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Abstract
Structural timber is one of the commonly used construction materials. Timber can contain
natural internal defect such as knot or natural decay due to its anatomical complexity. Moreover,
internal damage or stiffness reduction can also be induced by environmental and biological
factors such as weathering and termite attacks. This hidden internal damage increases the
difficulty of damage detection using conventional non-destructive testing (NDT) methods.
Ultrasonic guided wave (GW) damage detection technique is one of the promising damage
detection techniques, which can be employed to achieve an effective and robust damage
inspection in timber. However, limited attention has been paid to the use of GW for damage
detection in timber, due to the material anisotropy and inhomogeneity. This paper assesses the
capability of GW in detecting different sizes of the internal damages in a structural red oak
timber using the fundamental anti-symmetric mode (Ao) of GW. Measured GW signals in
forward and backward scattering directions are used to calculate the reflection and transmission
ratios for different sizes of internal damages. A series of comprehensive experimental and
numerical parametric studies are carried out using three-dimensional (3D) finite element (FE)
simulations. Good agreement is obtained between numerical and experimental results. The
experimentally verified FE model is utilized to further investigate the wave reflection and
transmission phenomena from different characteristics of internal damages, such as different
lengths, widths, thicknesses, and through thickness locations. The outcomes of this study
demonstrate the robustness of GW technique in detecting conspicuous internal damages in
structural timber. It demonstrates the feasibility of quantitative assessments of internal damage

in timber using Ao GW.

Keywords: Timber; damage assessment; internal defect; Lamb wave; finite element; scattering.
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1. Introduction
1.1. Backgrounds

Timber has been widely utilised in civil construction due to its sustainable and renewable
nature [1, 2]. Recent developments in non-destructive testing (NDT) and structural health
monitoring (SHM) techniques have enabled a higher standard for damage detection and
structural integrity monitoring in structural members made by timber [3-5]. Visual inspection
is implemented for timber damage evaluation, but it is incapable of identifying the internal
decay or invisible damage [6]. Timber is a natural grow material, it can contain internal defects
such as knot, cracks or natural decay. Physical process on either standing trees or onboard
timber members can also produce internal defects [6, 7]. Consequently, internal defects usually
exist and can affect the structural performance of timber structures. Apart from the natural
defects, internal damages can also be induced by working and environmental conditions. This
involves cracks generated from the mechanical loadings, interior deterioration from high
moisture content (MC) [12] and reduction of bearing capacity from ultraviolet (UV) aging [13].
Moreover, timber structures, especially historical constructions [8], are susceptible to insect
attack due to its organic and biomass nature. The internal flaws can be generated by termites
and beetles with only small surface entry larvae boreholes, which are hard to be detected by
visual inspection [9, 10]. The reduction in timber material for a structural member due to the
internal damage can reduce the stiffness of the structure. Mori et al [11] measured and reported
a noteworthy diminution in timber Young’s modulus and bending strength from artificial holes
on timber.

To minimize the risk of failures due to deterioration of structural performance of timber
and ensure the structural safety, an effective NDT damage detection method of critical damage
at its early-stage is essential. Compared to metallic materials, such as aluminium and steel,
mechanical behaviour derivations of timber are more complicated due to its anisotropy,
inhomogeneity and presence of natural defects. Hence, different damage detection techniques
for timber have been developed and investigated in the literatures and they are described in the

following sections.
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1.2. Traditional timber damage detection methods

Traditional semi-destructive testing (SDT) methods, such as Resistograph [14, 15] measures
the resistance or properties variation of a timber section by means of electric drilling. However,
destructive testing is prohibited for most of the modern or preserved historical construction.
NDT methods allow evaluating the condition of structures without inducing any damages.
Traditional timber damage detection methods have acoustic emissions, vibration-based
methods, sounding and conventional ultrasonic methods, such as C-Scan. The effectiveness of
a damage detection method to detect the damages depends not only its sensitivity to damage,
but also the operational feasibility considering the realistic environmental conditions.
Acoustic emissions [16] is a passive monitoring approach, through which the elastic wave
is generated by a sudden redistribution of stress from localized damages rather an external
excitation source. Consequently, the location of acoustic energy source can be determined.
Vibration based method [17, 18] primarily examines dynamic responses, such as modal
frequencies and modeshapes of structures to determine changes in global stiffness of structures
[19]. This method can detect the existence of large discontinuities or damages in timber
members. However, compared to conventional ultrasonic method, vibration-based method is
less sensitive to small size of damages and incapable of accurately identifying the location of
these small damages [19]. Sounding techniques were utilized to measure the embedded length
or examine the heath stage of timber utility pole [20]. However, the sonic wave is usually
created by means of by impact hammer and belongs to broadband signal. Compared to
narrowband signal, broadband excitation signal has higher attenuation and is more dispersive,
which is difficult to analyse the signals. On the other hand, the conventional ultrasonic method,
such as C-Scan, was also commonly used for damage detection of structural timbers [21]. This
method relies on ultrasonic device to generate bulk wave, which was used in detecting small
holes [22, 23] and delamination [24] in timber. In the literature, different studies showed it has
adequate sensitivity to the damages. However, conventional bulk wave method has limited
inspection area: only a small scanning area covered by the ultrasonic device can be inspected.
In summary, these techniques are incapable to effectively detect relatively small-size damages.

