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Correlation Analysis of Ultrasonic Stress Wave
Characteristics and the Destructive Strength
Measurements in Cylindrical
Wooden Structure
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Abstract—The utility sector has been employing
ultrasonic-based nondestructive evaluation (NDE) 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 studied.
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) propagating in the
shell region of the cross-sectional plane. This discovery
allows a direct examination of the shell region condition
through stress wave analysis. By employing the Gabor
wavelet transformation and the model-based arrival
region identification, this proposed technique extracts 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 AW2 features and the
associated destructive test. An overall correlation R? from
0.2 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 30-35 ft poles in the longitudinal compression
test.

Index Terms— Industrial measurement and control, mate-
rial and defect characterization, signal and image process-
ing, wave propagation (including elastic waves), wooden
utility poles.
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I. INTRODUCTION

HE United States power and communication infrastruc-

ture relies on the structural integrity of approximately
154 million wooden utility poles [1]. A reliable structural
monitoring system is vital to ensure the sustainability of these
networks. The traditional evaluation process has relied on
partial excavation and sound and bore techniques, but the
invasive nature can inadvertently damage the internal chemical
and physical characteristics. A recent study conducted by
Winandy [2] reveals that any incision in the wooden surface
could negatively affect the strength in the cross-sectional
plane. Additionally, the American National Standards Insti-
tute (ANSI) specification for new poles [3] prohibits open
or plugged holes. 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. However, the correlation between
ultrasonic NDT and destructive tests has not been quanti-
tatively evaluated. This study aims to explore the statistical
relations between the ultrasonic method with the destructive
evaluation methods [4], [5].

The challenge of ultrasonic stress waves in wood was first
examined by Fukuda [6]. A study conducted by Bucur [7]
explored the orthotropic property of elastic propagation in
the longitudinal, radial, and tangential directions. The rela-
tionship between the attenuation and the elastic moduli was
evaluated by Dunlop [8]. A more detailed analysis was later
performed by Suzuki ef al. [9] to examine the grain angle
effects on the ultrasonic velocity. The associated theoretical
and numerical models have been developed to understand the
stress wave propagational mechanism [10]-[12]. Winandy and
Morrell [13] evaluated the efficacy of ultrasonic inspection of
progressively decayed wood in 1993 and concluded that using
time-of-flight (TOF) as a sole metric for wood characterization
appeared unreliable. In 1992, Bucur and Feeney [14] pio-
neered the study of the energy interactions with the dispersive
medium. Due to the complex wave interactions within the
medium, there are various attempts of extracting features in the
received signal to improve the characterization of the physical
properties of the medium. That includes time centroid mea-
surements [15], signal attenuation by using root-mean-square
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Elastic Wave Inspection

Fig. 1. Sequence of the test and the proposed analysis approach.

(RMS) [16], and fuzzy logic [17]. Lee [18] and Lee et al. [19]
incorporated the findings from the elastodynamic formula-
tion into the signal analysis process, effectively uncovers
different arrivals within the waveform. Using time—frequency
(TF) domain representation, critical parameters of a reflected
stress wave can be extracted to characterize the material
property. Senalik er al. [20] in his recent study performed
a thorough analysis by formulating a multivariable linear
regression (MLR) as a function of reflected signal parameters
and known material properties to estimate the ultimate tensile
strength (UTS).

The shell region near the groundline sustains significant
cyclic compression and tension stresses from transverse wind
loads. Any decay in this region decreases the maximum
load more significantly than the heart region decay. Building
upon the previous studies, this study focuses on the shell
region propagation of the Rayleigh mode excited by the novel
embedded waveguide. It began with the ultrasonic test by
acquiring the through-transmission stress wave signal using
the UB1000 device. The ultrasonic test is performed in the
cross-sectional planes from 1 ft below grade up to 4 ft
above grades with a 1 ft longitudinal increment. Section II-A
discusses the test procedures. 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 per the ASTM
1036 standard test method. The setup and the system of per-
forming 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 proce-
dures are detailed in Section II-D. In Section III, the results
from the static break test and the compression test are ana-
lyzed against the extracted stress wave characteristics. Fig. |
illustrates the test sequence and the associated correlation
analysis.

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

The sectional plane above grade is first determined. An arbi-
trary 0°—180° is chosen as the reference point in this sectional
plane, as shown in Fig. 2(a). Two embedded waveguides are
inserted 15 mm into the medium. The same procedure is

b)

Fig. 2.
localized defect and plane wave response.

(a) Ground-line ultrasonic test with UB1000. (b) Orientation of

repeated for the 90-270 orientation. These two orientations
can produce different responses. This phenomenon is primarily
due to the orientation of the local imperfection in the sectional
plane with respect to the direction of the traveling stress field.
Strong reflection can occur when the lengthwise direction of
the imperfection is perpendicular to the propagation direction,
causing interference and stronger attenuation at the receiving
end. When the lengthwise direction of imperfection is parallel
to the propagation direction, the interaction is much weaker.
This process is illustrated in Fig. 2(b). Hence, the drastic
difference in signals between the two orthogonal directions is
an indication of a local imperfection. This study compares the
two orientations and selects the highest signal-to-noise (SNR)
for the subsequent analysis. When both orientations result in
similar energy and temporal responses, it is often an indication
of a global response of the sectional plane.

