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This study presents a new approach for measuring the acoustic “rod velocity” in wood using guided wave
measurements. The approach fits the acoustic guided wave longitudinal L(0,1) wave mode dispersion
curve, through experimental guided wave phase velocity measurements taken over a range of frequen-
cies. The rod velocity is obtained by measuring the phase velocity of the fitted L(0,1) wave mode disper-

sion curve at zero frequency. This technique is used to obtain rod velocity measurements for cylindrical

wood and aluminium samples. The same approach was also performed on resonance measurements at a

Kweﬁzvgrds" wide range of harmonics. These rod velocities are then compared to acoustic velocities obtained using the
Aluminium traditional time of flight and resonance methods.
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1. Introduction

The ability to measure the properties of wood such as stiffness
is important for the forestry industry. For example, segregation of
logs according to stiffness before processing can lead to an increase
in profitability and efficiency [1,2]. The static bending test is the
gold standard technique for measuring the stiffness of timber [3].
However, ideally the stiffness of wood should be known before it
is processed to ensure it is suitable for the desired product. Various
Non-destructive Testing (NDT) techniques have therefore been
developed to measure the stiffness of wood such as Near Infrared
(NIR) spectroscopy [4], SilviScan [5], and acoustics [6].

Acoustics is the main technique used for measuring the stiffness
of wood as it is inexpensive, simple to use and non-destructive. The
stiffness of wood is related to the Modulus of Elasticity (MoE) in
the longitudinal direction. The relationship between acoustic
velocity ¢, in the longitudinal direction and the modulus of elastic-
ity E is commonly described using the classical 1D wave equation

E
C\g 1)

where p is the density. This is often referred to as the rod velocity.
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The Time-of-Flight (ToF) method is the common method used
for measuring the acoustic velocity in standing trees. It can also
be used with felled logs and timber samples [7]. Two probes are
typically inserted into a sample and separated by a distance Ad.
These are used to measure stress waves generated by either a ham-
mer hit or an ultrasonic transducer which propagate along the
sample. The acoustic velocity is then measured using

Ad
o =50, @

where T is the time taken for the signal to propagate between the
two probes. This “time of flight” is predominantly measured using
the amplitude threshold method. This uses a threshold to determine
when the signal first goes above a threshold voltage at each trans-
ducer. The First Time of Arrival (FToA) technique only looks at the
very start of the signal and ignores the rest of the signal. This tech-
nique will be referred to here as the traditional ToF method. This
method has been shown to result in measurements of acoustic
velocities that vary with the threshold value used, the hammer
hit strength, and the noise level in the signal [8,9].

The acoustic resonance method is the main method used to
measure the acoustic velocity for felled logs and timber samples,
but cannot be used for standing trees. This technique predomi-
nantly uses stress waves generated by a hammer hit at one end
of the log or timber specimen in the direction parallel to the grain.
The stress waves are reflected from the ends of the sample multiple
times resulting in standing waves. A device at one end of the
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sample records the signal and the spectrum is measured. The lon-
gitudinal resonance acoustic velocity can then be calculated using

2L
Cres = nfn’ (3)

where f,, is the n resonant frequency, n is an integer (1, 2, 3...) and
L is the length of the specimen. This will be referred to here as the
traditional resonance method. The second harmonic is commonly
used for acoustic velocity determination in logs [10]. However,
the fundamental frequency has also been used [6]. Note that
flexural vibration techniques have also been used by researchers
where a hammer hit is performed normal to the grain [11].

Studies have also shown that the acoustic velocity obtained
using the ToF method has higher noise and is systematically higher
than that of the resonance method [6,12-14]. This reported overes-
timation can be up to 36% and can vary with factors such as the
diameter, age, and slenderness of the tree stem. This results in
the ToF method having a systematic overestimation in stiffness
measurements compared to those obtained using both resonance
and static bending tests. There have been some suggestions made
as to why this overestimation may be occurring [6,14]. For exam-
ple, it is believed that the overestimation may be due to the ToF
technique measuring bulk waves while the resonance technique
measures the slower “rod waves”. However, this topic still remains
a key area where more fundamental research is needed.

