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Abstract. In this study, guided stress waves were used to evaluate the conditions of a timber
utility pole experimentally and numerically using COMSOL Multiphysics. Macro Fiber
Composites (MFCs), due to their flexibility and convenience to install on curved surfaces, were
used to actuate and sense guided waves along the tested specimens. Based on the wave
propagation characteristics in these types of structures, an MFC actuator ring, which was
developed in the previous work, was applied to tune and enhance the propagating wave modes of
interest. The designed ring was used to excite longitudinal ultrasonic wave modes, mainly
L(0,1), for the purpose of determining the embedded length of the pole. For the damage
localization a single MFC excitation was used which proved to be more efficient than the
actuator ring. Embedding the timber in soil had minimum impact on the wave propagation
characteristics, given that the waves were confined in the timber pole with minimal leakage to
the surrounding. The embedded length was determined accurately for sound and damage timber,
using both experimental and numerical data with an error of less than 3 %. The deterioration in
the timber structure, within the embedded region, was also evaluated with high accuracy of 93
%. Based on the obtained results, guided waves have high potential to be used as a non-
destructive tool for the assessment and evaluation of timber utility poles.

Introduction

The use of timber has commenced thousands of years ago and is still being used today in
numerous applications. Being easy to manufacture and customize, practices vary from
construction work, transportation applications, equipment, and infrastructure. When treated
properly, timber can act as a substitute for many renowned materials such as steel and concrete.
The cost of transportation and storage is low compared to other materials, in addition to the
ability to withstand handling and surface damage due to the lightweight and tough properties ['l,
When evaluating the integrity of timber utility poles, two parameters are mainly examined and
correspond of the embedded length of the pole and the presence (position) of damage or decay in
the embedded section . Currently, surface non-destructive techniques are the most common in
timber structures where longitudinal (compressional) and flexural (bending) stress waves are
used for the evaluation process. These techniques include sonic echo (SE) and impulse response
(IR) tests, where the embedded length and health state of the timber can be evaluated. Condition
assessment of timber poles can be performed using guided waves where the presence of decay or
damage can be detected. Various studies on this matter have been conducted with the use of
machine learning techniques. Dackermann et al. ! used support vector machines (SVM) on a
network of tactile transducers that generate guided waves in timber poles. Different damage
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cases were conducted on several timber and concrete pole specimens where the SVM was used
to generate classification results for predicting damage conditions. Other signal processing
techniques such as fast Fourier transform (FFT) and principal component analysis (PCA) were
also used to process data from damaged specimens. In another study, Dackermann et al.
presented machine learning methods for pattern recognition to assess the health condition of
timber poles. Guided waves were actuated and captured using a multi-sensor array mounted on
the pole. Damage detection using a hierarchical data fusion algorithm was applied on timber
poles in ! with the use of guided waves. Multi-sensor arrays were also used in the model where
the hierarchical approach lead to an enhanced accuracy when detecting damage in the timber
pole.

In this study, guided waves have been used for the assessment of timber poles numerically
using COMSOL Multiphysics and experimentally. Important features such as the embedded
length and the health state of the timber pole has been evaluated by the means of Macro Fiber
Composites (MFCs) (Smart Material corp., 2017). The application of an MFC-ring assisted in
the generation of purely longitudinal wave modes, such as mode L(0,1), which were used in the
evaluation process. The excitation frequency was selected according to a set of factors such as
the number of propagating wave modes, dispersion and the number of MFCs required in the
actuator ring. The effect of change in boundary conditions (traction free and soil embedment) on
the length estimation and damage assessment was also investigated.

Numerical FEA Model

Dispersion curves were generated using DISPERSE software ! for a transversely isotropic
timber pole, for the specimen under-study, with properties shown in Table 1. The group velocity
can be directly used to characterize the propagating wave modes and can be calculated using the
central transit time of each propagating packet. Propagating wave modes in circular structures
are dependent on the circumferential order n [7!. Torsional modes T(n,m) involve the azimuthal
component of the displacement vector, and longitudinal modes L(n,m) involve both radial and
axial components of the displacement vector with » = 0 where they propagate with axial
symmetry along the cylinder 7). Flexural wave modes are much more complicated and are non-
axisymmetric with all three components of the displacement vector. For every circumferential
order n > 1, there exists a flexural wave mode of a given family . Group velocity plots for
longitudinal and flexural waves of first order are displayed in Fig. 1.