Therefore, a robust method to detect early-stage inconspicuous defects in timber is essential.
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1.3. Damage detection of timber structures using guided wave

Guided wave (GW) technique can provide large area inspection and has high sensitivity to
different types of damage, thus it has the potential to fulfil the requirements of damage
detection for timber. This technique has been widely applied in concrete, metallic and
composites materials in the literature [25, 26]. However, limited attention has been paid on
damage detection of timber using GW.

In the literature, most of the studies focused on GW and timber were aimed at identifying
properties of timber material. Dahmen et al [27] determined nine anisotropic constants of
timber using a method combining GWs and bulk waves. The results showed that the
computational cost to include all the timber anisotropies is very high. A number of studies
indicate that GW is capable of detecting the changes in material properties brought by the
environmental factors such as the changes in MCs [28, 29] and UV aging [13]. Fathi et al [28]
recently measured the elastic properties of timber under different MC using GW propagation
method. They showed that the elastic properties determined using GW are in good agreement
with the results obtained from a three-points-bending test. GW has also been recently used to
measure the moisture-dependent viscoelastic properties of timber, such as shear storage, shear
loss and loss factor [29]. These studies indicate GW can provide a more accurate estimation of
the material properties under the changes of MC and UV aging compared to the conventional
bulk wave methods.

However, there were limited studies focusing on damage detection of timber members
using GW. One of the main real applications of GW technique in timber is to measure the
embedded length [3, 30] or to assess the health conditions of timber utility poles [20, 31].
Dackermann et al [20] proposed a new method for monitoring the structural health of timber
utility poles. The method combines the machine learning algorisms with GW technique using
a multi-sensor system. El Najjar et al [3] assessed the embedded length and the damage in the
embedded portions of the timber poles using GW propagation method. They concluded that
the wave energy leakage to the surrounding soil is minimal. Numerical studies were also been
performed to simulate the wave propagation on the timber poles. Studies showed that timber
can be assumed as transversely isotropic material in modelling wave propagating on a timber
pole [32, 33]. This is because the stiffness in fibre direction is much greater than the stiffness
in the other two directions direction [34]. This assumption was proven to be valid when treating

the timber pole as one-dimensional (1D) waveguide. Zhang et al [35] also conducted a
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preliminary study on damage detection of timber using a piezoelectric transducer (PZT). The
wavelet packet energy of GW is calculated for cracks with different lengths.

GW technique has the potential to enable a robust damage inspection in timber, however,
limited studies were presented in the literature. Past studies were mainly focused on using GW
to measure the timber properties, and only few studies focused on timber damage detection.
Therefore, development of GW technique in timber damage detection, typically those
inconspicuous internal damages from interior deterioration or insect attack, are remained
critical. To the best of author’s knowledge, limited studies have provided quantitative
assessments on internal damages in structural timber.

This paper aims to provide a comprehensive wave scattering analysis on the internal
damage in structural timber member using fundamental anti-symmetric mode (Ao) GW. To
assess the sensitivity of Ao GW to the timber internal damage, different sizes of internal damage
have been created experimentally on a structural timber member using a rotary tool. Wave
reflection and transmission ratios are obtained before and after the internal damages. In order
to have a visual understanding and gain insight into the interaction between the internal damage
and the GW, three-dimensional (3D) finite element (FE) simulations are used to model the
internal damage. A series of parametric studies using experimentally verified FE model are
performed to investigate the wave reflection and transmission ratios by varying the length,
width, thickness and location of the internal damages.

The arrangement of the paper is as follows. Section 2 presents the theory of GW
propagation in the transversely isotropic timber. Section 3 describes the details of the 3D FE
model. Section 4 describes the setup and the procedures in the experiment to create different
sizes of internal damages. The reflection and transmission ratios obtained from numerical and
experimental results, along with the numerical case studies using the validated FE, are
discussed in Section 5. The limitations of the present study are discussed in Section 6. Finally,

a conclusion is provided in Section 7.

2. Governing equations for GW propagating in transversely isotropic material

This section presents the governing equations of the GW propagation in timber. Plane wave
assumption is used in the analytical solution. Timber is an orthotropic material with elastic
properties being different along three principal axes as shown in FIG. 1. Fibre direction is

labelled as 1 while tangential and radial direction are labelled as 2 and 3, respectively. The



184  propagation direction of the plane wave is defined to be consistent to the fibre direction 1. Due
185  to the presence of unidirectional fibres, elastic modulus presents large differences between fibre
186  direction and radial direction while only minor difference between radial and tangential
187  direction [32]. Therefore, timber can be assumed to be transversely isotropic material [32, 34].