Another area where questions have been raised by researchers
is related to the harmonics used for obtaining the resonance acous-
tic velocity. Studies have reported that the measured resonance
velocity varies depending on which harmonic frequencies are used.
Andrews [12] reported measuring resonance frequencies that were
not integer-multiple harmonics of each other. Chauhan and Walker
[16] reported that the measured resonance velocities obtained
using the first and second harmonic could differ by as much as
11%. Similarly, Hansen [16] reported differences in the velocities
of up to 9% between the first five harmonics for pine and eucalyp-
tus samples. Andrews [12] suggested that the tapered shape of the
log could be the cause of the variation. However, the exact cause is
still not known and more research is needed in this area.

Ultrasonic guided wave testing is a technique that is extensively
used for structural health monitoring of metal structures such as
oil and gas pipelines [17-20]. However, the use of acoustic/ultra-
sonic guided waves in wood is still in very early stages. Several
lab-based studies have used measurements of the phase or group
velocity of the guided wave modes to measure wood properties
[21-25]. These studies were performed on rectangular cross-
section timber samples which generate Lamb waves, which is dif-
ferent to the rod waves generated in cylindrical rods that are used
in this study. Also, previous studies have not investigated the rela-
tionship between acoustic velocity measurements obtained using
acoustic/ultrasonic guided waves and those obtained using the tra-
ditional ToF and resonance methods. Bakar et al. [26] showed that
the ToF and resonance acoustic velocities in wooden and alu-
minium rods were roughly correlated with the longitudinal L(0,1)
wave mode at low frequencies in the experimentally measured
wavenumber-frequency dispersion curves plots. However, guided
wave velocity measurements were not calculated from these
wavenumber dispersion curves due to the low resolution of the
2D Fast Fourier Transform (FFT) method used [27].

This work presents a new approach that uses multi-frequency
fitting of the guided wave fundamental longitudinal L(0,1) wave
mode measurements to provide more accurate acoustic velocity
measurements for wood property estimation. To the best of the
author’s knowledge, this is the first time this method has been
used on resonance and guided wave measurements for wood. This
work also compares acoustic velocity measurements obtained
using the ToF, resonance and guided waves techniques for
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16 mm diameter cylindrical aluminium and wood samples. We
are not aware of any previous studies which have compared all
three techniques for any type of material.

The remainder of the paper is organised as follows. Section 2
provides background theory. Section 3 describes the methodology
and experimental procedure. Section 4 presents the experimental
results. Lastly, Section 5 provides a conclusion and suggestions
for future work.

2. Background theory

The classical 1D wave theory which is given by Eq. 1 is widely
used due to its simplicity and gives good approximations at low
frequencies. It ignores dispersion and suggests that the longitudi-
nal wave mode propagates at a single velocity called the “rod
velocity”. An acoustic signal propagating through a rod-like sample
should initially propagate as bulk waves. However, the signal may
become a guided wave after travelling a sufficient distance along
the sample if the diameter is small enough relative to the wave-
length. These guided waves propagate as different types of vibra-
tions called wave modes, which propagate at different velocities
and are generally dispersive. Dispersion is caused by different fre-
quency components in a wave mode propagating at different
velocities, resulting in the signal spreading out as it propagates.

Dispersion of waves propagating in rod-like structures occurs
due to the geometric and viscoelastic properties of the material
[28]. There are three types of wave modes for a rod-like structure:
longitudinal, flexural and torsional modes. Dispersion curves
describe the propagation speed in a medium and can be repre-
sented by plotting the phase velocity, group velocity or wavenum-
ber as a function of frequency [29]. Dispersion curves can be
obtained by solving the Pochammbher-Chree (PC) equation [30-
32] which is considered the exact theory. The exact solution to
the PC equation describes the three-dimensional wave propagation
of the longitudinal, torsional and flexural wave modes in
cylindrical rods of infinite length. The solution is complex and is
restricted to bars of circular cross-section and infinite length [33].

Since the longitudinal wave mode is widely used for engineer-
ing applications [34], several approximate theories have been
developed to describe the wave propagation of the L(0,1) longitu-
dinal wave mode. Examples of these approximate theories include
the Rayleigh-Love [35], Rayleigh-Bishop [36] and Mindlin-
Hermann [37] theories. These theories represent dispersive sys-
tems where the phase velocity of the longitudinal L(0,1) wave
mode is a function of frequency. The exact solution to the PC equa-
tion is normally used as a reference to determine the accuracy of
these approximate theories.

