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Abstract—Ultrasonic-based nondestructive evaluation
(NDE) has been employed in the utility sector to determine
the cross-sectional groundline integrity of wooden utility
poles. While it is far less invasive than other methods,
its efficacy has not been thoroughly examined. This study
aims to fill this technical gap by analyzing the correlation
between the propagational characteristics of the ultrasonic
stress wave using a novel embedded waveguide technique
and the existing destructive testing methods. The proposed
embedded waveguide technique excites diffusive Rayleigh
mode (AW2) propagates in the shell region of the cross-
sectional plane. The employed Gabor wavelet transformation
and the model-based arrival region identification extract the
propagation velocity and the associated spectral response
of AW2. This study uses the static break assessment per
ASTM 1036 Standard Test Methods and the longitudinal
compression test per ASTM D143-14 “secondary method”
to quantify the cross-sectional strength of the test specimen.
This work performs a comprehensive correlation analysis
between the extracted AW:2 features and the associated
destructive test. An overall correlation R? from o.2 to 0.5 is
achieved between the AW2 features and the static break test
results. An overall correlation of R? of 0.4 is achieved for 30
to 35-foot poles in the longitudinal compression test.

Index Terms—Wave Propagation (including elastic waves),
Industrial Measurement and Control, Signal and Image
Processing, wooden utility poles, Material & Defect Char-
acterization.

I. INTRODUCTION

HE United States power and communication in-

frastructure relies on the structural integrity of ap-
proximately 154 million wooden utility poles. A reli-
able structural monitoring system is vital to ensure the
sustainability of these networks. The traditional evalu-
ation process has mainly relied on partial excavation,
sound and bore techniques but the invasive nature can
inadvertently damage the previously established internal
chemical and physical characteristics of the poles. A
recent study conducted by J. Winandy reveals that any
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incision in the wooden surface could negatively affect the
strength in the cross-sectional plane [1]. Additionally, the
ANSI specification for new poles [2] prohibits open or
plugged holes. A number of comparison studies by U.S.
utilities have indicated that ultrasonic nondestructive
testing (NDT) can produce the same level of efficacy
as the partial excavate, sound and bore process. How-
ever, the correlation between ultrasonic NDT and the
destructive testing has not been academically evaluated.
This study aims to fill gaps in this area by comparing
an ultrasonic method with the destructive evaluation
methods [3] and [4].

The problem of Ultrasonic stress waves in wood was
first examined by [5]. Previous studies from [6], [7] and
[8] have significant contributions in this area. The asso-
ciated theoretical and numerical models have also been
developed to understand the stress wave propagational
mechanism [9], [10] and [11]. ]. Winandy and ]. Morrell
evaluated the efficacy of ultrasonic inspection of progres-
sively decayed wood in 1993 [12]. They have concluded
that using time-of-flight (TOF) as a sole metric for wood
characterization might appear unreliable [12]. In 1992,
Bucur and Feeney pioneered the study of the energy
interactions with the dispersive medium [13]. Due to the
complex wave interactions within the medium, various
attempts have been conducted to extract features in the
received signal that can improve the characterization of
the physical properties of the medium. That includes
time centroid measurements [14], signal attenuation by
using root-mean-square (RMS) [15], and fuzzy logic [16].
[17] and [18] incorporated the findings from the elas-
todynamic formulation into the signal analysis process,
effectively dissected the waveform according to different
arrivals. Using time-frequency domain representation,
critical parameters of a reflected stress wave can be
extracted to characterize the material property. A recent
study by [19] performed a thorough analysis by formu-
lating a multivariable linear regression (MLR) as a func-
tion of reflected signal parameters and known material
properties to estimate the ultimate tensile strength (UTS)