Table 1 Material properties of transversely isotropic white pine timber ¥/,

Property

EL (GPa)

ER (GPa)

ET (GPa)

Grr (GPa)

Gt (GPa)

Grr (GPa)

p (kg/md)

Value

11.11

0.866

0.866

0.577

0.577

0.533

380
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Fig. 1 Dispersion curves: Group velocity versus frequency for (a) longitudinal and (b) flexural
wave modes.

Ring Design and Wave Mode Tuning. For the assessment of timber poles, it is important to
tune the propagating modes based on the dispersion curves. The high number of waves, from the
dispersion curves, was shown to be present even at low frequencies with a significant effect of
dispersion. In particular, flexural modes are more complicated than longitudinal ones and are
present in high orders (for n > 1). The generation of non-axisymmetric wave modes (flexural
modes) can be restricted by the excitation of a transducer ring of piezoelectric elements, equally
spaced around the circumference of the pole °!. This configuration suppresses flexural modes
and enhances the propagation and reflections of longitudinal waves present at the frequency of
excitation. In order to suppress flexural modes, the total number of transducers placed around the
circumference must be greater than or equal to the highest circumferential order (m) of flexural
modes propagating at the excitation frequency ). From the dispersion curves shown in Fig. 1
(b), there exist F(4,m) with the highest circumferential order of 4 at 12.5 kHz. This means that a
minimum of 4 MFCs must be mounted, equally spaced around the circumference, to suppress the
propagating flexural modes at this excitation frequency. At higher frequencies, the maximum
circumferential order is > 7 which requires the actuation of > 8 MFCs around the circumference.
In our design, the excitation frequency was selected at 12.5 kHz and the MFC ring consisted of 8
elements. This will allow us to experiment three different actuation configurations corresponding
of single, four and eight-MFCs. The verification of exciting an MFC ring around the pole’s
circumference was depicted in our previous study ['%. By actuating multiple MFCs in the ring,
unwanted flexural modes were suppressed, and the longitudinal modes propagated with an
enhanced amplitude.

Effect of Boundary Conditions and Damage Induction. The evaluation of embedded length
and health state of a timber pole was scrutinized numerically using COMSOL Multiphysics 1!
by examining the propagation of guided waves in traction free and embedded boundary
conditions. For utility poles in specific, the recommended embedment depth is 10% of the total
pole’s length plus 2 ft (61 cm). The total length of the pole modeled in COMSOL was 5.5
meters, in order to account for a suitable embedment length of 1.45 meters. This selected length
was the expected value of an in-service embedded utility pole with an 8-meter length For the soil
— timber interface, a contact node was added to the common surface between both timber and
soil where the contact pressure method used was Penalty. Damage was introduced to the timber
structure in the embedded section by removing a small section of the timber. The numerical
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model for damaged timber was simulated for traction free and embedded models with the
application of the MFC ring. Fig. 2 (a) and (b) shows the MFC actuator and sensors placement
along with the embedded boundary condition for the damaged model. As for applying mesh to
the model, the wavelength found from the dispersion curves were used to calculate the mesh
size, where an average of 6-10 elements per wavelength is required !> '3, Additional
convergence tests were performed on the calculated mesh size and yielded 5.5 mm, with around
16 elements per wavelength.

MEFC actuator ring Induced damage

/

MFC sensor Embedded
(@
(b)
Fig. 2 5.5-meter timber pole in COMSOL: (a) actuator ring and sensor placement and (b)
embedded boundary condition for the damaged structure.