As an alternative to the exact theory, analytical methods have
been developed to model the wave propagation in a material.
Among them, the Semi-Analytical Finite Element (SAFE) method
is widely used and is accurate [38]. GUIGUW [39] is an example
of a free software that uses the SAFE method to obtain dispersion
curves. Fig. 1 shows the theoretical dispersion curves obtained
using GUIGUW for a 16 mm diameter aluminium rod with an
assumed density of 2,710 kg/m3, Poisson’s ratio of 0.33 and
Young’s Modulus of 68.9 GPa. These dispersion curves show that
for the frequency range shown here, only the fundamental longitu-
dinal L(0,1), torsional T(0,1) and flexural wave F(1,1) modes are
present. (Note that higher order wave modes may start propagat-
ing if either the frequency or diameter is increased). The fastest
wave mode is the longitudinal wave mode. At low frequencies,
the longitudinal wave mode propagates at the rod velocity given
by Eq. 1. The rod velocity c, in cylindrical rods corresponds to
the velocity of the fundamental longitudinal wave mode L(0,1) at
zero frequency [32,41-42]. As the frequency increases, the mea-
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Fig. 1. Theoretical dispersion curves for a 16 mm diameter aluminium rod showing the (a) group and (b) phase velocities. Also shown is the rod velocity c,, which is the

longitudinal velocity as the frequency goes to zero.

sured acoustic velocity will be lower than the rod velocity due to
dispersion.

If the L(0,1) wave mode was able to be excited at very low fre-
quencies, its phase velocity should ideally correspond to the rod
velocity allowing one to calculate the MoE by rearranging Eq. 1
to give

E=pc2. (4)
However, the guided wave phase velocity measurements for higher
frequencies should produce a phase velocity that is lower than the
rod velocity ¢, due to dispersion. This could lead to an underestima-
tion in the calculated MoE. This underestimation should depend on
the radius and Poisson’s ratio for an isotropic cylindrical sample.
However, it should be noted that the wave propagation is more
complex for wood, which is orthotropic and hence has more than
one Poisson’s ratio [14].

Acoustic resonance has been used, mainly in early works, to
measure dispersion curves for metal rods [43-47]. Eq. 3 is used
over a wide range of resonant frequencies to obtain experimental
measurements of the L(0,1) phase velocity dispersion curve. Bri-
zard [47] reported that at the lower frequencies, the resonance
technique is prone to larger errors due to frequency resolution
issues. Brizard used fitting of multi-frequency resonance measure-
ments to obtain rod velocity and Poisson’s ratio measurements for
a steel bar in Split Hopkinson Bar (SHB) testing. This technique has
not been used before for wood. Additionally, we have not found
any previous papers that have used multi-frequency guided wave
measurements to obtain the rod velocity for wood. Shin [48,49]
also obtained rod velocity and Poisson’s ratio measurements for
steel rods but this was related to a dispersion correction technique
in SHB measurements.

In this work, we used a somewhat similar approach to the one
presented by Brizard [47]. The resonance velocities for a wood
sample were calculated using Eq. 3 for a range of harmonic fre-
quencies and a curve was fitted across the measurements to obtain
the rod velocity c,. Additionally, this work extends the work pre-
sented by Brizard by obtaining the rod velocity of wood using
guided wave phase velocity measurements where narrow band-
width signals are used to excite the fundamental L(0,1) wave
mode. These rod velocities are compared with the acoustic veloci-
ties obtained using traditional resonance and ToF methods.

3. Methodology

Kiln-dried radiata pine rods with diameters of 16 and 40 mm
that were 2460 mm in length were obtained. The samples were
selected such that they were defect-free and did not have any

observable knots, cracks or damage. Additionally, a T6 temper
6061 aluminium rod with a diameter of 16 mm and a length of
2510 mm was also used to provide a comparison.

Fig. 1 shows the theoretical dispersion curves for a 16 mm
diameter aluminium rod. The figure shows that at frequencies
below 100 kHz, no higher order wave modes are present and only
the fundamental longitudinal L(0,1), flexural F(1,1) and torsional T
(0,1) wave modes exist. Both the longitudinal and flexural wave
modes are observed to be dispersive whereas the torsional wave
mode is not. Using the above parameters, the calculated bulk wave
speed for aluminium is approximately 6,175 m/s [14], which is sig-
nificantly higher than the rod velocity.

Theoretical dispersion curves for wood are not provided here
since the mechanical properties of the sample were not known.
Refer to our previous article [26] for examples of wavenumber dis-
persion curve measurements for both the aluminium and wood
samples where the same three wave modes were shown to be gen-
erated in both the aluminium and wood samples.