188

Fibre direction(1)

o

Tangential direction(2)

Radial direction(3)

189

190 FIG. 1 Three principal axes used in the timber modelling

191

192 Governing equations for GWs propagating in an orthotropic plate is given in [36]. For plate

193  wave propagation in a transversely isotropic plate, governing equations can be derived by
194  simply substituting the restrictions on elastic constants to the existing solutions. The
195  compliance matrix of transversely isotropic material can by expressed by taking the inverse of
196  the stiffness matrix as shown in Eq. (1a), where € and ¢ are strain tensor and stress tensor,
197  respectively. Five independent variables are required to compute the matrix and they are

198  E;, E3,9,3,923 and G35, where E, ¥ and G are young’s modulus, Poisson’s ratio and shear

. . . . . ;i 9
199 modulus in the given direction, correspondingly. ¥;; and 9; are related by E—’ = E—’ Due to
i j

200  directions 2 and 3 have the same material elasticity, a symmetric plane is defined for direction
201  2-3. Therefore, transverse isotropy has E, = E3, 9,; = U3, and G, = G;3, which yields the

202  following simplified symmetric matrix.
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Substituting the stress-strain relationship in Eq. (1) into equations of motion in Eq. (2), coupled

displacement equations in three directions can be obtained and shown in Eq. (3) [36]. The

propagation direction of the plane wave is defined to be consistent with the fibre direction 1,

whereas direction 3 is the thickness direction of the timber.

aO'ij azui
Fraaldrra @
w = Ujeif(x1+ax3—ct)’ j=123 (3)

where u; is the displacement component and U; displacement amplitude of w; . ¢ is
wavenumber and c is phase velocity. @ is an unknown representing the ratio of x3 to xi
wavenumbers. Eq. (3) leads to

K, (@)U, =0, mn=1,23 4)
where the coefficient K, () is a symmetric matrix, such that K,,, = K, . For the
transversely isotropic case, coefficient K, («) are:

Ky = €1 — pc® + Cssa?
Ky = Cs5 — pc? + Cpqa®

K33 = Cs5 — pc? + C33a? (5)
K23 = O
Ki3 = (Ci3 + Cs5)a

where contracted notions are defined and used in Eq. (5) to replace ¢;jy; in Eq. (1a) with Cg
following the order of stress tensor index, consequently: 11 =1,22=2,33=3,23=4,13=5
and 12 = 6. For consistency of the solutions, C;, C33, C44, C55 and C; 5 are chosen to express
all coefficient. According to Nayfeh et al [36], shear horizontal mode (SH) are uncoupled
mathematically from fundamental symmetric mode (So) and Ao if wave propagates along
principle axis in a transversely isotropic plate. Equating determinant of Eq. (4) to zero gives a
sixth order polynomial [36]:
a®+ Bia* + Bya? + B; =0 (6)
where By, B, and B; are coefficients involving material constants and phase velocity. Both
coefficients and solution for a are given in Appendix A.
Solve Eq. (6), substitute a into displacement and stress expressions and apply stress free
conditions at plate boundaries [36], the characteristic equations for the symmetric and

antisymmetric Lamb wave modes propagate along principal axis in a transversely isotropic
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plate can be obtained as shown in Egs. (7)-(9). Eq. 7(a) is for symmetric waves while Eq. 7(b)
applies to anti-symmetric waves [36].

tan(ya;) Di1D,3

= (7a)
tan(yaz) Di3Dy
tan(ya,) _ D13D;yq (7b)
tan(yaz)  Di1Dy3
&d
— 27 8
V= (8)
Dyj = (Cy3 + Caza4, W)
Dyy = Css(ay + Wy) 9)

W, = PCZ -y — Cssai
f (Ci3 + Css)ay,

where d is the thickness of the plate and k = 1,2,3,4,5,6.The corresponding roots for a are

given in Appendix A. Semi-analytical solutions of Egs. (7)-(9) are shown in Section 3.1.

3. 3D FE model

3D FE models were developed using ABAQUS/Explicit to simulate the GW propagation and
wave scattering phenomena in timber. Reflection and transmission ratios from different sizes
of internal damage were obtained. An experiment was performed to validate the FE results.
The validated FE model was then used to perform a series of parametric studies, and the results

are given in Section 5.

3.1. Model definition

A 10 mm thick Tasmanian red oak was modelled in ABAQUS, which is the same as the
specimen used in the experiment. To avoid unwanted reflections from the edges, the width and
length of the timber were set to be 800 mm, which are large enough to avoid wave reflections
from edges. The configuration of the model is shown in FIG. 2(a). A Cartesian coordinate is
established to describe the locations of measurement points. The coordinate is defined at the
surface of the timber, and the origin of system is defined at the excitation centre. x direction is
aligned with timber fibre direction, which is also the direction of wave propagation. A
symmetric boundary condition with respect to x axis was applied. Different sizes of internal
damages were created at x = 290mm. To ensure the reflection wave is separated from the

incident wave, the reflection wave measurement point is at x = 100mm while the transmission
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wave measurement point is at equal distance away from the damage with respect to reflection
scanning point. The timber is modelled using 3D eight-node linear brick elements with reduced
integration and hourglass control (C3D8R) element. To investigate the precision of using
reduced integration element, 3D eight-node linear brick elements with incompatible mode, full
integration, and hourglass control (C3D8I) were also used to model timber. C3DS8I not only
utilises full integration but also has additional degree of freedom, which can also capture
bending motion. Identical results were obtained from these two models. Since C3D8I is more

computationally expensive, C3D8R was used in this study.

(a) (b)

Forward scattered
wave mixed with the
transmitted wave

3D stepped damages

ATepunoq OIIOUIAS

AIepunoq OLOWIWAS

Measurement points

Incident Ao guided
wave

FIG. 2 Screenshot of out-of-plane displacements in z axis in a 10 mm red oak at different

Reflection wave

time steps: (a) right after incident Ap wave was generated; (b) interaction of Ag wave with the

3D stepped damages.