This study begins with the ultrasonic test by acquiring
the through-transmission stress wave signal using the
UB100o0 device. The ultrasonic test is performed in the
cross-sectional planes from 1 foot below grade up to 4



feet above grades with a 1-foot longitudinal increment.
The details of the process are described in Section II-A.
The associated physics-based signal analysis technique
of extracting vital information from the stress wave
signal is explained in Section II-B. The poles are then
subjected to the static break test in accordance with
the ASTM 1036 Standard Test Method. The setup and
the system of performing static mechanical testing are
discussed in Section II-C. The poles are then cut to
a specific length in the longitudinal direction for the
longitudinal compression testing. The procedures are
detailed in Section II-D. The results from the mechanical
testing (static break test and the compression test) are
examined against the stress wave signal with the detailed
analysis provided in Section IIL Fig. 1 illustrates the test
sequence and the associated correlation analysis.
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Fig. 1. Sequence of the Test and the proposed analysis approach

II. METHODOLOGY AND EXPERIMENTAL SETUP
A. Through-Transmission Mode

The sectional plane above grade is first determined. An
arbitrary o-180 degree is chosen as the reference points
in this sectional plane (See Fig. 2a). Two embedded
waveguides are inserted 15 mm into the medium. The
same procedure is repeated for the go-270 orientation. It
is observed that the two orientations can produce vastly
different responses. This phenomenon is primarily due
to the orientation of the local imperfection in the sec-
tional plane with respect to the direction of the traveling
stress field. When the lengthwise direction of the im-
perfection is perpendicular to the propagation direction,
strong reflection can occur, causing interference response
and stronger attenuation at the receiving end. Likewise,
when the lengthwise direction of imperfection is parallel
to the propagation direction, the interaction is much
weaker. This process is illustrated in Fig. 2b. Hence, the
drastic difference in signals between the two orthogonal
directions is an indication of a local imperfection. In this
study, two orientations are compared, and the highest
signal-to-noise (SNR) is selected for analysis. When both

orientations result in similar energy and temporal re-
sponses, it is often an indication of a global response
of the sectional plane in question.
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Fig. 2. Test for the sectional plane, b) Orientation of localized Defect
and plane wave response

B. Characteristics of Rayleigh Mode Response

Stress wave in this study is produced by an acoustic
device (UB1000) [20] designed to generate a narrow-
band radiation source of 50 kHz utilizing a high power
piezoelectric transducer. Custom circuitry in the probe
produces high voltage discharge, and processes received
the analog signal using an onboard analog-to-digital
unit. The device is coupled to an embedded waveguide
inserted into the wooden medium to produce radial and
circumferential Rayleigh modes [11]. Previous study by
[17] has concluded that the velocity and diffusive char-
acteristics of the circumferential Rayleigh mode or the
arrival mode number 2 (AW2) can characterize the material
properties near the half-space boundary. Through the
semi-explicit differential-algebraic equation representa-
tion of Navier’s equation, [21] has discovered that the
Rayleigh mode can be extracted from the complex stress
wave response in the circular cross-sectional plane of
the groundline region. The study produced by [22] has
indicated the decay mechanism can contribute to the
loss of porosities. Based on M.A. Biot’s formulation of
poroelastic stress propagation in a multi-phase medium,
the viscous damping coefficient of the displacement field
depends strongly on the coupling factor [23] and [24],
which cause amplitude attenuation of the propagating
stress wave. The energy propagation velocity responds
strongly to the change of elastic moduli and density
[25]. The aggregate findings inspire the use of analytic
wavelet to represent the temporal waveform in the time-
frequency (TF) domain. This representation extracts the
Rayleigh mode arrival along with the energy content.