3.1. Resonance measurements

For resonance measurements, a hammer hit was performed
parallel to the grain at one exposed end of the sample to generate
longitudinal vibrations. At the opposite end of the sample, a GRAS
46BF-1 microphone [50] that has a bandwidth of 4 Hz - 100 kHz
was used to measure the received signal. The microphone was con-
nected to a GRAS 26A-1 pre-amp and powered by a GRAS 12AK
power module. The received signal from the microphone was sam-
pled at 2 MHz using the Analog to Digital Converter (ADC) channel
from a Data Translation DT9832 data acquisition module. This
setup can be seen in Fig. 2.

An FFT was performed on the sampled data and the resonant
frequencies were identified. Resonance acoustic velocities were
calculated from each resonance frequency peak over a wide fre-
quency range using Eq. 3. As discussed in the previous section, this
should provide an experimental measurement of the longitudinal L
(0,1) phase velocity dispersion curve for the aluminium and wood
samples.

Power module |—| Pre-amp }(_.:IJ

Mic

DT9832
ADC1

Fig. 2. Experimental setup resonance measurements.
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3.2. ToF measurements

For wood related studies, probes are traditionally inserted into a
wood sample to penetrate the bark. This allows good coupling
between acoustic signals and the wood sample. However, in this
work, shear PZT transducers produced by The Welding Institute
(TWI), UK were directly coupled onto the sample by clamping
them using springs as shown in Fig. 3. The transducers are broad-
band and have a relatively flat frequency response for the fre-
quency range used in this study [51].

Two shear transducers were used to receive vibrations and were
positioned as shown in Fig. 4. The contact face of the transducers
were oriented parallel to the wood grain to enhance the reception
of longitudinal vibrations. A hammer impact was performed paral-
lel to the grain at one end of the sample. The recording of the
received signal was initiated by a keyboard button press just before
the hammer hit was performed. Transducers RX1 and RX2 were
directly connected to the ADC channels of the DT9832 module
and sampled at 2 MHz. The received signal was saved to file for fur-
ther post-processing. Amplitude thresholding was used to deter-
mine the First Time of Arrival (FToA) of the received signals. The
ToF velocity was then calculated using Eq. 2.

3.3. Guided wave measurements

For guided wave measurements, three shear transducers were
used and positioned as seen in Fig. 5. The contact faces of the trans-
ducers were oriented parallel to the grain to enhance the excitation
and reception of longitudinal vibrations. The transducers were
directly clamped onto the sample using springs. The excitation sig-
nal applied to the transmit transducer (TX) was created in
MATLAB. For transmission, five cycles of a Hanning windowed sine
wave with central frequencies f, ranging from 15 to 50 kHz were
used and outputted using an Agilent 33220A Function Generator.
A custom-made linear power amplifier was then used to amplify
the outputted signal to amplitudes of up to 400 Vpp. The receivers
were connected to pre-amps and the received signal at RX1 and
RX2 were sampled at 2 MHz using the ADC channels from the
DT9832 module and saved to file.

Phase velocity measurements were performed using the guided
wave measurements to obtain the phase velocity dispersion curve
for the L(0,1) wave mode. The phase velocities were obtained using
a frequency-domain shifting technique. For each transmission, the
received signal at RX1 was converted into the frequency domain

(a)
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Fig. 4. Experimental setup ToF measurements.

I Function generator | DT9832
L7 ADC1 ADC2 —)' Laptop |
| Power amp | T T
le
ﬁ)’ Pre-amp | | Pre-amp [€
TX RX1 RX2
0 mm

Fig. 5. Experimental setup for guided wave measurements.

using a FFT. Eq. 5 below was then used to simulate the propagation
of the frequency-domain received signal G(w) by a distance d using
an initial phase velocity v,,(w) and attenuation o(w).

Y() = Gw)e’ (st 5)

The distance between RX1 and RX2 receivers was used as the
distance d. The propagated signal Y(w) was then converted back
into the time-domain using an Inverse Fast Fourier Transform
(IFFT). The Root Mean Squared Error (RMSE) between the propa-
gated time-domain signal RX1 and RX2 was calculated. The phase
velocity vp, was adjusted by 1 m/s until a minimum RMSE was
obtained. This process was repeated for a range of central transmit
frequencies f,.