Red oak was modelled using transversely isotropic material in this study. The material
properties are listed in Table 1 and density of the timber was measured to be 647.7 kg/m?[34].
Fibre direction (E;;) is aligned with x direction as shown FIG. 2. Young’s modulus of fibre
direction (E;,) is measured experimentally by means of time-of flight using GW, which is 10.5

GPa, shared a similar value of 8.91 GPa from reference [34].
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Table 1 Elastic properties of Tasmanian red oak

E11 EZZ E33 GlZ Gl3 GZ3
1912 1913 1923

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

10.50 1.24 1.24 0.05 0.05 0.43 0.89 0.89 0.43

To simulate the wave attenuation in the model, Rayleigh damping is employed to simulate
energy dissipation during wave propagation [25]. Attenuation constant k; represents the rate
of energy dissipation along the direction of the wave propagation and it is determined by fitting
an exponential function to the experimental data for the decrement of signal amplitude versus
distance [37, 38]. Eq. (10) shows the formula to obtain k;, where x; and x, are the locations of

measurement points, while A; and 4, are the wave amplitudes, correspondingly.

Ay

e exp(k;(x; — x1)) (10)

Mass-proportional damping constant («,,) and stiffness-proportional constant (f3,,) can then be

Ay

computed using k;. a,, = 2k;c, and B, = 2 where ¢, and w are the group velocity and

angular central frequency.

2 x10° :
fcutoff:59kl Iz
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g

2

o

% 11 S1

>

o

2

05 So N

0 50 100 150 200
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FIG. 3 Dispersion diagram for wave propagation along 0° in x direction in 10 mm

Tasmanian red oak

The dispersion relationships for Lamb wave propagating along 0° in x direction in 10 mm

Tasmanian red oak can be obtained by solving the governing equations Eqgs. (7)-(9). The wave

modes for up to 200 kHz are shown in FIG. 3. As shown in the FIG. 3, Ao wave has smaller
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phase velocity and wavelength than So GW under same excitation frequency. Therefore, Ao
GW is more sensitive to smaller damages, and hence, it is selected as the excitation wave mode
in this study. The cut off frequency is 59 kHz. To minimize the complexity in wave analysis of
higher orders and multi-modes, the excitation frequency is chosen below 59kHz. Theoretically,
a higher frequency can have a smaller wavelength, which is more sensitive to smaller size of
damage. However, it is found that 35 kHz can provide the best signal-to-noise ratio for the
experimentally measured signal. Therefore, the excitation signal is selected as a 5-cycle
narrow-band 35 kHz Hann windowed pulse and used for the rest of the study.

In the FE simulation, the Ao wave is generated by applying out-of-plane displacements on
a 12 mm x 6 mm rectangle region, which has the same size and shape as the PZT used in the

experiment. The maximum element size and time increment were recommended to be less than

Al = % ; At = % to ensure the stability and accuracy of explicit analysis [39], where Al is

the maximum element size, At is the time step, 4 is the wavelength of excitation signal, and f
is the central excitation frequency. The wavelength is 28 mm for Ao GW under selected
excitation frequency 35 kHz. Therefore, the maximum element size is set to be 1 mm to ensures
there are at least 28 elements existed per wavelength. To ensure the out-of-plane displacement
is accurately modelled, the thickness of the element is set to be 1 mm and there are 10 layers
of element in the thickness direction.

FIG. 2 (a) shows a snapshot of out-of-plane displacement in FE right after Ao GW is excited.
As shown in the displacement contour, the energy of incident Ag wave concentrates along the
fibre direction, which has dominant stiffness. Therefore, the measurement locations are defined
along fibre direction to capture most of the wave energy. FIG. 2 (b) shows the interaction of
Ao with the internal damage. As a result, reflection wave and forward scattered wave are
generated at the damage. It can also be seen that the forward scattered wave is mixed with the

transmitted wave.

3.2. Simulation of internal damages

Internal damages were approximated as 3D semi-stepped damages in the model validation.
This approximation was developed from a 2D stepped notch damage model, which was
simulated to represent corrosion damage in metallic materials [40]. It was found that the

stepped notches provide a realistic approximation to the corrosion damage. Therefore, it was
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utilized and further enhanced to 3D semi-stepped damages to represent the internal damages in
the experiment.
Internal damages were created experimentally with a small surface entry, whose diameter

equal to Di. The diameter of the damage gradually increases from D at the surface and reaches
a maximum diameter D; at the mid-depth (%) of the timber, where d is the thickness of the

timber. A schematic diagram of a 3D semi-stepped damage is shown in FIG. 4. As it can be
seen in the x-y plane view, each layer of the 3D semi-stepped damage composed by a square.
The diameter of the square damage gradually increases from the top surface (D1) to mid-plane
(D»). Different internal damage cases were created by enlarging D>, while D1 and depth of the
damage remained the same in the experiment. However, due to D1, D> and depth of the damage
were fixed, an identical 3D stepped damage with “unit increasing step” is inapplicable. For
example, when there are n layers of squares, each layer will possess a thickness of d/2n mm.
However, the length and width of the squares in each layer are fixed as (D2 - D1) / (2n —2) mm.
Therefore, if h/n is not equal to (D> - D1) / (2n - 2), the shape of each “unit step” becomes
“semi-stepped”. Denser elements were used to mesh the damage region to achieve good
elements aspect ratio. Different sizes of 3D semi-stepped damages were validated by the
experimental results and shown in Section 5.1. The experimentally validated FE model was
then used to perform a series of numerical parametric studies to obtain the reflection and

transmission ratios for different internal damage cases in Sections 5.2 and 5.3.