Experimental Setup

One of the most common types of timber in the electric distribution industry (utility poles) is
Scots pine (also known as Pinus Sylvestris ['* or white pine) which was used in the experimental
setup. A validation process was undergone on an §8-meter timber pole where the effect of change
in boundary conditions and damage induction was inspected. Multiple MFC actuation
configurations (MFC ring) for tuning the propagating waves were tested to determine the
embedded length and location of the damage. The embedded length corresponds to the distance
between the MFC sensor and bottom edge of the pole, and the damage location corresponds of
the distance between the sensor and the damage. MFCs of type M-2814 P1 were coupled to the
pole’s surface using Loctite’s E120 HP epoxy adhesive at different locations along the specimen.
In order to create an arrangement where the variable is the embedded condition, a wooden box
was inserted at the back end of the pole where soil can be added and removed. Fig. 3 (a) displays
the simply supported 8-meter pole where the bottom section was inserted into the box. The
testing was only performed on the bottom end of the pole, which was the location of interest, to
evaluate the embedded section and acquire less reflections from the top end of the pole. Last, the
frequency of excitation was selected at 12.5 kHz and the actuator ring contained 8 MFCs, similar
to the numerical model. The actauator ring and sensor placement are shown in Fig. 3 (b).

A damage was induced in the structure where the timber pole was cut in the section located
inside the wooden box (embedded section). The experiments were performed for traction free
and embedded conditions for sound (pre-damage) and damaged timber to investigate the effect
on guided waves and embedment length estimation. The location of the damage was determined
from the setups for both boundary conditions. Fig. 3 (¢) shows the damage created in the section
of the pole, prior to soil embedment. To avoid variations during the experiment, all setups were
performed simultaneously. To simulate the embedded condition, soil was added gradually to the
wooden box and compressed at each layer to provide as much contact as possible with the
surface of the timber pole.
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Fig. 3 (a) 8-meter timber utility pole, (b) MFC actuator ring and sensor configuration and (c)
Induced damage in the embedded section of the pole.

Data Acquisition. The equipment used in the experimental setup were a Keysight 33500B
signal generator, EPA-104 Piezo System Inc amplifier, and Keysight InfiniiVision DSO-X-
3024 A oscilloscope. The generated 5-cycle Hanning window input signal to the actuator was
passed through the signal amplifier which increased the gain to 300 V peak to peak. Signals from
the sensors were then acquired using the oscilloscope at a sampling rate of 2 MHz.

Results and Analysis

Effect of Boundary Conditions. The effect of boundary conditions on determining the embedded
length was scrutinized numerically and experimentally on a 5.5-meter and 8-meter timber pole
respectively. Multiple MFC configurations were actuated separately which correspond to single,
4-ring and 8-ring actuation at the selected frequency of excitation. Wave mode characterization
and the effect of soil are analyzed in this section, for sound timber prior to damage induction.
The numerical results acquired were decomposed using the improved complete ensemble
empirical mode decomposition with adaptive noise (CEEMDAN) signal processing technique,
providing a better understanding of the difference between the two boundary conditions. This
method decomposes the input signal into modes that are composed of multiple frequency and
amplitude modulated functions. The sum of these modes, or intrinsic mode functions (IMFs),
form the complete initial input signal '3, The IMFs generated can help identify mode reflections
and compare two signals more accurately.