3.4. Rod velocity estimation

Eq. 4 allows us to calculate the MoE from the rod velocity c,,
which is the phase velocity of the L(0,1) wave mode at low fre-
quencies. However, as discussed in Section 2, at higher frequencies,
the phase velocity of this wave mode will be lower than the rod

-

(b)

Fig. 3. Photo (a) shows one of the transducers used in this experiment. Photo (b) shows the transducer being pushed against an aluminium rod sample using springs.
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velocity leading to an underestimation in the estimated MoE using
this equation. A fitting technique was used that estimates the rod
velocity at zero frequency using experimental measurements of
the phase velocity of the L(0,1) wave mode at a range of frequen-
cies. This technique is used for both the resonance and guided
wave measurements. In this paper, the terms resonance rod veloc-
ity and guided wave rod velocity corresponds to the phase velocity
at zero frequency that is obtained by fitting a dispersion curve
through the experimental resonance or guided wave measure-
ments. A curve of best fit was obtained using the following
equation

2
6=t /M (6)
14+ ok

where ¢, is the rod velocity, oy and o, are constants and k is the
wavenumber. The optimum values for variables c,, ¢; and o, were
obtained using a non-linear least squares fitting technique per-
formed in MATLAB. The equation is based on the correction for
the Rayleigh-Bishop theory [52]. The equation was chosen as it is
simple to use and gives good approximations at “low” to “medium”
wavenumbers. More accurate approximations at “large” wavenum-
bers can be obtained using higher-order rod approximations such as
the Mindlin-McNevin theory [53] or the one proposed by Anderson
[54]. These approximations are more accurate over larger range of
wavenumbers but are much more complex. Eq. 6 should be suffi-
cient to characterize the dispersion curve of the L(0,1) wave mode
for the frequency range of interest in this current work.

4. Results

Fig. 6 shows a comparison of the acoustic velocities obtained
using the different methods at varying frequencies for the
16 mm diameter aluminium and wood samples. The theoretical
L(0,1) dispersion curve for the aluminium sample obtained using
GUIGUW was overlaid onto the figure. However, the same could
not be done for the wood sample as the mechanical properties
are not known. Note that the experimental frequency range for
the wood sample is lower than the aluminium sample because
wood suffers from a stronger degree of attenuation at higher fre-
quencies. The hammer hit ToF measurements are not frequency
dependent and hence these measurements have been represented
in these plots as a grey shaded region, which shows the variation of
the ToF acoustic velocities.

Table 1 shows the average acoustic velocity and uncertainties
for each method. The traditional ToF velocities are obtained from
the average of 100 measurements per sample using a threshold

> O
‘G 5000

% —Time of Flight
> 4950 OResonance

% 4900 —Fittled resonance (R? = 0.98)
< OGuided waves

B 4850 —Fitted guided waves (R? = 0.96)
='Theoretical L(0,1)

4800
0 10 20 30 40 50 60
Frequency (kHz)
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value of 0.05 V. Traditionally, the resonance acoustic velocity for
wood is obtained using either the fundamental or second
harmonic. In this work, the average between the fundamental
and second harmonic was taken as the average traditional reso-
nance velocity.

For aluminium, the maximum error between the measured
phase velocities for guided wave and resonance measurements
compared with those obtained from the theoretical L(0,1) wave
mode, as shown in Fig. 6, is approximately less than 0.8%. This
shows that the L(0,1) wave mode is being excited and measured
in this study. The same is expected for the wood sample. A discus-
sion of the results for each method is presented in the subsections
below.

4.1. Traditional time of flight

Fig. 7 shows an example of the received signal obtained using
the ToF method for both the 16 mm diameter aluminium and wood
samples. An amplitude threshold of 0.05 V was used as it was
approximately 3 times the standard deviation of the noise and
did not result in false positives. Note that the difference in arrival
times is because the recording of the ToF received signals was
initiated manually through a button press.

The ToF measurements used in this work are obtained using the
amplitude thresholding method, which measures the FToA of the
signal. It will therefore obtain velocity measurements using the
frequency component of the signal with the fastest phase velocity.
If we assume that only the longitudinal L(0,1) wave mode is prop-
agating, this speed should ideally correspond to the rod velocity at
zero frequency. However, the traditional ToF velocities are
observed to be higher than the traditional resonance velocities
and the fitted resonance and guided wave rod velocities. It does
not appear that this is due to the ToF technique measuring the bulk
wave speed in this case, as we know that the bulk wave speed for
aluminium (6175 m/s) is much higher than the results we
obtained. Instead, this is most likely due to the first part of the

Table 1
Acoustic velocity measurements for 16 mm diameter aluminium and wood samples
using different methods.