Wavelet transformation is an inner product defined by
the following [26],

Wz (a,b) =



where 7 is the dilation parameter and b is the translation
parameter. y(t) is the stationary time signal. ¢ is an
operator function defined as the mother wavelet. The
mother wavelet takes on different forms depending upon
the application. To select a proper mother wavelet, prior
work by [27] indicates that signal containing dynamic
frequency and time components should use analytic
wavelet function (AWT) to analyze the signal. Non-
analytic mother wavelet often leads to interference and
artifacts that can erroneously represent the amplitude
and phase. Analytic mother wavelets such as the Ga-
bor, analytic form of the Mexican hat, and Cauchy are
considered. The most proper wavelet tends to have a
matched shape as the signal in question [28]. Among the
examined wavelets, the Gabor wavelet exhibits a tempo-
ral response similar to the transient waveform estimation
by the dual waveguide configuration. The Gabor wavelet
exhibits an acceptable frequency resolution for better
spectral analyses and detection of the spectral response
in the low-frequency region. Based on the findings from
analytical and numerical models [21], the Gabor continu-
ous wavelet transformation (CWT) produces a desirable
temporal and spectral representation of the signal to
detect the mechanical and the poroelastic variations in
the propagating medium. This transformation suffers
temporal resolution in that range, but it is a common
drawback in any TF domain representation according to
the uncertainty principle [29]. Fig. 3 depicts TF represen-
tation of time-series Analog-to-digital (ADC) signal. Two
pronounced clusters correspond to the energy arrival of
AW1 and AW2 arrival regions as illustrated in Fig. 3a.
By isolating the fundamental frequency of the received
waveform, it yields the energy response in the temporal
domain as illustrated in 3b. The peaks that are circled
corresponds to the arrivals of dominant energy propaga-
tion. The peak value provides both temporal information
which can translate to the propagation velocity and the
attenuation of the energy. The next section will empiri-
cally examine the proposed techniques.
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Fig. 3. Arrival regions in the TF domain analysis.

TABLE I
SAMPLE SET FOR Io DETERMINATION.
AGL | Cir | ENG of AW2
24 | 4772 1015
48 | 46.88 1499

1) AW2 Average Arrival Velocity: Using the proposed
wavelet analysis technique, the extracted temporal-
energy response in the signal can be examined. By dis-
carding the effect of intermodal interference, the stress
energy of the specific arrival mode dominates the energy
contained within the selected arrival region. Hence, this
study focuses on the extraction of the peak energy to
determine the Rayleigh mode propagation. Since the
propagation plane has a dimensional variation based on
the pole class and the tapering effect above grade, this
variation is considered by computing the average prop-
agating velocity with the corresponding circumference
[17] at the plane of propagation. That is,

Upe = %r (2)
pe
where Cppp is the circumference of the propagation
plane, tp is the arrival time at the energy peak.

2) Energy Attenuation Coefficient ape: In linear vis-
coelastic solid such as wood, the inelastic scattering
and the irreversible process attenuates the energy of
the wave. This process can be explained theoretically
by analyzing the Biot’s formulation and the increase of
porosity due to incipient decays [11]. To quantify the
attenuation characteristics, peak energy response is used
to extract the primary mode and the attenuation can be
computed based on the following power-law model. [30].

I(a, x) = [pe™™, (3)

where Ij is the initial intensity of the stress wave, I is
the energy flux measured in an attenuating medium at
a distance x from the source, and « is the attenuation
coefficient. The power-law model describes the received
energy intensity as a function of the initial wave intensity,
propagation distance, and the attenuation coefficient.
The attenuation coefficient strongly couples with the
property of the medium [11]. In turn, it provides the
means to characterize the condition of the medium. By
manipulating (3) into the following expression,
~ 2Inly/1

[ng = - CB,BP ’ (4)

where Cg pp is the circumference of the sectional plane in
question. Iy can be determined by obtaining the energy
response of an arbitrary pole with AGL at 24 and 48
inches (See Table I). The tapering geometry of a pole
generates two simultaneous equations for estimating .

C. Static Break Test

Mechanical testing of wood poles was carried out in
accordance with the test requirement and data collection



requirement of [3]. Fig. 4b illustrates the actual setup of
the test. A test specimen is restrained at the groundline
and few inches above the bottom of the pole to simulate
the ground support. A cart shown in Fig. 4b supports
the tip of the pole to eliminate orthogonal load due
to gravity. A tip load is applied 2 feet from the pole’s
tip using the variable speed winch until reaching the
sufficient failure force.
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Fig. 4. Setup of the static break test.

To measure the deflection, a system of four draw wire
sensors measures the pole deflection. Two draw-wire
sensors measure the movement 2 feet from the tip at
the point of load application. Two draw-wire sensors
measure the rotation or ground-line movement at the
butt, allowing the exact measurement of the tip location
with respect to the groundline. A load cell (Fig. 4)a
is mounted on the speed winch measures half of the
applied load.