Analyzing the acquired numerical signals for sound timber (single MFC atuation) shown in
Fig. 4, the reflections from the propagating wave modes appear to have slightly higher
amplitudes in the embedded boundary condition than the traction free one. This indicates that not
only the wave is contained inside the pole in the embedded condition, but also there is less
leakage in soil than in air. Packets arriving at times 4E-3, 4.65E-3 and 5.2E-3 seconds have a
higher amplitude in the embedded condition. From Fig. 4, the bulk wave propagates at 5000 m/s
and arrives at the beginning of the signal, with its reflections from both ends of the pole present
at around 1E-3 seconds and 2E-3 seconds. This bulk wave appears to be non-dispersive where
the 5-peak packet maintains its shape as shown in the first and second arrival of the wave, with
no change in the frequency components. Flexural modes propagate at 2540 m/s and 1429 m/s
indicating F(1,1) and F(1,2). Their reflections arrive at 2E-3 and 3E-3 from the bottom of the
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pole. F(1,1) second reflection from the top end arrives right before 4E-3 seconds. Also, flexural
mode F(4,1) of order 4 propagates at 625 m/s. The rest of the high order flexural modes are not
indicated in the figure for simplification purposes. Nevertheless, longitudinal modes L(0,1),
L(0,2) and L(0,3) propagate at 980 m/s, 780 m/s and 508 m/s respectively. Their reflections are
also indicated in the figure, where L(0,1) and L(0,2) arrive at 4E-4 and 4.5E-3 seconds. The 5.5-
meter pole provides enough distance for the waves to converge, which results in the propagation
of various modes with different orders. As for the effect of soil embedment, no significant effect
on flexural mode's first reflections is shown. However, for the second reflection of F(1,1) and the
first reflection of L(0,1) and L(0.2). there is a notahle increase in the packet’s amplitude in the
embedded condition.

T T T
L(0,2) 780 m/s MFCI1 Traction Free

L(0.1) _ _ _ _MFC1 Embedded
980m/s
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Fig. 4 Numerical results: Propagating wave modes and their reflections for traction
free/embedded signals using single MFC actuation at 12.5 kHz.

Similarly, the acquired signals from the experimental single MFC actuation, traction free and
embedded boundary conditions (sound wood) were placed above each other and decomposed to
examine the difference. Embedding the section of the pole did not have significant effect on the
reflecting packets, but rather the waves were confined within the medium with minimal leakage.
It can be shown in Fig. 5 that all propagating modes are the same in traction free and embedded
signals. Flexural modes F(1,1) and F(1,2) propagate at 2797 m/s and 1768 m/s and arrive early in
the acquired signal. The longitudinal modes L(0,1) and L(0,2) arrive right after and propagate at
1140 m/s and 845 m/s respectively along with their reflections arriving at 4E-3 and 5.2E-3
seconds from the bottom edge. Furthermore, F(1,2) and L(0,2) reflect from a knot present at 1.2
meters to the left of the actuator, which appear in the packets at 2.6E-3 and 3.65E-3 seconds. The
reflected packets from the knot travel a total distance of 3.2 meters. The effect of soil embedment
appears only on the reflection of mode F(1,1) where the packet has a lower amplitude in the
embedded condition. However, the rest of the modes reflected are not affected by the addition of
soil, which indicates that they are confined in the timber medium with no attenuation and leakage
to the outer soil medium.
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Fig. 5 Experimental results: Propagating wave modes and their reflections— traction
free/embedded signals, using single MFC actuation at 12.5 kHz.

Determining the embedded length of the pole can be done by capturing the first and reflected
arrival of a certain wave mode. Several modes propagate at 12.5 kHz frequency as shown in the
numerical and experimental results, where each identified reflected packet can be used for the
length estimation. However, some modes are more sensitive than others with respect to the
boundary conditions present, knots and cracks in the structure and the configuration of MFC
actuation. Since flexural modes are unwanted due to their complexity and the presence of high
order modes, the MFC ring actuation can cancel them out and simultaneously enhance the
longitudinal modes and their reflections %], which can be used for the length estimation.