Method Acoustic velocity (m/s)
Aluminium Wood
Average traditional ToF 5106 + 12 4574 + 46
Average traditional resonance 5031 + 13 4392 + 24
Fitted resonance rod velocity 5029 4463
Fitted guided wave rod velocity 5062 4526

£ 4300 |=Time of Flight
o O
% 4200 R_esonance )
£ —Fitted resonance (R“ = 0.64)
& 4100 |OGuided waves

4000 —Fitted guided waves (R?=0.99)
0 10 20 30 40 50 60
Frequency (kHz)

(b)

Fig. 6. Plots of acoustic velocity measured using resonance, ToF and guided waves plotted as a function of frequency for the 16 mm diameter (a) aluminum and (b) wooden
samples. Overlaid are the fitted dispersion curves which are used to estimate the rod velocity. For the aluminium sample, the theoretical L(0,1) dispersion curve has also been

overlaid.
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Fig. 7. Plots of the received signal for ToF experiment for (a) aluminium and (b) wood samples.

received signal being distorted due to dispersion effects [55,56].
This could potentially affect ToF measurements obtained using
the amplitude threshold method.

4.2. Resonance

Fig. 8 shows the measured resonance frequencies for the 16 mm
diameter aluminium and wood samples. The wood sample has
high attenuation, which results in a limited frequency range com-
pared to the aluminium sample.

The results presented in Fig. 6 show that the resonance velocity
decreases with increasing frequency and follows a curve. The fig-
ure also shows that there is some variation in the measured reso-
nance velocities, which decreases at higher frequencies. One factor
that could be causing this is the resolution of the measured reso-
nance velocity. The frequency resolution (resolution of the FFT) is
defined as Af = f,/N where f, is the sampling frequency and N is
the number of samples. Substituting this into Eq. 3, the resolution
(quantisation) of the measured resonance velocity can be calcu-
lated as

21f,
Ac="2. (7)

The resolution of the measured resonance velocity is therefore
inversely proportional to the harmonic integer n. As the harmonic
integer increases, the resolution of the resonance velocity
decreases asymptotically. This explains why the variation in reso-
nance measurements decreases with an increase in frequency. This
can be mitigated by using a longer recording time of the received
signal. As the recording time increases, the number of samples N
also increases hence the resolution of the measured resonance
velocity Ac decreases. However, increasing the recording time

o
(o))

10 15 20 25
Frequency (kHz)

(a)

could cause high frequency components to be reduced due to
attenuation. It can also be seen that there is more variation in
the measured resonance velocities for wood compared to those
obtained for the aluminium sample. This may be because of higher
attenuation rates or because wood is orthotropic and
inhomogeneous.

4.3. Guided waves

Fig. 6 shows that the longitudinal L(0,1) guided wave velocity
measurements for 16 mm diameter wood and aluminium samples
decrease with an increase in frequency and roughly follow the tra-
ditional resonance measurements. However, the guided wave
phase velocity values are systematically slightly higher than those
for resonance at a given frequency. The similarity in the curve pro-
duced between the guided wave measurements for the 16 mm
diameter aluminium and wood gives us the confidence that the
measurements performed on wood are reliable. The phase veloci-
ties for frequencies below 15 kHz could not be reliably measured
as the received signals were highly distorted due to the long wave-
lengths and reflections from the ends of the samples. Using sam-
ples with a longer length could allow lower frequencies to be
used as the signal would have time to finish transmission before
reflections occur.

The phase velocity measurements obtained using the guided
wave method were very repeatable. The measured guided wave
phase velocities were found to be independent of the amplitude
of the transmit signal. This is because the method matches the
peaks of the entire waveform. No difference in the measured veloc-
ity was observed for each sample when velocity measurements
were repeated across multiple recordings for a given transmission
frequency. It therefore provides more consistent results than the

0
-20
o
z
— -40
[T
[T
-60
-80 *
0 5 10 15 20 25
Frequency (kHz)

(b)

Fig. 8. Plot showing the resonance frequencies (marked red) for the 16 mm (a) aluminium and (b) wood samples.
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traditional ToF method but produces acoustic velocities that vary
with frequency.