(a) kPlane z-y

)

N

FIG. 4 Schematic diagram for a 3D FE semi-stepped damage
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4. Experiment

An experiment was conducted to provide validation of the FE model, and physical
understanding of the GW propagation in the timber and scattering at the internal damage.
Reflection and transmission waves were measured for different sizes of internal damages to
obtain the reflection and transmission ratios. A 10x90Xx 1000 mm? (d X w X [) red oak
structural timber was used in this study, which has the same thickness as FE model. Red oak is
categorized as hard wood, which possesses a stiffer rigidity compared to most softwoods.
Specimen dimensions are the same as the original product to ensure the practicability of the
experiment. The properties of oak were determined as described in Section 3.1. All
experimental measurements were conducted in an indoor environment on the same day. The
indoor temperature was maintained at 27°, and hence, the moisture content of timber sample is
assumed to remain unchanged. Internal damage generation, and the measurements for
reflection and transmission wave are performed on a selected region of the specimen. The
timber grain of the region is selected to be smooth, and hence, no natural defects or obvious
cracks are presented. Therefore, it is ensured that the received scattering waves are only
generated by the internal damage

The Ao wave was excited by a 2x12x6 mm? (d X w X 1) surface-mounted rectangle PZT.
The PZT was placed at 300 mm away from the right end and at the centre of the specimen. The
locations of reflection and transmission wave scanning points, and the locations of internal
damage are the same as those used in the FE simulation as shown in FIG. 2. The excitation
signal was a 5-cycle narrow-band 35 kHz Hann windowed pulse, generated by a NI PXIE-5122
signal module. Due to the narrow width of the specimen, absorbing clay was attached at four
edges of the timber to absorb unwanted wave reflections from edges. A Kron-Hite 7500
amplifier was used to amplify signal voltage. Signals were measured by a Polytec 1D scanning
laser Doppler vibrometer before and after the wave interaction with the damages [41, 42]. Since
the focus of this study is on Ag GW, only out-of-plane displacements were measured.
Reflective paints were evenly sprayed on scanning areas to improve light reflections on sample
surface for the measurements. Sampling frequency was set to be 10.24 MHz with 1200 times

samples averaging. A photo and a figure of schematic experimental setup are shown in FIG.

5(a).
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386 FIG. 5 (a) experimental setup and (b) zoomed view of the sections where internal
387 damages were implemented in experiment

388

389  4.1. Experimental validation

390 Before implementing internal damages on the specimen, the accuracy of the wave simulation
391 in FE was validated by experimental results and the analytical dispersion curve. A 2D discrete
392 Fourier transform (DFT) method was used in this study to validate Ao GW in both numerical
393  models and experiment results. 2D DFT method transforms the time-domain signals, which
394  acquired from numbers of equally spaced measurement points along wave path, to frequency-
395  wave number domain, so that superimposed wave signal resulting from multi-modes can be

396  separated [43]. Applying 2D DFT to space-time signal u(x, t) yields the following results [43]:

N M
1 & f
397 Hepipor = WZ Z un‘me—an(ﬁ(n—1)+M(m—1)) (10)

n=1m=1
398  where f and ¢ donate frequency and wavenumber; u,, ,,, is the space-time signal consisting of
399 M time samples at N measurement points.
400 Time-domain signals at 60 evenly spaced points along fibre direction were measured on
401  the intact specimen. The excitation wave was a 5-cycle narrow-band 35 kHz Hann windowed

402  pulse, which is the same as the FE model. The same Cartesian coordinate in FIG. 2 is used to
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describe the measurement locations. The first measurement point is located at x = 100 mm, the
rest of the points were distanced by an equal distance of 5 mm. It was experimentally
determined that the number of measurement points and an equal measurement spaced of 5 mm
are good enough to produce an acceptable resolution in the contour. In addition, zero paddings
were used in time-domain and space-domain data to increase resolutions of the plots. Identical
measurement locations were also defined in the FE model for performing the 2D DFT.

The 2D DFT results obtained from FE and experiment are shown in FIG. 6 (a) and FIG. 6
(b), respectively. A wavenumber-frequency contour is plotted with the analytical dispersion
curves for the 10 mm thick oak timber under the excitation frequency of 35 kHz. As shown in
FIG. 6 (a) and (b), there is excellent agreement for the experiment and FE data. The contours
have good agreement with analytical Ao dispersion curves. Moreover, contours reach a
maximum amplitude around 35 kHz, which is the centre frequency of the excitation pulse and
marked using a blue circle. The results show that Ao is strongly dominant under the low
frequency condition (35 kHz), and So GW is not observed from the contour.

To capture the wave attenuations with FE, the out-of-plane displacements were also
measured at the scanning area. By using Eq. (10), Rayleigh damping constants were computed

as k;=1.965 Np/m, a,,= 4677.093 rad/s and B, = 9.671x10® s/rad.