Based on the applied failure load and the measured
deflection, the empirical value of the maximum fiber
strength at the groundline can be calculated based on
the following equation [31] and [32]:

F, = 3271°P(a — Aa) / C2, (5)

where F, denotes the maximum fiber stress of the loca-
tion of the plane of rupture (POR), P is the imposed failure
tip load, a is the longitudinal distance between the load
point and the break, and Aa is the maximum longitudi-
nal deflection which is express as, Aa = Ar[1 — (b/L)3].
During the test process, a test specimen is first rested
on a test stand and restrained at the predetermined
mounting points. Based on the specimen’s pole class,
the winch placement or the load point is determined
in accordance with [33]. Each specimen was tested with
a load applied at a constant rate. Simultaneously, the
tip position is measured at a 10 Hz sampling rate.
Once the testing was completed, the load and deflection
measurements are used to determine the modulus of
elasticity (MOE) and the modulus of rupture (MOR).

D. Compression Test

Since the rupture plane from the static break test
produces an unsuitable surface for the longitudinal com-
pression testing, a 1-foot cylindrical specimen is cut
at about one foot from the rupture plane to avoid

the alternation of mechanical property. The prepared
specimen is stored in a controlled environment with a
temperature of 75 °C, relatively humility of 50 % for 43
days. The compression parallel to the grain procedure
was done in accordance with [34]. Using 1-inch by 1-inch
square metal rod, the load was applied to the surface of
specimens at a rate of 0.1 inches per minute until 0.1
inch is achieved. The load is recorded to calculate the
corresponding compression stress. Figure 5 shows the
setup of the experiment.

Fig. 5. Setup of the compression test

In order to the average response in both the shell and
heart regions, nine different points with 5 positioned in
the heart region and 4 positioned in the shell region are
examined. The test configuration is shown in Fig. 6.

Looking from the Top

Fig. 6. Test point configuration

E. Strength Performance Metrics

The pole structural strength performance are evalu-
ated using the the fiber strength at the rupture plane
and the overall remaining strength of the pole. Each
parameter is described separately below.

1) Fiber Strength and % Remaining Fiber Strength: As
discussed in Section II, the stress wave is characterized
by the average arrival velocity 0. and the energy atten-
uation coefficient ape. To draw a correlation between the
structural strength and the stress wave signal characteris-
tics, the variation of different pole classes is normalized.
This approach eliminates the variation introduced from
different pole classes, effectively increasing the number
of comparable samples for the correlation analysis.

The fiber strength measured at the break point is also
compared against the designed fiber stress F; derived
from [32]. It is termed the percentage remaining fiber



strength % RFS. The mathematical expression is detailed
6.
0 _ 5

Yo RFS = £’ (6)
where F, is the measured fiber strength based on 5 and
F; is the designed fiber strength based on Table 1 in
[32]. Since this metric compares the measured strength
to the design strength of the specific species, it is a nor-
malization process to estimate the level of the strength
degradation.

2) Percentage Remaining Strength: The percentage re-
maining strength %RS defined by the following expres-
sion, P

% RS = —

P RS =5 ?)
where P is the load at failure and P; is the designed
class tip load or max. load capacity. The design class
tip bending capacity Tcap is determined via following
expression based on the ANSI o5.1 [35]:

Tcap = Pyl = kaC3/ (8)

where k is a conversion constant (k = 0.000264). F, is the
nominal fiber strength at the ground line, and C is the
ground line circumference. L is the distance between the
ground line and the load point. Based on the bending
capacity, the max load capacity P; can be obtained. As
noted in ANSI O5.1, this calculation contains a coefficient
of variation (COV) of approximately 20%.

3) Average Compression Shell Strength (ACS): Based on
the compression result using the method detailed in
Section II-D, the assumed coordinate of the test points
and the associated compression values are imported to a
scatter interpolator to generate an overall response of the
entire specimen. To prevent any unrealistic gradients in
the overall compression response, the linear interpolator
is used to produce C° continuity function resulting in
a smooth distribution of compression results in the
computational domain. To incorporate the orthotropic
property of the cross-sectional plane, the proposed inter-
polation was performed in the polar coordinate system.
The result is shown in Fig.7. The ACS Strength value is
calculated using the root mean square (RMS) defined as,

)

where N is the number of data points, x are the com-
pression value obtained from the linear interpolator at
the selected shell region.

