predicting the

MOE and modulus of rupture (MOR) of wood using

the guided Lamb wave method. Besides, there is a

knowledge gap in the literature regarding the nonde-

structive investigation of the shear storage and loss

moduli of wood materials. These are crucial vis-

coelastic properties [35], through which the loss factor
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is calculated that indicates the inherent viscoelasticity

of a material. While these parameters have been

widely investigated in the literature for the character-

ization of different constructional materials [32], less

attention has been given to the assessment of the shear

storage and loss moduli of structural wood.

This study aimed to propose a nondestructive Lamb

wave propagation method for the assessment of the the

moisture-dependent viscoelastic properties of wood

materials. The main hypothesis was that the Lamb

wave characteristics can be properly related to the

viscoelastic properties of wood at varying MC, and

thus the Lamb wave propagation method can offer an

accurate and reliable tool for the estimation of the

shear storage and shear loss moduli and the loss factor

of wood materials. The analytical model for the

inverse problem of Lamb wave propagation in

viscoelastic media is presented, in which the input

parameters are the experimentally measured Lamb

wave velocity and the decay of displacement ampli-

tude with the propagation distance. Green wood

specimens were used to evaluate the performance of

the proposed method for the estimation of the

viscoelastic properties of wood over a broad MC

range. To evaluate the proposed method, the elastic

storage modulus obtained from the nondestructive

Lamb wave propagation tests was compared with the

elastic modulus obtained from the destructive

mechanical three-point bending tests.

2 Lamb wave propagation in viscoelastic materials

Lamb waves are produced in plate-like structures by

the interaction of compression and shear waves near

the two stress-free boundaries of such structures

(Fig. 1). Lamb waves have two different modes of

propagation, namely the symmetric and antisymmetric

modes, defined based on the variations of displace-

ment and stress fields through the structure thick-

ness. Lamb waves are dispersive, meaning that the

velocity of different Lamb wave modes varies with

the wave frequency. In order to properly characterize

the mechanical properties of materials with different

geometrical dimensions and mechanical properties,

the appropriate propagation mode and frequency

should be selected.

The structural wood material investigated in this

study were assumed to be linear viscoelastic,

macroscopically homogeneous, and isotropic in the

wave propagation direction. As very small deforma-

tions are induced in the specimens during the Lamb

wave propagation tests, the assumption of linear

viscoelasticity may be generally valid. The assump-

tion of being macroscopically homogeneous and

isotropic may also be valid for the wood materials

when their internal microscopic inhomogeneities are

smaller than the wavelength and their material prop-

erties do not change significantly in the wave prop-

agation direction. Considering such assumptions, the

correspondence principle for linear viscoelasticity was

used in this study. Consequently, the wave motion in a

linear viscoelastic, macroscopically homogeneous,

and isotropic material is governed by the Navier

equation [33]. The decomposition of the displacement

vector in the Navier equation using the compression

and shear wave potentials, application of the proper

boundary conditions, and simplification of the equa-

tions leads to the following equation for the antisym-

metric Lamb wave propagation in viscoelastic media

[32]:

tanh ĝhð Þ
tanh ĉhð Þ ¼

4k̂2l ĝĉ

2k̂2l � k̂2s
� �2 ð1Þ

where ĝ and ĉ are defined as:

ĝ2 ¼ k̂2l � k̂2c ð2Þ

ĉ2 ¼ k̂2l � k̂2s ð3Þ

Fig. 1 Schematic of the Lamb wave propagation concept. The

interaction of compression (P) and shear (S) waves near the

stress-free boundaries of a plate-like structure results in the

Lamb wave propagation
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and k̂l, k̂c, and k̂s are the complex Lamb, compression,

and shear wavenumbers, respectively, which are

expressed as [32]:

k̂l xð Þ ¼ a xð Þ � ib xð Þ ¼ x
cl
� ib xð Þ ð4Þ

k̂c xð Þ ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k̂þ 2l̂

� �
=q

r ð5Þ

k̂s xð Þ ¼ x
ffiffiffiffiffiffiffiffi
l̂=q

p ð6Þ

Furthermore, the shear wave velocity (cs) is related

to the compression wave velocity (cc) via:

cs
cc

� �2

¼ 1� 2m
2� 2m

ð7Þ

in which m is the Poisson’s ratio. The following

equation can be used to obtain the imaginary part of

the Lamb wavenumber (b xð Þ) based on the displace-

ment component along the x2 direction on the top

surface of the plate-like material at two different

locations along the propagation direction (x1), with a

distance L from each other [32]:

kû2 x21;x
� �

k
kû2 x11;x

� �
k
¼ eb xð ÞL ð8Þ

where || || indicates the absolute value of a complex

number. The complex shear wavenumber,

k̂s xð Þ ¼ as xð Þ � ibs xð Þ, is then calculated through

the numerical solution of Eq. (1) using the obtained

complex Lamb wavenumber. Furthermore, the com-

plex shear modulus may be defined as follows:

Ĝl xð Þ ¼ G
0

l xð Þ þ iG
00

l xð Þ ð9Þ

The complex shear modulus is also related to the

complex shear wavenumber through the following

expression:

Ĝl xð Þ ¼ qx2

k̂2s
ð10Þ

The shear storage and shear loss moduli and the loss

factor (g) of the propagation medium are consequently

obtained via:

G
0

l xð Þ ¼ qx2 a2s xð Þ � b2s xð Þ
a2s xð Þ þ b2s xð Þ
	 
2 ð11Þ

G
00

l xð Þ ¼ 2qx2 as xð Þbs xð Þ
a2s xð Þ þ b2s xð Þ
	 
2 ð12Þ

g ¼ tan d ¼ G
00

l xð Þ
G

0
l xð Þ ¼

2as xð Þbs xð Þ
a2s xð Þ � b2s xð Þ

ð13Þ

To verify the Lamb wave propagation method for

the estimation of the viscoelastic properties of wood,

the elastic storage modulus (E
0
l), which is considered

as the stiffness of a viscoelastic material, was calcu-

lated using the estimated shear storage modulus and

compared with the elastic modulus obtained from

three-point bending tests. Based on the assumptions of

the Lamb wave propagation presented above that

considered the material to be linear viscoelastic,

macroscopically homogeneous, and isotropic in the

wave propagation direction, the elastic storage mod-

ulus is obtained via [32]:

E
0

l ¼ 2 1þ mð ÞG0

l ð14Þ

in which G
0
l denotes the shear modulus in the

propagation plane. For example, if the Lamb wave is

propagated in the longitudinal-tangential (L–T) plane

of the specimens, G
0
l is the shear storage modulus of

the L–T plane (Gl
0
LT ). In this case, mLT is used in

Eq. (14) and the calculated elastic storage modulus is

that in the longitudinal direction (El
0
L). The Poisson’s

ratio of the specimens in the L–T plane (mLT ) was

measured through the compression testing similar to

that performed in [36], and used for the estimation of

the elastic storage modulus in the verification process.

3 Experimental procedure

3.1 Materials

Twelve clear green poplar (Populus x euramericana

(Dode) Guinier) wood specimens were prepared with

the dimensions of 2 � 2 � 30 cm according to ISO-

13061–3 and -4 in the longitudinal direction from flat
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sawn poplar timbers obtained from a poplar tree grown

in the Mazandaran province of Iran. With the intention

of having specimens with various MC, they were cut

and selected from different points along the stem.

These specimens were used for the guided Lamb wave

propagation and mechanical three-point bending tests.

Cookies with a length of 5 cm and cross-section of 2�
2 cm were also cut from the vicinity of the main wood

specimens to determine the corresponding MC and

density of each specimen according to ISO-13061–1

and -2. The selected green wood specimens were

defect-free without any knots and reaction wood. A

flowchart showing the procedure of the Lamb wave

propagation method and three-point bending tests is

presented in Fig. 2.

3.2 MC and density measurements

The MC of wood specimens was measured using the

oven-drying method according to ISO 13,061–1. The

prepared cookies were initially weighted (m1) and then

dried for 24 h in the oven at the temperature of

103 ± 2 �C until they reached a constant mass (m2).