Signals acquired from actuating 4 and 8 MFCs around the pole’s circumference are shown
below for traction free/embedded boundary conditions. Results from the numerical model shown
in Fig. 6 confirm that the actuation of multiple MFCs enhances the acquired packets in general,
whether they were flexural (unsuppressed) or longitudinal wave modes. For instance, the
amplitude of the direct transmission of the bulk wave, L(0,1), L(0,2) and L(0,3) is higher than
the ones in single MFC actuation. L(0,1) amplitude (direct transmission) increases by around
60% in the 4 and 8 MFC actuation. The reflection’s amplitude of mode L(0,1) is also enhanced
in the 4 ring by 58 %, and 63 % in the 8 ring actuation. Additionally, flexural modes F(1,1) and
F(1,2) do not appear to propagate in both MFC ring actuations, meaning they were completely
suppressed. However, from Fig. 6 (a) mode F(4,1) still propagates at 630 m/s in the 4 ring
actuation where it was not suppressed due to its higher circumferential order. The results from
actuating 8 MFCs shown in Fig. 6 (b) confirm the suppression of all flexural modes, including
mode F(4,1). Comparing the traction free and embedded signals, no significant difference can be
identified as observed in the case of the single MFC actuation. When actuating 4 and 8 MFCs
around the circumference, the effect of soil/air on the longitudinal modes’ reflections decreases.
However, mode L(0,2) was the most affected by the soil embedment where it had a slightly
higher amplitude than the traction free condition. Reflection of longitudinal mode L(0,1) had the
same amplitude in the two boundary conditions.
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Fig. 6 Numerical results: Propagating wave modes and their reflections for traction
[free/embedded signals using (a) 4-Ring and (b) 8-Ring MFC actuation at 12.5 kHz.

In the experimental testing, the MFC ring actuation also yields similar results as the
numerical. Fig. 7 shows the acquired signal for traction free and embedded conditions using 4
ring (a) and 8 ring (b) MFC actuation. The bulk wave, L(0,1), and L(0,2) attained higher
amplitudes than the single MFC actuation. The direct transmission enhancement of the
longitudinal modes is around 30 % in both ring actuations, whereas the reflection enhancement is
80% and 93 % in the 4 and 8 ring actuations. Regarding the suppression of flexural modes, the 4
ring actuation was not enough to suppress F(1,1) which arrives at 1E-3 seconds as shown in Fig.
7 (a). However, in the 8 ring actuation shown in Fig. 7 (b), all flexural modes including F(1,1)
were suppressed. The rest of the propagating wave modes and their reflections are indicated on
the figures. The acquired signals are almost entirely similar for traction free and embedded
conditions in both MFC ring actuations, where the effect of soil embedment seems negligible.
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Fig. 7 Experimental results: Propagating wave modes and their reflections for traction
free/embedded signals using (a) 4-Ring and (b) 8-Ring MFC actuation at 12.5 kHz.

Effect of Damage Induction. The behavior of guided waves in timber has been examined with
the change in boundary conditions (traction free and embedded models) for sound wood. In this
section, results from inducing damage in the timber structure (embedded section) are shown. The
same boundary conditions and MFC actuation configurations were used, at 12.5 kHz frequency.
Numerical results from single MFC actuation, embedded boundary condition are displayed in
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Fig. 8 (a) for sound (solid line) and damaged timber (dashed line). From the original signal, some
difference can be identified after time 3E-3 seconds. No solid identification of the damage
reflection can be identified, which requires the usage of CEEMDAN to better identify the
packets resulting from the damage. The first decomposed mode (IMF 1) is displayed in Fig. 8 (b)
where the reflected packets from the edge of the pole and damage are indicated. Flexural and
longitudinal modes’ direct and reflected transmissions are indicted on the figure. The
decomposed signal shows the arrival of F(1,2) from the damage at 1.8E-3 seconds, which
coincides with the arrival of F(1,1) edge reflection. Longitudinal mode L(0,1) reflects from the
damage and arrives solely at 2.6E-3 seconds. The packet at 3.4E-3 seconds appears to have a
higher amplitude in the damaged signal (dashed line) due to the arrival of L(0,2) damage
reflection, which coincides with the second reflection of F(1,1) from the top edge of the pole.
Last, longitudinal mode L.(0,3) propagating at around 508 m/s reflects from the damage and
arrives solely at 4.35E-3 seconds. Longitudinal modes provide more accurate information about
the damage, especially due to the non-concatenated packets such as L(0,1) and L(0,3) reflections
from the damage. Due to their higher speed, flexural modes' reflections seem to arrive early in
the signal which results in the concatenation with other modes of lower speeds. Therefore,
longitudinal modes can be solely used for the damage localization process. The numerical
acquired signal from the traction free boundary condition showed similar results as the
embedded, with minor differences in the amplitude of the reflected wave modes.
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Fig. 8 Numerical results: Embedded sound (solid line) and damaged (dashed line) using single
MFC actuation at 12.5 kHz (a) original signal and (b) decomposed signal after CEEMD (IMF

).