III. RESULTS AND ANALYSIS
A. Model Selection and correlation analysis

This section focuses on the justification of the cor-
relation model between the characteristics of the elas-
tic waveform and various mechanical properties de-
termined through the static break test. Based on the

Shell Region

O [Radians]

R [inches]

Fig. 7. Result from the linear scattered interpolator, R denotes the
radial direction and 6 denotes the tangential direction.

formulation produced by [17], the result suggests that
the steady-state Rayleigh mode propagation is an ag-
gregate motion of the fast and slow modes associated
linearly with the phase velocity of the dilatational and
distortional fields, which can be expressed as [36],

A42
=2t

-

o § (10)
P
(10) suggests a linear relationship between the mechan-
ical property and the velocity square. Henceforth, this
model will be used to perform data fitting and correla-
tion analysis.
Prior work conducted by [23] formulated the attenu-
ation coefficient a of the poroelastic wave as a viscous
damping term in their governing wave equation. That is,

a= 3?;2[’8 (11)

where yu is the fluid viscosity, B is the porosity and d is
the largest linear dimension of the pores. This expres-
sion suggests that the damping ratio appears linearly
with material loss. By combining the viscous damping
model with the power model discussed in Section II-B2,
the logarithmic model can be assumed to analyze the
correlation relationship between the energy attenuation
and the mechanical property.

1) Rayleigh Mode (AW2) Response to F,: Sectional mea-
surements using the UB10oo device are performed prior
to the static break test at o, 12, 24, 36, and 48 inches above
the ground line plane. Each cross-sectional measurement
is termed the plane of measurement (POM). The AW2 is
then extracted according to [11], the obtained average
velocity and the energy response are compared with
the strength performance metrics. After the proposed
static break test on the entire sample set is performed,
the location of POR is measured. The poles with POR
within =£ 3 inches of the POM are selected. This approach
assumes minimal property variation in the longitudinal
direction.




23 poles used in this study due to the close prox-
imity between the POM and POR. Within this sample
set, the sample poles are from a diverse population of
different species ranging from 30 feet to 55 feet. The
samples are grouped based on the lengths to analyze
if the age of the pole would impact the stress wave
characteristics. Based on the prior discussion in Section
II-B, the average velocity and the attenuation coefficient
are depicted in Fig. 8. and Fig. 9. Fig. 8 compares the
average propagating velocity square at the POM to the
fiber strength at the POR. Using the linear regression
model, the three groups 30 to 35, 40 and 50 to 55 exhibit
three different correlations with the highest in 50 to 55
group. All groups suggest a directly proportional linear
correlation between the average velocity and the fiber
strength. The average correlation coefficient across all
length groups is 0.54.
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Fig. 8. Propagation Velocity square of the Rayleigh mode vs. the fiber
strength at the rupture location.

Fig. 9 compares the attenuation coefficient & against
the fiber strength at the POR. The energy response yields
a smaller correlation coefficient compared to the average
velocity depicted in Fig. 8. Two distinct clusters are
formed among the three different length groups. By
eliminating the spatial dependency using the power-law
model, the result suggests that the larger class poles with
greater groundline circumferences tend to have a smaller
attenuation coefficient than the smaller class poles with
smaller groundline circumference. This finding is pro-
nounced between the length group 30 to 35 and the
length group 50 to 55. By discarding the outliers, the fiber
strength exhibits an inversely proportional relationship
with the attenuation coefficient. This result suggests that
wood fiber with a stronger fiber strength tends to have
less wave energy attenuation than fiber that exhibits a
weaker strength. Across all the length groups, the overall
correlation coefficient is o.1.