The MC of each specimen was then calculated using

the following relation:

Wð%Þ ¼ m1 � m2

m2

� 100 ð15Þ

in which m1, m2, and W are the wet mass, dry mass,

and MC of specimens, respectively. Moreover, the

density (qW ) of each specimen at the MC of W was

obtained through:

qW ¼ mW

VW
ð16Þ

where mW and VW are the mass and volume of

specimens at the MC of W. After measuring the MC

and density of specimens, the green wood specimens

underwent the guided Lamb wave propagation and

three-point bending tests.

3.3 Guided Lamb wave propagation tests

To obtain the viscoelastic properties of green wood

specimens, the nondestructive guided Lamb wave

propagation tests were performed. The viscoelastic

properties of wood specimens were estimated through

the analysis of acquired signals at different locations

on the specimens. Figure 3 illustrates the experimental

setup used for conducting the guided Lamb wave

propagation tests. This setup consisted of a wave

function generator (Owon AG1022F), digital oscillo-

scope (Owon TDS7104), computer, high power ultra-

sonic actuator, and high sensitivity ultrasonic sensor

with a center frequency of 200 kHz.

An ultrasonic gel was used to ensure the proper

coupling between the wood specimens and transduc-

ers. The choice of frequency is a trade-off between the

wave attenuation (and thus propagation distance) and

the sensitivity. While lower frequencies result in

smaller attenuation of the wave amplitude with the

propagation distance, higher frequencies allow the

detection of tiny defects or minor variations in the

structure and properties of the specimens. The fre-

quency range of a few kHz is usually used for the

Fig. 2 Flowchart of the procedure for quantifying the viscoelastic properties of green poplar wood specimens using the Lamb wave

propagation method, and the verification using the three-point bending tests
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characterization and monitoring of materials and

structures [27, 29], as this frequency range offers a

good trade-off between the two mentioned issues. In

the present study, a harmonic antisymmetric Lamb

wave mode (A0) with a frequency of 200 kHz was

generated in the L–T and longitudinal-radial (L-R)

planes of the specimens using the actuator connected

to the function generator. The propagated wave

characteristics were acquired at four distances of 6,

8, 10, and 12 cm from the actuator using the sensor

connected to the digital oscilloscope. A region in the

middle of the specimens was selected to perform the

Lamb wave propagation tests to avoid receiving the

wave reflections from the sample boundaries in the

acquired wave signals. All tests were performed with a

constant sampling frequency of 10 Mega samples per

second. The wave characteristics, including the phase

and amplitude, were acquired at different actuator-

sensor distances on the specimens The acquired

characteristics were analyzed using the analytical

model of Lamb wave propagation in viscoelastic

materials to assess the viscoelastic properties of wood

specimens at different levels of MC.

3.4 Three-point bending tests

The schematic configuration of the mechanical three-

point bending tests used for the verification of the

results obatined from of the proposed Lamb wave

propagation is shown in Fig. 4. Upon completing the

guided Lamb wave propagation tests of each speci-

men, the mechanical test was performed on it accord-

ing to ISO 13,061–3 and -4. A universal testing

machine (STM-150, Santam Co.) with a crosshead

speed of 1 mm/min was used for conducting the three-

point bending tests. The wood specimens were kept in

nylon packs to keep their MC almost constant prior to

the bending tests.

The elastic modulus (Em) of the wood specimens

were obtained using the mechanical three-point bend-

ing tests when the L–T plane of wood was under

bending loading, which yielded the elastic modulus in

the longitudinal direction, Em ¼ EL [37]:

Em ¼ PL3

4bh3f
ð17Þ

in which P and f represent the load equal to the

difference between the upper and lower limits of

loading and the corresponding difference between

deflections of the upper and lower loading limits,

respectively. Furthermore, L, b, and h are the span

length of the supports, breadth, and height of the

specimens, respectively. Since the elastic storage

modulus of the specimens estimated from the Lamb

wave propagation tests was that of the longitudinal

direction, it was comparable with the elastic modulus

obtained from the bending tests.