In the experimental validation, the induced damage in the timber structure resulted in much
more complicated results than the numerical. Several knots and cracks in the experimental timber
specimen cause reflections which complicates the acquired signals. Therefore, the propagating
wave mode arrivals could be overlapping in most cases which makes it hard to determine the
damage location for more than one mode. The decomposed signal from the embedded condition
for single MFC actuation at 12.5 kHz is shown in Fig. 9. The propagating modes are indicated on
the figure with their reflections. Flexural modes F(1,1) and F(1,2) arrive at the beginning of the
signal and reflect from the bottom edge at 2E-3 and 3E-3 seconds. Longitudinal modes L(0,1)
and L(0,2) propagate at 1140 m/s and 845 m/s respectively and reflect from the bottom edge of
the pole. L(0,1) bottom edge reflection acquires a significantly low amplitude in the damaged
signal due to the location of the damage between the MFC sensor and the pole’s edge. Each of
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the two longitudinal modes reflect from the damage and arrive at around 3E-3 and 3.65E-3
second. The arrival of L(0,1) damage reflection coincides with the reflection of F(1,2) from the
pole’s edge, where the amplitude of the packet in the damaged signal is slightly higher. The
damage can still be localized accurately using mode L(0,1). Also, the arrival of L(0,2)’s damage
reflection can be indicated which coincides with the arrival of knot reflection of L(0,1) present at
1.2 meters from the actuator and can be used for the localization process. The acquired signals
from the traction free boundary condition showed similar results as the embedded. The amplitude
of reflecting packet from the damage is higher for mode L(0,1) in the traction free condition,
which might be due to the timber — soil interface at the damage location.
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Fig. 9 Experimental results: decomposed signal after CEEMD (IMF 2) for embedded
sound/damaged using single MFC actuation at 12.5 kHz.

The single MFC actuation could provide enough information regarding the presence of decay
or damage inside the timber specimen. The reflected packets from the damage were identified
successfully in both traction free and embedded boundary conditions. However, multiple MFC
actuation might not be suitable for damage identification, especially if the damage is located
axially along a certain face of the timber pole. For instance, the induced damage in the tested
pole lied axially on the same straight line as the MFCs in the single actuation configuration.
Therefore, actuating the 4 or 8-ring could prevent the damage reflection to be properly acquired
from the sensor. This was depicted numerically and experimentally where the MFC ring was
actuated in the damaged condition and compared to the results of the sound specimen.

The results of the damaged timber pole show that the ring actuation has negative effects on
damage localization. Fig. 10 show the decomposed (IMF1) numerical signals in the embedded
model using 4 and 8 MFC ring actuation. The acquired results show that there is a negligible
difference between the sound and damaged timber specimens. Reflection of longitudinal modes
L(0,1) and L(0,2) from the damage are not captured as the single actuation shown earlier, where
the expected time of arrival does not show any packet. This is depicted in the decomposed
signals after CEEMD (IMF 1) shown in Fig. 10 (a-b) . In the traction free model, actuating 4 and
8 MFCs lead to similar results as the embedded boundary conditions. No reflections from the
damage were acquired where they do not appear in the signal, even after applying CEEMD.
However, the reflections of L(0,1) and L(0,2) from the bottom edge of the pole were successfully
captured and are identified on the figures in both MFC ring actuations.
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Fig. 10 Numerical results (decomposed signals after CEEMD (IMF 1)): Embedded sound (solid
line) and damaged (dashed line) using (a) 4 ring MFC actuation at 12.5 kHz and (a) 8 ring MFC
actuation at 12.5 kHz.