2) Rayleigh Mode (AW2) Response to the % Remaining
Fiber Strength (RFS): The analyses of the % remaining
fiber strength and AW2 response characteristics are de-
picted in Fig. 10 and Fig. 11. In Fig. 10, the result yields
three different correlation values among the length
groups. This result indicates a similar finding as Section
III-A1, suggesting the correlation can be improved by
individually considering each length group. The overall
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Fig. 9. Attenuation Coefficient & of AW2 vs. Fiber Strength at the
Rupture Location.

correlation coefficient is 0.55, slightly stronger than the
fiber strength comparison (R? = 0.54). As recalled, the
% RFS based on (6) reflects the property degradation
from the nominal designed strength, making this anal-
ysis technique more valuable than the fiber strength
comparison.
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Fig. 10. Average propagation velocity Square of the Rayleigh mode
vs. the % remaining fiber strength.

Fig. 11 shows two distinct clusters. The length group
of 50 to 55 has a relatively lower attenuation coefficient
than the length groups of 30 to 35 and go0. This finding
resonates with the finding suggested in Fig. 10. This
result perhaps indicates that the differences in fibril
structure between the different length groups need to
be considered when considering the correlation between
« and %RFS. The group-specific correlation coefficients
suggest that the % RFS has a higher correlation to
the attenuation than the fiber strength. This result also
yields an overall correlation coefficient of 0.2, a 100%
increase compared to the average correlation coefficient
calculated in Section III-A1. The overall inversely propor-
tional relation indicates that the attenuation coefficient
increases with decreasing %RFS. It supports the hypoth-
esis that mechanical property degradation has a greater
energy attenuation than a healthy wooden medium.

3) Rayleigh Mode (AW2) Response to the % Remaining
Strength: %RS indicates the overall structural integrity
at the load point based on the groundline strength
assessment. Based on the strong correlation between
the FB Strength and %RS (7) in Fig. ??, This section
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Fig. 11. Attenuation coefficient a vs. the % remaining fiber strength.

examines a correlation between the AW2 characteristics
and the % remaining strength. The related results are
depicted in Fig 12 and Fig. 13. Fig. 12 compares the
propagating velocity against the %RS. The R? resulting
here indicates a slightly weaker correlation than the
analyses comparing the fiber strength and the %RFS.
Nevertheless, this result suggests a directly proportional
relationship between the average propagating velocity
and the %RS, which agrees with the analyses in Sections
MI-A1 and III-A2.
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Fig. 12. Propagation Velocity of the Rayleigh mode vs. % Remaining
Strength

A scatter plot between « and %RS is depicted in Fig.
13. It shows a weak correlation and a greater uncertainty
between the 30-35 and 50-55 groups. However, group 40
appears to have a stronger correlation. Bear in mind that
the five available data points do not warrant statistical
significance. Fig. 13 shows two distinct data clusters
similar to Fig. 11 and Fig. 9 between the 30-40 and
50-55 groups. The overall behavior suggests that the «
increases with decreasing overall %RS.

4) Correlation Summary: Table Il summarizes the corre-
lation coefficients produced from the analyses in Section
II-A1, 1II-A2 and III-A3. Using the different analysis
techniques, the average propagating velocity of the AW2
appears to have a strong correlation among all three
strength performance metrics. The velocity vs. fiber
strength has the highest correlation in the length groups
30-35 and 40, but relatively weaker in the length group
40. Nevertheless, all three analyses exhibit a similar over-
all correlation coefficient from 0.46 to 0.49. The energy

120

©30-35 .
100
40
80 .
50-55 e .
7] °
]
% 60 e®
»
40 =3

20

0.04 0.24 0.44 0.64 0.84 1.04 124 144 1.64 1.84
Attenuation Coefficient a

Fig. 13. Attenuation Coefficient vs. % Remaining Strength

attenuation versus different strength indicators appears
to be much weaker. In length group 40 however, a
relatively stronger and distinct correlation of the energy
response to all three strength performance metrics.