B. Characteristics of Rayleigh Mode Response

An acoustic device, UB1000, produces stress waves here
and is designed to generate a narrow-band radiation source
of 50 kHz utilizing a high-power piezoelectric transducer. Cus-
tom circuitry performs two main functions: 1) to produces high
voltage excitation and 2) samples the analog transducer signal
and converts it into time-series digital signal using the onboard
analog-to-digital converter (ADC) [21]. The device is coupled
to an embedded waveguide inserted into the wooden medium
to produce radial, and circumferential Rayleigh modes [12].

A previous study by Lee [18] concluded the velocity
and diffusive characteristics of the circumferential Rayleigh
mode termed arrival mode number 2 (AW2) can charac-
terize the material properties near the half-space boundary.
Lee et al. [22] extracted the Rayleigh mode from the complex
stress wave response in the circular cross-sectional plane of
the groundline region. The study by Shangguan et al. [23]
indicated that the decay mechanism could contribute to the
loss of porosities. Based on Biot’s poroelastic formulation,
the viscous damping coefficient of the displacement field
depends on the coupling factors [24] and [25], which cause
amplitude attenuation of the propagating stress wave. The
aggregate response of velocity and amplitude inspires the use
of an analytic wavelet to represent the temporal waveform
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Fig. 3. (a) TF representation of the received ultrasonic signal using
wavelet transformation. (b) Energy response in the temporal domain at
the ultrasonic excitation frequency.

in the TF domain. The most proper wavelet tends to have
a matched shape as the signal in question [26]. Among
the examined mother wavelets, the Gabor wavelet exhibits a
temporal response similar to the transient waveform estimation
by the dual waveguide configuration. It produces an accept-
able frequency resolution for spectral analyses in the low-
frequency region. The findings from analytical and numerical
models [22] show the Gabor continuous wavelet transfor-
mation (CWT) produces a desirable temporal and spectral
representation of the signal to detect the mechanical and
the poroelastic variations in the propagating medium. Fig. 3
depicts TF representation of digitized time-series signal. Two
enhanced regions correspond to the energy arrival of AW1 and
AW?2 arrival regions as illustrated in Fig. 3(a). Extraction of
the fundamental frequency of the received waveform yields
the energy response in the temporal domain as illustrated
in Fig. 3(b). The circled peaks correspond to the arrivals of
dominant energy propagation. The peak value provides both
temporal information which can translate to the propagation
velocity and the energy attenuation.

1) AW2 Average Arrival Velocity: The proposed wavelet
analysis technique extracts the temporal-energy response in
the signal. By discarding 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, the average propagating velocity
with the corresponding circumference [18] is used at the plane
of propagation. That is,

Cp.BP

_— :
Upe oo (1)

where Cp pp is the circumference of the propagation plane, fpe
is the arrival time at the energy peak.

2) Energy Attenuation Coefficient ape: In linear viscoelas-
tic solids such as wood, the inelastic scattering, and the

TABLE |
SAMPLE SET FOR /g DETERMINATION

AGL Circumference
[inches] [inches]

24 4772

48 46.88

Peak Amplitude of
AW2 [volts]

1015

1499

irreversible process attenuate the wave energy. This process
can be explained theoretically by analyzing Biot’s poroelastic
formulation and the increase of porosity due to incipient
decays [12]. To quantify the energy attenuation, peak energy
is used to extract the primary mode, and the corresponding
attenuation can be obtained using the following power-law
model [27]:

I(a, x) = Ipe™*" (2)

where [ is the initial intensity of the stress wave, [ is the
energy flux measured in an attenuating medium at a distance
x from the source, and a 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 [12] and pro-
vides the means to characterize the condition of the medium.
By manipulating (2) and only considering the peak energy
attenuation, it yields the expression for peak energy attenuation
coefficient ape

2 1
Ope = —— In
P Cppp

Iy

7 3)

where |-| denotes the absolute value, Cp gp is the circumfer-
ence of the sectional plane in question. /j is a constant. It can
be determined by measuring the energy response of a pole
at 24 and 48 in above ground line (AGL) (see Table I). The
tapering geometry of a pole forms two linearly independent
equations for calculating 1.

C. Static Break Test

Mechanical testing of wood poles was carried out per
the test and data collection requirements of [4]. Fig. 4(b)
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. 4(b) helps support the pole to eliminate orthogonal load
due to gravity. A tip load is applied 2 ft from the top of a pole
using the variable speed winch until reaching the sufficient
failure force.

To measure the deflection, a system of four draw-wire
sensors measures the pole deflection. Two draw-wire sensors
measure the movement 2 ft from the tip at the point of
load application. Two draw-wire sensors measure the rotation
or ground-line movement at the bottom, allowing the exact
measurement of the tip location with respect to the groundline.
A load cell shown in Fig. 4(a) is mounted on the speed winch
measures half of the applied load.
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Fig. 4. Setup of the static break test (a) winch is housed in a stable
structure mounted to the ground and (b) shows a wooden pole being
deflected when a load is produced by the winch via the winch cable.