In the experimental results, the MFC ring actuation also caused the reflections from the
damage to be less exposed. No major difference was determined between the sound and damage

timber specimens, even after performing CEEMD.

Length Estimation and Damage Localization

The estimation of embedment length and damage location can be performed using the resulting
reflected packets of a selected wave mode. From the propagation velocity and arrival time of the
reflections, the total propagation distance can be calculated. Fig. 11 shows a top view sketch of
the pole used in the numerical and experimental validation. The reflecting packets from the
bottom edge of the pole can provide an estimation of the distance between the edge and the MFC
sensor. As for locating the damage, the reflections resulted can be used to estimate the distance
between the damage and the MFC sensor. The actual distance between the MFC sensor and
bottom edge of the pole is 1.5 meters, and between the sensor and center of the damage is 79 cm.

These values are a reference used for ctleitatadgishaglistance estimation error.

distance
[P > MFC actuator

MFC sensor \

Estimated bottom edge distance
Fig. 11 Top view sketch of the pole specimen displaying the embedded and damage distances to

be estimated.

The below equation (Eq. 1) is used to estimate the distance between the MFC sensor and the
bottom edge, and the center of the damage. V is the propagation velocity of the wave mode
selected. At is the time difference between the first arrival of the selected mode, and the second
arrival resulting from the reflection. This reflection could be either from the damage or the
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bottom edge of the pole. The total distance (in meters) indicates the propagation distance covered
by the wave and must be divided by 2.

g = Xt (1)
2

Several wave modes can be selected to estimate the distances required, which were shown in
the results section at 12.5 kHz frequency. However, not all modes can be used due to their
complexity and dispersive nature. Longitudinal wave modes can be found in almost all cases,
whether in sound/damaged timber or in multiple MFC (ring) actuation where they acquire an
enhanced amplitude. Therefore, they can be used for distance estimation.

The distance between the MFC sensor and bottom edge of the pole, which corresponds to the
embedment length of the pole, was determined using data from longitudinal mode L(0,1). This
mode was selected due to its consistency in all experiments and least dispersive nature, in
addition to the amplitude it acquires, which is higher than any other mode in the signal. Table 2
displays the bottom edge distance estimation using the numerical results for 8-ring MFC
actuation at 12.5 kHz excitation frequency The presence of damage in all actuation
configurations causes the reflection amplitude from the bottom edge to be lower than the sound
timber pole.

Table 2 Numerical results: Bottom edge distance estimation using mode L(0,1) for 8-ring MFC

actuation.
. Boundary 1%arrival 2"arrival Reﬂe.c tion Velocity Es.t imated Error
Actuation condition time (s) time (s) amplitude (mis) distance (%)
(mV) (m)
Traction
Free 0.001023 0.004198 453 972 1.543 2.79
Sound
g | Embedded 050003 6004193 402 972 1541 2.64
S Sound
i Traction
Free 0.001023 0.004198 35.6 972 1.543 2.79
Damaged
Embedded 5,053 004195 373 972 1.542 27
Damaged

Table 3 displays the bottom edge distance estimation using the experimental results for 8-ring
MEFC actuation. The application of MFC ring actuation causes the reflection amplitude of L(0,1)
to increase compared to the single MFC actuation. Also, in the traction free damaged timber
pole, the single actuation was not enough for the edge reflection to appear which resulted in a
missing packet around 4E-3 seconds. In the embedded damaged pole, single actuation, the
reflection from the bottom edge of the pole was captured but at a lower amplitude than the sound
timber specimen. The missing packet in the damaged condition does not appear in the 4 and 8-
ring MFC actuation, where the distance is estimated normally.
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Table 3 Experimental results: Bottom edge distance estimation using mode L(0,1) for single, 4-
ring and 8-ring MFC actuation.