TABLE 1II
LINEAR AVERAGE CORRELATION COEFFICIENT OF DIFFERENT ANALYSES IN
RELATION TO DIFFERENT POLE GROUPS. U AND & DENOTE THE AVERAGE
PROPAGATION VELOCITY AND THE ATTENUATION COEFFICIENT

RESPECTIVELY.
Analysis | 30-35 40 50-55 | Overall
v? - FB 062 | 047 | o075 0.54
©v>-%RFS | 0.56 | 0.30 | 0.94 0.55
v2-%RS 049 | 018 | 0.96 0.53
« - %FB 0.19 | 0.55 | 0.11 0.10
« - %RFS | 023 | o6 | o.11 0.20
a - %RS 0.20 | 0.79 0.16 0.23

B. Rayleigh Mode (AW2) Response to the Average Compres-
sion Shell Strength (ACS)

The section analyzes the compression test results from
the procedures detailed in Section II-D and the average
compression shell strength using linear scatter interpo-
lator in the polar coordinate domain (Section II-E3). The
corresponding AW2 average propagating velocity square
and the average compression shell (ACS) strength values
are compared in Fig. 14. Using the previous length
grouping method, the analysis is repeated three times
for the different pole groups (30 - 35, 40 and 50 - 55).
With the assumed linear regression model, the 30 to
35 pole group exhibits the highest correlation with the
approximate R? of 0.37. The correlation performance
reduces to 0.22 and nearly o for pole groups of 40 and
50-55. The strong linear correlation with the directly
proportional relation suggests that a greater compression
strength in the shell region tends to result in a higher
propagating velocity of AW2. This finding is inconsistent
in larger pole groups (40 and 50 to 55), which show a
weaker correlation with different proportional relations.

Using the similar approach as depicted in Fig. 14, the
peak energy responses are also compared to the different
pole groups. Fig. 15 shows the correlation performance
of length groups 30 to 35, 40 and 50 to 55 respectively.
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Using the proposed logarithmic linear regression model,
the correlation coefficients illustrate a similar finding as
shown in Fig. 14 with the 30-35 exhibiting the highest
correlation (R? = 0.38) and the R? values decrease with
increasing in pole length. The correlation coefficient of
group 30-35 indicates an inversely proportional relation,
which agrees with the previous finding in Section III-A
supporting the conclusion which states that the stress
wave tends to have a higher attenuation coefficient in
wood with a weaker ACS strength.
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Fig. 15. Energy to compression strength correlation

Overall, the response of propagating speed and attenu-
ation of AW2 to the ACS strength suggests a correlation
if the pole length grouping method is used. A similar
study was also performed when the species grouping
method is used. Using the correlation coefficient as a
metric of measurement, the length grouping method has
a larger correlation coefficient than the species grouping
method, suggesting a stronger overall dependency on
the ultrasonic vs. mechanical property correlation for
the length group of 30 to 35. It is worth noting that the
moisture content was assumed to be the same after the
specimen are exposed to the controlled environment for
43 days. Since the poles were stored horizontally before
the tests, the lateral moisture due to gravitational pull

might have contributed to the inhomogeneous distribu-
tion of moisture on the test surface of each specimen. The
proposed linear interpolation function for calculating the
ACS values can be improved using a data-driven or
physics-based model in future studies.

IV. ConcLusION

This study presents a comparative analysis of examin-
ing the efficacy of the ultrasonic-based NDT. This work
attempts to correlate the fiber strength, the percentage re-
maining fiber strength, and the remaining pole strength
resulting from the test with the extracted ultrasonic wave
features through the standard static break test and com-
pression testing. That is, the propagating velocity and
the attenuation coefficient of the peak energy of AW2.
The result produces a significant overall correlation of
0.5 between the propagating velocity and the measured
pole strength. It also resulted in an acceptable correlation
level of 0.2 between the peak energy level and the
measured pole strength. This data-driven result allows
future development of ultrasonic analysis algorithms for
the pole strength calculation.

The longitudinal compression test was conducted on
the cross-section surfaces. Using a linear interpolator, the
average shell compression strength values were calcu-
lated to compare against the corresponding AW2 char-
acteristics. A stronger correlation appears in the length
grouping method with a smaller pole length between
30 and 35 (R? ~ 0.4). In contrast, the species groping
method does not provide a conclusive result. How-
ever, the result can be improved if other interpolation
schemes that are physics-driven and the contribution of
moisture are included. This study reveals the efficacy
of the ultrasonic-based NDT for wood pole groundline
characterization. It contains significant findings for fu-
ture studies of understanding the correlations at a more
fundamental level.
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