© Peak contour amplitude ’ © Peak contour amplitude
Ay - —_A 0.2

0 ) ~0 0.1

0 0.02 0.04 0.06 0 0.02 0.04 0.06
& (1/mm) & (1/mm)

FIG. 6. Wavenumber-frequency contour plot and the analytical dispersion curves (solid
line: Ao, So: dashed line) for a 10mm thick red oak, (a) FE results (b) Experimental results by

35kHz incident wave.
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4.2. Generation of internal damage

Five different sizes of internal damages were investigated to obtain the reflection and
transmission wave ratios. The locations of reflection and transmission wave scanning points,
and the locations of internal damage are the same as in those used in the FE simulation as
shown in FIG. 2.

FIG. 5 (b) shows a schematic diagram of the internal damage implementations. The
diagram zooms in on the sections where internal damage is implemented. Experimentally, an
internal damage cannot be created without comprising the integrity of the surface of the timber
specimen. Therefore, a small surface hole with diameter (D1 = 6 mm) is created to allow an

internal access. The diameter of the internal damage increases gradually from the surface (D)
and reaches the maximum diameter D at mid-plane (g =5 mm) of the timber using a rotary

tool. To control the sizes of internal damage diameters, an aluminium plate with a centre hole
(diameter is equal to D1), was temporarily mount on top of the timber surface. The centre hole
on the aluminium plate provides a fixed rotational angle (6) between rotary head and the
vertical line, which provide a reasonable accuracy in generating the D> of the damage. To create
different sizes of Da, different sizes of rotary heads were substituted in the rotary tool. Each
internal damage was created by rotating the rotary tool in 360°, which was considered to have
equal damage extent in fibre and tangential direction. Due to the availability of rotary heads
and aforementioned difficulties in control of the sizes D», five discrete sizes of D, were created
(7 mm, 9 mm, 12 mm, 14 mm and 16 mm) providing that the depth of the damage and D
remain 5 mm and 6 mm, respectively.

Time signals were recorded for each damage size at the aforementioned locations. In
addition, a fan was used to clean the accumulative wood dust inside the damage before the next
drilling progression. FIG. 7 (a) and (b) compare the FE results with the experiment time signal
at reflection and transmission measurement locations for the case when D, = 7 mm. The time
domain signals at reflection and transmission points are normalized with respect to the incident
wave amplitude at the reflection measurement point. Both figures confirmed that the time of
arrivals and the wave amplitudes in experiments are accurately predicted by FE. Mode
conversion effect could occur through the interaction between Ao GW and the internal damage,
from which, the in-plane waves could be generated. However, the time domain data was
recorded in out-of-plane direction only due to the focus of this study is on Ag GW. The
magnitudes of the resulting in-plane waves are very small and have not been observed in the

out-of-plane time domain data in both numerical and experimental data. Minor phase shifts are
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observed in FIG. 7, and due to following reasons: 1) the presence of local inhomogeneities in
timber sample and 2) slight misalignments of damage size or location. It is also noticed there
is a small unabsorbed wave component from the first reflection at sample width in FIG. 7(a).
The unabsorbed wave component does not interfere with the reflection components from the

damage as it can be seen that the two components are clearly separated.

(a) (b)
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i —— Experiment result —— Experiment result
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FIG. 7 FE and experimental time signal for internal damage size D> = 7 mm at (a) x =

100mm (b) x = 480 mm by 35kHz incident wave

5. Results of numerical case studies

As descripted in Sections 3 and 4, reflection and transmission waves before and after the
internal damages were captured. Three ratios are defined to quantify wave reflection and
transmission ratios, which are reflection wave ratio 7;., transmission wave ratio 1, and forward
scattered wave ratio 1,.;,. These wave pockets are shown in FIG. 2. Forward scattered wave is
retrieved by means of baseline subtraction due to it mixes with the transmission wave.

The ratios are calculated based on the same normalization method as before. They are

normalized by the areas of the incident wave at the reflection point as follow:
1& r = & o = Ay — Ayaer
Al Y tr Al ) trb Al

(10)

=

where A;, A, and A, represent the areas under the incident pulse, reflection pulse, and
transmission pulse in time-domain signal, respectively. The time-domain signals were
computed as the absolute values when used to calculate the areas under the signal. A,
represents the areas under transmission wave for the undamaged case. As aforementioned, it is

used for the purpose of baseline subtraction to obtain the forward scattered wave ratio (3,-p).
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1, and 1, from the experimental and numerical results are shown in Section 5.1. The
experimentally validated 3D FE model was then used to perform a series of parametric studies
to further investigate the reflection and transmission effects from different internal damage
cases. The wave measurement locations were defined consistently as before, and the wave
excitation frequency was the same as 35 kHz. Section 5.2 shows the effects of internal damages
with different dimensions. Section 5.3 shows the effects of the through thickness locations of

internal damages.

5.1. Experimental results

1, and 1, obtained from five different sizes of internal damages are shown in FIG. 8(a) and
(b). As for r3,p, baseline subtraction is impractical to measure in the experiment. It is because
the specimen needs to be taken off from the laser scanning frame for creating the damage,
hence, large phase shifts can be induced from a minor change in measurement location or a
minor delay in wave generation each time. In general, the experimental results exhibit
consistent trends as the FE results. Both experimental and FE results show that the 7, increases
with the sizes of D> and reaches a peak at D> =16 mm, while the 3, presents the opposite trend.
A small discrepancy between FE and experiment predictions is observed in both figures. This
is due to minor mismatches of shapes and sizes of the internal damages. From FIG. 8, the size
of D> can be estimated from the reflection and transmission area ratio. Despite the internal
damages in the reality have irregular shapes, the experimental results still indicate the great
sensitivity and potentials of GW for detecting timber internal damages.