4.4. Resonance and guided wave rod velocity

As discussed above, both the resonance and guided wave phase
velocity measurements follow the L(0,1) wave mode dispersion
curve and hence vary with frequency. A curve was fitted through
the experimental resonance measurements using Eq. 6 to obtain
the rod velocity. A resonance rod velocity of 5029 m/s and
4463 m/s were obtained for the aluminium and wood samples
respectively. The difference between the traditional resonance
velocity and the resonance rod velocity is approximately 0.03%
and 1.61% for the aluminium and wood samples respectively.

In order to quantify the goodness-of-fit of the fitted dispersion
curve, the coefficient of determination or R* value is used. The R?
value indicates the proportion of variance in the dependent vari-
able that can be explained by the independent variable. In this

study, the R?* value measures the amount of variation in the exper-
imental data that can be explained by the fitted regression model.

The R? values (0.98 for aluminium and 0.64 for wood) show that
the fitted dispersion curves match well with the experimental tra-
ditional resonance measurements. The R? value for the wood sam-
ple is smaller than the aluminium sample as there is more
variation in resonance measurements for the wood sample. This
may be due to the highly attenuative nature of wood or because
wood is orthotropic and inhomogenous.

Dispersion curves were also fitted through the experimental
guided wave phase velocity measurements for both aluminium
and wood samples. For the aluminium sample, at the frequency
range of interest, the fitted dispersion curves are observed to be
close to the theoretical L(0,1) dispersion curve, as seen in Fig. 6.
The maximum difference between the fitted resonance and guided
wave dispersion curves relative to the theoretical L(0,1) dispersion
curve for the aluminium sample are 0.4% and 0.3% respectively. The
theoretical dispersion curve for the wood sample could not be
obtained as the mechanical properties are not known. Guided wave
rod velocities of 5062 m/s and 4526 m/s were obtained for the alu-
minium and wood samples respectively. The measured guided
wave rod velocities are observed to be lower than the acoustic
velocities obtained using the traditional ToF method but are
slightly higher compared to the traditional resonance method.

High R? values (0.96 for aluminium and 0.99 for wood) were
obtained from the fitted dispersion curves using the guided wave
phase velocity measurements. This shows that Eq. 6 provides a
good approximation of the L(0,1) phase velocity dispersion curve
for the samples used in this study in the frequency range of
interest.

4.5. Results on larger diameter wood sample

Resonance, ToF and guided wave measurements were also per-
formed on a 40 mm diameter wood sample. Fig. 9 shows a compar-
ison of acoustic velocities obtained using these methods at varying
frequencies for the 40 mm diameter wood sample. ToF acoustic
velocities are observed to be significantly higher compared to the
resonance and guided wave velocities. The frequency range where
measurements were able to be reliably obtained was lower for
both resonance and guided wave measurements compared to the
16 mm wood sample. There appears to be higher attenuation rates
at higher frequencies for this sample relative to the 16 mm diam-
eter wood sample. The resonance and guided wave phase velocity
measurements decrease with an increase in frequency and follow a
curve that is similar to the 16 mm diameter wood sample. Disper-
sion curves are fitted through the measurements using the method
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Fig. 9. Plot of acoustic velocity using ToF, resonance and guided wave plotted as a
function of frequency for a 40 mm diameter wood sample. Overlaid are the fitted
dispersion curves for the resonance and guided wave measurements.

Table 2
Average acoustic velocity obtained using different methods for a 40 mm diameter
wood sample.

Method Acoustic velocity (m/s)
Average traditional ToF 5792 + 51
Average traditional resonance 5435 + 37
Fitted resonance rod velocity 5416
Fitted guided wave rod velocity 5485

described in Section 3.4 and a high R? value (0.93) is obtained for
the fitted dispersion curve for guided wave phase velocity mea-

surements. However, a low R? value (0.27) is obtained for the res-
onance measurements which may be due to the measurement
variations.

Table 2 shows a comparison of acoustic velocities obtained
using different methods for the 40 mm diameter wood sample.
The traditional ToF acoustic velocity is approximately 6.5% higher
compared to the traditional resonance method. This ToF overesti-
mation is significantly higher compared to the 16 mm diameter
wood sample. The fitted guided wave rod velocity is closer to the
traditional resonance velocity compared to the traditional ToF
velocity. The results show that the fitting technique and guided
wave phase velocity measurements can be used as an alternative
to the traditional ToF method to obtain more accurate acoustic
velocity measurements for wood.