Fig. 3 Guided Lamb wave propagation test setup
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4 Results and discussion

The results obtained from the MC and density

measurements, and the guided Lamb wave propaga-

tion and mechanical three-point bending tests are

presented and discussed in this section. The details of

the physical properties of green poplar wood speci-

mens obtained from the MC and density measure-

ments are presented in Table 1. As revealed in this

table, the MC of specimens was between about 50%

and 130%. In order to investigate the effect of MC

variation on the viscoelastic properties of wood

specimens, the twelve specimens tested in this study

were divided into three classes of MC each including

four specimens, as seen in Table 1. It should be noted

that the MC of none of the specimens was in the range

between 70 to 80% and 100% to 120%.

The waveforms of the harmonic antisymmetric

Lamb wave propagated in the wood specimens, for the

three classes of MC, acquired at different actuator-

sensor distances are presented in Fig. 5. As shown in

this figure, the acquired Lamb wave amplitude

decreased with the propagation distance from the

actuator. This indicates the dissipative behavior of the

tested green wood specimens. It was also seen that the

acquired Lamb wave amplitudes significantly

decreased with MC, and this reduction is more

pronounced at higher MC (Fig. 5). Therefore, it was

revealed that the structural damping of wood speci-

mens was highly related to the amount of water

existing in them. This emphasizes the importance of

the viscoelasticity assessment of wood materials while

taking into account the impact of MC.

The ratio of Lamb wave amplitudes acquired at the

actuator-sensor distances of 8, 10, and 12 cm to that of

6 cm, is shown in Fig. 6 for a typical wood specimen

from each class ofMC. Equation (8) was fitted to these

amplitude ratios to obtain the imaginary part of the

Lamb wavenumber. As seen, the Lamb wave ampli-

tude ratio decreased nearly exponentially along the

Fig. 4 Mechanical three-point bending test setup

Table 1 The physical properties of green poplar wood specimens at different levels of MC

Class number Number of specimens MC (%) Mean density (kg/m3)

1 4 50–70 572

2 4 80–100 655

3 4 120–130 839
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propagation direction. A comparison between this

trend and what was previously given in Eq. (8)

confirmed the presented analytical model for Lamb

wave propagation in viscoelastic media.

The acquired Lamb wave signals were analyzed in

the time domain and the Lamb wave velocity (cl) of

each specimen was estimated using the phase differ-

ence of acquired signals at different locations along

the propagation direction. The results (not presented

here) revealed that the Lamb wave velocity did not

vary significantly between the L–T and L-R planes.

Thus, the average Lamb wave velocity measured in

the two planes was selected as the Lamb wave velocity

for each specimen. Finally, the mean value of

measured Lamb wave velocities for the specimens of

each class was considered as its Lamb wave velocity

for the calculation of the mean Lamb wavenumber,

shear wave velocity, and shear wavenumber of each

class.

The mean Lamb and shear wave velocities and their

corresponding wavenumbers obtained from the guided

Lamb wave propagation tests for different classes of

MC are reported in Table 2. As seen in this table, both

of the Lamb and shear wave velocities decreased with

MC, and the highest and lowest velocities belonged to

Class 1 and Class 3, respectively. The decrease in both

of the Lamb and shear wave velocities was about 10%

and 23% for Class 2 and Class 3 with respect to Class

1, respectively. This interesting observation was made

despite the nonlinear relation between the Lamb and

shear wave velocities, Eq. (1). It was also revealed that

the standard deviation of the obtained Lamb wave

velocities for each class was within 3% of the mean

value, and thus not reported in this table. It proves the

repeatability of the procedure for the Lamb wave

velocity measurement for specimens with different

MC. Another observation made through the results

presented in Table 2 is that the imaginary part of the

Lamb and shear wavenumbers increased with MC. It

Fig. 5 The Lamb

waveforms acquired at

different actuator-sensor

distances for a Class 1, b
Class 2, and c Class 3 green

poplar wood specimens
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Fig. 6 The Lamb wave amplitude ratio for a Class 1, b Class 2, and c Class 3 green poplar wood specimens. The distances given in the

figure are those of each sensor from the first sensor at 6 cm

Table 2 The Lamb and shear wave velocities and wavenumbers obtained through the Lamb wave propagation tests for different

classes of green poplar wood specimens

Class MC

(%)