(@ (b)
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008t —FE T, ‘ ——FE 7

Experiment r Experiment r
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FIG. 8 Normalized area ratio for the (a) reflection wave (b) transmission wave resulting

from internal damages by 35kHz incident wave
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5.2. Effects of internal damages with different dimensions

The experimentally verified FE model was used to further investigate the reflection and
transmission ratios for varying length (/), width (w), and thickness (7) of the internal damage.
As shown in FIG. 9, the internal damages were modelled in an ideal cuboid shape to quantify
[, w and ¢ of the damage. The centroid of the internal damage is located at the mid-plane of the

timber and is axial symmetric in both plane x-y and plane y-z.

(b) w Plane z-y

N
b
N——
N’
Foluiaie|

FIG. 9 Schematic diagram for FE internal damage with different dimensions

/ and w of the damage were quantified with respect to wavelength (1), while ¢ of the damage
was quantified with respect to the thickness (d = 10 mm) of the timber. The dimensions of the
damage were initialized by 0.2Ax0.2A%0.2d (I X w X t). Parametric studies were performed to
vary one of these three parameters /, w and ¢, and keep the other parameters unchanged in the
initial stage. [ and w of the damage were swept from zero to 2A with a step of 0.2A respectively.
t of the damage was swept from zero to a hundred percent of the d with a step of 0.1d. The
parametric results are presented in the sequence of varying /, w and ¢ as shown in the following
paragraphs. In addition to 7. and 1y, 1., is also calculated. This is due to an ideal undamaged
baseline is available from the numerical model.

FIG. 10 shows the results for varying /. In summary, 13,-and 14, presented a more intuitive
linear increasing trend compared to the 7. This is due to 7, is affected by the interference
between the first reflection pulse from the start of the damage and second reflection pulse from
the far end of the damage. Two reflection pulses can either interfere constructively and

destructively when length to wavelength ratio is equal to 0.2 and 0.3, respective, as shown in
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FIG. 11(a) and FIG. 11(b). A clear separation of two reflection waves can be observed when

length to wavelength ratio is equal to 1.8 as shown in FIG. 11(c).
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FIG. 10 Normalized area ratio for varying damage length for the (a) reflection wave (b)

transmission wave (solid line) and forward scattering wave (dashed line) by 35kHz incident

wave
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FIG. 11 Time signal of reflection wave at damage length to wavelength ratio equals to

(a) 0.2, (b) 0.3 and (c) 1.8 by 35kHz incident wave

FIG. 12 and FIG. 13 show the reflection and transmission results for varying w and t of
the damage. As aforementioned, the [ of the damage was kept to 0.2 wavelength, which
minimize the destructive interference effects from interference phenomenon between two
reflection waves as shown in FIG. 11(a). Despite the width and thickness of the damage were
quantified differently, i.e. width was quantified with respect to wavelength while thickness was

to the thickness of the timber, the trends of 1;., 13,- and 13,4, in both cases display almost identical
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patterns. The results clearly indicate that 7. increases monotonically with the increasing
damage width and depth, while 7;,- and 13,4, experienced a slight fluctuation.

In summary, 7. shows a more intuitive increasing pattern for the increasing size of internal
damage compared to 1, and 1., and therefore more suitable to be used for identifying the
increasing size of the internal damage. Despite in general, 13, and 13,4, have larger amplitude
than 7;., it is found that the patterns of r,- and 1y, can fluctuate for different damage cases.
Moreover, the measurement of the transmission wave requires the additional access to the far

end of the damage, and hence, it is less practical compared to the measurement of the reflection

wave.
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FIG. 12 Normalized area ratio for varying damage width for the (a) reflection wave (b)
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5.3. Effect of internal damages with different thickness locations

Section 5.2 shows that results of the reflection and transmission wave for varying /, w and ¢ are
different. On the other hand, internal damage can exist in any through thickness locations.
Therefore, it is also important to investigate the sensitivity of Ao GW to the through thickness
locations of the internal damage. Internal damages with different though thickness locations
were modelled by the experimentally validated FE model. The FE model and wave excitation
frequency are the same as those used as Section 5.2. FIG. 14 shows a schematic diagram of
the through thickness locations of the damage. The dimensions of the damage are
0.2Ax2Ax0.1d (I X w X t). The through thickness locations of the damage is represented by the
lower surface of the damage and described by z axis. Therefore, the locations of the damage
were moved from upper surface z = -1 mm to z = -10 mm with a step of 0.1d. It is noteworthy
that when z = -1 mm and z = -10 mm, the damage is a surface notch located at the upper and

the lower surface of the timber, respectively.