. Boundary  1%arrival  2™arrival Reﬂe-ctlon Velocity Es_tlmated Error
Actuation condition time (s) time (s) amplitude (m/s) distance (%)
(mV) (m)
Traction
Free 0.00151 0.004326 0.1253 1044 1.47 2
Sound
o | Embedded 0050 0004332 0.121 1044 1473 179
S Sound
: Traction
Free 0.00151 0.004316 0.064 1044 1.465 2.35
Damaged
Embedded 5151 004352 0.11 1044 14835 1.1
Damaged

Determining the location of the damage was performed using longitudinal mode L(0,1) for the
single MFC actuation. Table 4 shows the damage location estimation using the numerical results

acquired.
Table 4 Numerical results: Damage localization using mode L(0, 1) for single MFC actuation.
, Boundary  1%arrival = 2"arrival Reﬂe.c tion Velocity Es.t imated g oy
Actuation condition time (s) time (s) amplitude (mis) distance (%)
(mV) (m)
Traction

o Free 0.001018 0.00266 3.107 979 0.804 1.71

L Damaged

“ Embedded
et 0001018 0002673 2.83 979 0.81 248

Damaged

Estimating the damage location using the experimental results is shown in Table 5 for the
single MFC actuation. In the 4-ring actuation — traction free condition, the reflecting packet from
the damage was identified but with a higher error of 7.8 %. It does not appear in the 4-ring —
embedded boundary condition, nor in any of the 8-ring MFC actuations.

Table 5 Experimental results: Damage localization using mode L(0,1) for single MFC actuation.

Reflection Estimated E
rror

st 1 nd : 2
Actuation lzz:gg?or: lti?;;'l(vsz)ll Zti;l:l(‘sl amplitude V(ell:l)/csl)ty distance (%)
0
(mV) (m)

Traction
8 Free 0.001446 0.002928 0.42 1140 0.845 6.48

L Damaged

A

Embedded 0.001446 0.002928 0.22 1140 0.8245 6.48

Damaged

It was mentioned in the Effect of Damage Induction section that reflections from other modes
were captured and might predict accurately the location of the damage. For instance, in some
cases, longitudinal mode L(0,2) appears to reflect from the damage. In the experimental single
MFC actuation — embedded condition, reflection of L(0,2) from the damage arrives at 3.7E-3
seconds providing a damage location estimation with 0.886 % error. This mode does not appear
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in the 4 and 8-ring MFC actuation experimental results. However, in the numerical results, the
damage reflections of mode L(0,2) were acquired in the 8-ring MFC actuation. The damage
location was estimated in the traction free and embedded boundary conditions with a 2.75 %
error. In addition, damage reflections of flexural modes F(1,1) and F(1,2) were also captured in
the single MFC actuation from the numerical results in both boundary conditions simulated. The
location of the damage estimated using F(1,1) and F(1,1) resulted in an error of 8.8 % and 5 %
respectively. This indicates how the flexural modes are much more complicated than
longitudinal modes, due to their highly dispersive nature, which results in inaccuracy when
estimating the location of the damage. Assesing the presence of decay/damage in the timber
structure proved to be more adequate using the single MFC actuation. Therefore, it is proposed
to actuate each MFC in the ring solely at a time, while acquiring the signals on the same plane of
actuation. This requires the installment of a sensor ring with the same number of MFCs as the
actuator ring.

Conclusions

In this study, the embedded length of timber utility pole and the presence of damage/decay in the
embedded section were scrutinized numerically and experimentally by the use of guided waves
(GWs). Macro Fiber Composites (MFCs) proved to be a convenient tool for generating/sensing
GWs in timber structures, especially due to their reliability and flexibility to be coupled on
curved and rough surfaces. Evaluating the structure’s health state was performed with the
variation of external boundary conditions, such as soil embedment, and the application of an
MEFC ring coupled around the pole’s circumference. The ring ensured the actuation of the wave
modes of interest, such as longitudinal mode L(0,1), with an enhanced amplitude and was
recommended for estimating the embedded depth of the pole. The estimation yielded an accuracy
of 97 % in both numerical and experimental results, even with the presence of damage in the
timber structure. Determining the location of the damage in the embedded section was performed
using the single MFC actuation and data from mode L(0,1) with an error of less than 7 %.
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