5. Conclusion

The traditional acoustic resonance technique is commonly used
for wood stiffness measurements as it is accurate and easy to use.
However, it cannot be used on standing trees. In contrast, the tra-
ditional ToF method works on both standing trees and cut logs but
literature has reported an overestimation using this measurement
technique. This study investigated a new technique for obtaining
the rod velocity of wooden samples using ultrasonic guided waves
which can potentially be used for both standing trees and cut tim-
ber/logs.

The acoustic/ultrasonic guided wave phase velocity of the L(0,1)
wave mode theoretically starts at the rod velocity at zero fre-
quency and then decreases as the frequency increases. Therefore,
to measure the rod velocity, the proposed technique performs
measurements of the L(0,1) phase velocity at a range of frequencies
and fits a curve through them to obtain an estimate of the phase
velocity at zero frequency. This will correspond to the rod velocity
of the sample. The same rod velocity fitting technique is also used
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with resonance velocity measurements made using a range of res-
onance harmonics.

To test the proposed method, resonance, ToF and guided wave
measurements were performed on cylindrical wooden rods with
diameters of 16 and 40 mm and length of 2460 mm each. These
measurements were repeated on a 16 mm diameter aluminium
rod with a similar length for comparison. The guided wave longitu-
dinal L(0,1) phase velocity measurements in the rod samples
decrease with an increase in frequency. The fitted phase velocity
dispersion curves matched well with the experimental phase
velocity measurements for both aluminium and wood samples.

The R? values of the fits were 0.99 and 0.93 for the wood samples
and 0.96 for the aluminium sample. The fitted rod velocities
matched well with the traditional resonance velocities. In contrast,
the measured ToF velocities were higher compared to both the
guided wave rod velocities and traditional resonance velocities,
as shown in Table 3.

This same fitting technique was also used for the phase velocity
measurements obtained using the multi-frequency resonance
method. These measurements decreased with increased frequency
and follow the phase velocity dispersion curve of the L(0,1) wave
mode. The fitting technique was used to obtain the rod velocity

in a similar manner to the guided wave measurements. The R? val-
ues of the fitting were lower than for the guided wave measure-
ments (0.64 and 0.27 for the wood samples). This is related to
the larger variance in the resonance measurements at lower fre-
quencies, which appears to be related to the resolution of the
FFT. Since the fitting technique uses higher frequency harmonics,
this technique can be used to provide more accurate results com-
pared to the traditional resonance technique, which only uses a
single lower frequency resonance peak where the variances are lar-
ger. However, more work is needed to see if the higher frequency
harmonics can be measured with samples that have a larger diam-
eter and higher moisture content which may have higher attenua-
tion rates.

Ultrasonic guided waves have previously been used on logs
with large diameters [57]. Therefore, the guided wave technique
presented in this study has the potential to be used as an alterna-
tive to the traditional ToF method to obtain acoustic velocity mea-
surements for logs, standing trees and seedlings. Initial results
from this study show that the guided wave fitting technique was
more accurate compared to the traditional ToF method. This can
result in more efficient segregation and sorting of logs before har-
vesting which could improve the sustainability and profitability of
the forestry industry. This work shows that guided wave tech-
niques can be used to obtain improved measurements of wood
properties. Additionally, there is potential for the fitted resonance
technique to provide more accurate rod velocity measurements for
timber and log samples compared to the traditional resonance
technique, which is considered to be the gold standard in acoustic
non-destructive stiffness measurements for wood.

Future works should investigate the use of more accurate
approximations of the longitudinal L(0,1) wave mode, as these
might provide more accurate rod velocity measurements. Stiffness
measurements obtained using the presented approach should also

Table 3

Difference in measured acoustic velocities obtained using the traditional ToF and the
rod velocities obtained using the guided wave method relative to the traditional
resonance velocity for wood.

Wood sample Difference relative to resonance

Traditional ToF Rod velocity
16 mm diameter 4.1% 3.0%
40 mm diameter 6.5% 0.9%
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ideally be compared with those obtained using static bending tests.
Also, measurements should be performed on larger diameter sam-
ples such as logs. This will allow the effect of higher order wave
modes and potentially the presence of bulk waves to be evaluated.
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