I Throughfthickness locations of the damage

w

FIG. 14 Schematic diagram of through thickness location of the internal damage
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FIG. 15 Normalized area ratio for internal damage with different through thickness

locations (lower surface of the damage in z axis location) for the (a) reflection wave (b)
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transmission wave (solid line) and forward scattering wave (dashed line) by 35kHz incident

wave

The reflection and transmission results are shown in FIG. 15(a) and (b). 1;., 73,- and 13,
show symmetric patterns with respect to the mid-plane of the timber. This is because of the
symmetric out-of-plane displacement mode shape of Ao. The changes of the damage location
can change the bending stiffness of the timber. Therefore, the response of reflection wave .
changes correspondingly. According to FIG. 15(a), ;- reached the maximum amplitude of at
the mid-plane of the timber at z = -5 mm and z = -6 mm, while 7, has the minimum amplitude
at the damage is a surface notch at z = -1 mm and z = -10 mm. It is also noteworthy that when
the damage is a surface notch, z = -1 mm and z = -10 mm, the amplitude of 7. is much smaller
than that is located internally. Therefore, based on the amplitude of 7;., it is concluded that Ao
GW is more sensitive to the damage located internally than the damage located at the surface
i.e. surface notch at 35 kHz. Furthermore, the fluctuation of 7, also indicated that even if the
damage size is the same, the reduction in timber stiffness can vary for the different through

thickness locations of the damage.

6. Limitations of the proposed study

Despite the reflection and transmission area ratios measured from the experimental internal
damages display a simple monotonical pattern, the application of GW for practical application
in timber damage detection can be more complex. The limitations of the proposed methods are
discussed in this section.

The first challenge is the multimodal nature of GW. As shown in FIG. 3, the cut-off
frequency for a 10mm red oak timber is 59kHz. To minimize the complexity in wave analysis
of higher orders and multi-modes, the excitation frequency is chosen below the cut-off
frequency. In real-cases, timber might have a much larger thickness than the specimen in this
study. This results a smaller cut-off frequency and therefore the excitation frequency needs to
be reduced. For structural timber with large thicknesses, a different GW type such as surface
wave, longitudinal wave might be considered as the excitation mode. Moreover, the generation
of internal damage and the measurements for reflection and transmission wave are performed
on a selected region of the specimen in this study. The wood grain of the region is selected to

be smooth, and hence, no natural defects or obvious cracks are presented. When the size of
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timber is much larger, it is impossible to avoid the existence of timber natural defects.
Therefore, a baseline state of the sample with natural defects is required to extract the damage-
related information, which can become a more complex analysis. To account for the high-
variability in damage conditions and timber properties, the GW technique can be combined
with the data-driven approaches such as machined learning in future research, which paves the

way for real-cases online monitoring.

7. Conclusion

This paper has provided a comprehensive wave scattering study from the internal damages for
a structural timber using GW. The study helps to improve the in-situ timber damage assessment
using GW. Different sizes of internal damage have been created experimentally on a structural
timber member using a rotary tool. The reflection and transmission ratios of wave have been
measured before and after the internal damages. The experimental internal damages have been
modelled by the 3D semi-stepped damage in 3D FE simulation. A good agreement has been
achieved between the experimental and the numerical results. In summary, both 7. and 13,
obtained from the experiment results have simple trend, in which 7. increases with the size of
the damage while 13, has the opposite trend. Therefore, it can be used for identifying the
internal damage size in the experiment. To simplify the level of anisotropy, timber properties
have been modelled as transversely isotropic for simulating the wave propagation on the timber,
and have proven to be accurate in the FE simulation. It has been shown that the energy of the
wave concentrates along the fibre direction and the low frequency incident Ao GW has low
attenuation when propagating along the fibre direction.

The experimentally validated FE model was used to study the reflection and transmission
effects of damages with different /, w and ¢ In general, 7;. presents an intuitive increasing
pattern compared to 13, and 13,, and therefore more suitable to be used for identifying the
increasing size of the internal damage. However, the amplitude of 7;. is smaller than the 73, in
most of the cases. It has also been observed that when varying / of the damage, two reflection
waves from start and far end of the damage can either interfere constructively, or destructively
due to different arrival times of the two reflection waves. Therefore, a slight fluctuation has
been observed in 7. for varying the damage /. In addition, the reflection and transmission
effects of damage with different though thickness locations have been studied. It has been

found that for the same size of damage, when the location of the damage is at the surface, i.e.,
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a surface notch, the amplitude of 1. is much smaller than those cases when the damage is

located internally.

In summary, this study has confirmed the robustness and sensitivity in detecting

conspicuous damages in timber using Ao GW. The findings in this study have provided

improved insights into GW interaction with internal damage in structural timber, revealing the

potentials for the application of GW in timber damage detection.
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10. Appendix A

Coefficients of Eq. (6) for wave propagates in a transversely isotropic plate

Bl = [611633644- - 6132C44- - 2C13C44-CSS + C336552 - (63364-4 + C33CSS

+ C44Cs5) pc?]/(C33C44Cs5) (41)
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B, = [C11C33Cs6 + C11CasCss + C13°Cs5 — 2C13Cs5°

- (C3SC11 + C11Cqq — Cy3° — 2Cy3Cs5 + C33Cs5 + Cs5Cyq + CSSZ)PCZ

+ (C33 + Caa + Cs5)p?c*]/(C33C44Css) (A2)
By = [C11Css” — (2C11Css + Css”)pc? + (Crq + 2Cs5)p?c* = p3¢®]/(C33C44Css) (A43)

Solutions of Eq. (6) for wave propagates in a transversely isotropic plate

1
—B + [B? — 4AC)?

a3 = 24 y Ay = —U1, 0y = —A3,A5 = —Ug = [(PCZ - Cse)/c44]1/2 (44)
where

A = (335Cs5

B = (Cy; — pc*)C33 — (Cs5 — pc?)Css — (Cy3 + Cs5)* (45)

C=(Cy— PCZ)(Css - PCZ)