Lamb wave velocity

(m/s)

Shear wave velocity

(m/s)

Lamb wavenumber

(rad/m)

Shear wavenumber

(rad/m)

cl cs al bl as bs

1 50–70 1743 1835 721 20.8 685 20.1

2 80–100 1568 1647 802 29.3 764 28.3

3 120–130 1341 1406 938 39.4 894 37.9
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indicates that the viscoelasticity of the wood speci-

mens increased with MC.

To the best of authors’ knowledge, the Lamb wave

propagation method has not been implemented for the

characterization of wood materials in prior research

studies, and thus the Lamb wave velocity in wood has

not been reported. However, it was shown in the

literature that the ultrasonic wave velocity decreased

with MC [38, 39], while the correlation between the

ultrasonic wave velocity and MC decreases at MC

levels higher than the fiber saturation point (FSP), i.e.

MC[ 30% [38]. The results presented in Table 2,

however, revealed a high correlation between the

Lamb wave velocity and the MC over a broad range of

MC.

The mean and standard deviation of the viscoelastic

properties of the green poplar wood specimens

estimated using the Lamb wave propagation method

are shown in Fig. 7 for different classes of MC. As

seen in this figure, the shear storage modulus, consid-

ered as the shear stiffness of viscoelastic materials,

decreased with MC, which indicates that the wood

specimens were stiffer at lower MC. This is consistent

with the observations made for the MOE of clear

southern pine [40]. A similar trend was also reported

for European beech wood [41]. It was also observed in

Fig. 7 that the shear loss modulus and loss factor

increased with MC. This indicates that the viscoelas-

ticity of the green wood specimens increased withMC.

The loss factor of the specimens, which is proportional

to the ratio of the energy dissipated and the energy

stored in a viscoelastic material during dynamic

loading [35], was between 5.88% and 8.49%, which

is higher than that for many viscoelastic polymers.

Thus, the viscoelastic behavior of green wood is

significant and cannot be neglected when investigating

the mechanical properties and performance of wood

structures. More interestingly, the difference between

the loss factor of Class 1 and Class 3 wood specimens

was as high as 44%, while such a difference for the

shear storage and shear loss moduli was 14% and 25%,

respectively. Therefore, it is concluded that the loss

factor showed a higher sensitivity to the MC of the

green wood specimens and may be used as an

important mechanical property for the characteriza-

tion and classification of wood. The viscoelastic

properties of wood may be explained by the fact that

wood has a poroelastic structure consisted of a porous

solid matrix containing water. Such poroelastic

structures are known to dissipate energy and show

viscoelastic behavior due to the interactions of the

solid and fluid phases and the internal friction between

them [42]. Consequently, the rate of the energy

dissipation in wood, and thus its viscoelasticity

increases with the MC.

The comparison between the elastic modulus of

green poplar wood specimens obtained from the

mechanical three-point bending tests (Em) and their

elastic storage modulus estimated through the nonde-

structive Lamb wave propagation tests (E
0
l) is illus-

trated in Fig. 8. As observed in this figure, there was a

good agreement between the results obtained from

these two methods. The difference between the

estimated results presented in Fig. 8 was smaller than

3% for different classes of MC. This minor discrep-

ancy increased with MC, as at higher viscoelasticities

the elastic modulus obtained based on the elastic

assumption for the wood deviates more from the

elastic storage modulus obtained based on the vis-

coelastic assumption [35]. It is also seen in Fig. 8 that

the mechanical tests performed based on the elastic

assumption slightly overestimated the stiffness of the

wood specimens when compared with the elastic

storage modulus obtained from the Lamb wave

propagation method. A similar trend was reported in

prior literature for other viscoelastic biomaterials [43].

Therefore, the Lamb wave propagation method not

only yielded the shear loss modulus and the loss factor

in addition to the shear storage modulus, but also

improved the estimation of the stiffness (elastic

storage modulus) of wood by considering it as a

viscoelastic material and taking both of the real and

imaginary parts of the Lamb wavenumber into

account.

The results presented in this section confirmed the

potential of the Lamb wave propagation method for

accurate nondestructive estimation of the viscoelastic

properties of wood materials with different MC. It was

shown that the variations in the MC and material

properties were captured in the Lamb wave charac-

teristics, and thus the viscoelastic properties of wood

specimens were reliably estimated. It provides this

method with a great potential for in-situ monitoring

and characterization of in-service structures. This

study has limitations, such as the assumption of a

macroscopically homogeneous and isotropic material

for the propagation medium. The green wood
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specimens tested in this study showed an approxi-

mately homogeneous and isotropic behavior, as the

measured Lamb wave velocity was nearly constant on

the two L–T and L-R planes of each specimen.

However, the further development of the Lamb wave

propagation method for the characterization of the

viscoelastic properties of anisotropic wood materials

may be of interest for future work. Moreover, this

method may be used for the viscoelasticity assessment

of other types of bulk and composite wood materials in

the future. As the sensitivity of the Lamb wave

characteristics to tiny cracks and defects in a material

is high, the potential of this method for damage

detection in wood materials and structures may also be

investigated. Due to the low attenuation nature of

guided Lamb waves, they can propagate over long

distances in large structural timbers. Besides, the

generation of the Lamb waves can be simply carried

out using the contact or air-coupled transducers for

such application. Therefore, the application of Lamb

waves for the characterization and monitoring of large

structural timers may be properly carried out in future

work. However, the test setup and excitation fre-

quency may be slightly altered from that used in this

study. For example, lower frequencies can be used for

the characterization of large timers to further decrease

Fig. 7 The mean and standard deviation of the viscoelastic properties of green poplar wood specimens including a the shear storage

modulus, b shear loss modulus, and c loss factor for different classes of MC
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the Lamb wave attenuation, which causes the wave to

propagate over longer distances. Furthermore, lower

frequencies (higher wavelengths) result in the propa-

gation of the guided waves deeper in the structure,

which may be advantageous for damage detection

purposes in large structures. Since structural timbers

may contain defects such as knot, expanding the

current study to cover defected specimens (i.e.

including knot, etc.) may facilitate employing the

Lamb wave propagation method to monitor structural

timbers.

5 Conclusions

The moisture-dependent viscoelastic properties of

wood materials were quantified using the nondestruc-

tive guided Lamb wave propagation method. The

fundamental antisymmetric Lamb wave mode was

propagated in the wood specimens, and the wave

characteristics were obtained at several locations on

the specimens along the propagation direction. The

viscoelastic properties of the specimens with different

MC were then obtained using the measured complex

Lamb wavenumber and the estimated complex shear

wavenumber. A high correlation was observed

between the Lamb wave velocity and the viscoelastic

properties of wood specimens estimated from the

Lamb wave propagation method and the MC. The

results showed that the tested wood specimens had

significant viscoelasticity, which should be taken into

account when assessing the mechanical properties of

wood materials for different engineering and struc-

tural applications. The shear storage modulus

decreased and the loss factor increased with the MC,

indicating that the structural stiffness and damping of

wood and timber materials, respectively, decrease and

increase with the MC. It was revealed that the

sensitivity of the loss factor to the MC of the wood

specimens was higher than that of the shear storage

and shear loss moduli, suggesting that the loss factor

can play an important role in the characterization and

classification of wood materials. The elastic modulus

of the specimens obtained from the three-point

bending tests and their elastic storage modulus esti-

mated through the Lamb wave propagation tests were

in good agreement, where their difference was smaller

at lower MC. It was shown that the elastic modulus

obtained based on the elastic assumption for the wood

may deviate from its real stiffness, especially at high

MC levels. Therefore, it was concluded that it is of

great importance to conduct the analysis of viscoelas-

tic properties of wood, and the Lamb wave propaga-

tion method offers the potential for rapid and relaible

nondestructive characterization of these properties at

different MC level.
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