Based on the measured failure load and the measured
deflection, the empirical value of the maximum fiber strength at
the groundline can be calculated via the following [28] and [3]:

F, =327*P(a— a)/C? )

where Fj, denotes the maximum fiber stress of the location of

the plane of rupture (POR), P is the imposed failure tip load,

C, is the circumference of the POR. a is the longitudinal

distance between the load point and the break, and a is

the maximum longitudinal deflection which is expressed as,
a= r[1—(®/L)]

During the test, 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 per [4]. Each specimen was
tested with the load applied at a constant rate. Simultaneously,
the tip position is measured at a 10 Hz sampling rate. After
completing the test, 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 compression testing,
a 1-ft 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 °F, relative humility of 50% for
43 days. The compression parallel to the grain procedure
was done per [29]. Using 1-in by 1-in square metal rod,
the load was applied to the surface of specimens at a rate
of 0.1 in/min until 0.1 in indentation is achieved. The load
is recorded to calculate the corresponding compression stress.
Fig. 5 shows the setup of the experiment. The experiment uses
nine different points with five positioned in the heart region
and four positioned in the shell region to calculate the average
response in both the shell and heart regions of the test surface.
The test configuration is shown in Fig. 6.

E. Strength Performance Metrics

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

Fig. 6. Locations of nine compression test points on the cross-sectional
plane. The red circle is an approximate boundary separating the shell
and heart regions.

1) Maximum Fiber Strength and Percentage Remaining Fiber
Strength: To normalize the variation of different pole classes,
the fiber strength measured at the break point is compared
against the designed fiber stress Fy; derived from [3]. It is
termed the percentage remaining fiber strength (% RFS). The
mathematical expression is detailed in the following:

% RFS = —~ 5)

where Fj, is the measured fiber strength based on (4) and Fy is
the designed fiber strength based on Table I in [3]. Since this
metric compares the measured strength to the design strength
of the specific species, it is a normalization process to estimate
the level of the strength degradation.
2) Percentage Remaining Strength: The percentage remain-
ing strength (% RS) defined by the following expression:
P
% RS = — (6)
d
where P is the load at failure and P, is the designed class tip
load or maximum load capacity. The design class tip bending
capacity 7, is determined via following expression based on
the ANSI 05.1 [30]:

Teap = P4L = kF,C? (7

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
about 20%.
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Fig. 7. Result from the linear scattered interpolator, and R denotes the
radial direction and 6 denotes the tangential direction.

3) Average Compression Shell Strength: Based on the com-
pression 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 strength gradients in the overall compression
response, the linear interpolator is used to produce a C° con-
tinuity function resulting in a smooth distribution of compres-
sion results in the computational domain. To incorporate the
orthotropic property of the cross-sectional plane, the proposed
interpolation was performed in the polar coordinate system.
The result from one of the specimens is shown in Fig. 7. The
ACS strength value is calculated using the RMS defined as

®)

XRMS =

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

[1l. RESULTS AND ANALYSIS
A. Model Selection and Correlation Analysis

This section focuses on the justification of the correlation
model between the characteristics of the elastic waveform and
various mechanical properties determined through the static
break test. Based on the formulation produced by Lee [18],
the result suggests that the steady-state Rayleigh mode prop-
agation is an aggregate motion of the fast and slow modes
associated linearly with the phase velocity of the dilatational
and distortional fields, which are expressed as [31]

2 A+2u
c; =
p
2 H
;G == ©)
"o

the above equation suggests a linear relationship between the
mechanical property and the velocity square. Henceforth, this
model will be used to perform data fitting and correlation
analysis.
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Fig. 8. Average propagation velocity square of AW2 versus the fiber
strength at the rupture location.

Prior work conducted by Biot [24] formulated the attenua-
tion coefficient a of the poroelastic wave as a viscous damping
term in their governing wave equation. That is,

a= 32;? (10)
where u is the fluid viscosity, £ is the porosity, and d is the
largest linear dimension of the pores. This expression suggests
that the damping coefficient 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.

B. Rayleigh Mode (AWZ2) Response to F,

Sectional measurements using the UB1000 device are per-
formed prior to the static break test at —12, 0, 12, 24, 36,
and 48 in above the ground-line plane. Each cross-sectional
measurement is termed the plane of measurement (POM).
The AW?2 is extracted according to [12], 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 in of the
POM were selected. This approach assumes minimal property
variation in the longitudinal direction.

Twenty-three poles are used in this study due to the close
proximity between the POM and POR. Within this sample set,
the poles are from a diverse population of different species
ranging from 30 to 55 ft. 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 Figs. 8 and 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 30-35, and 40, and 50-55 exhibit three
different correlations with the highest in the 50-55 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.

Fig. 9 compares the peak energy attenuation coefficient ape
against the fiber strength at the POR. The energy response
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Fig. 9. Peak attenuation coefficient ape of AW2 versus fiber strength at
the rupture location.
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Fig. 10. Average propagation velocity square of AW2 versus the % RFS.

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 circum-
ference. This finding is pronounced between the length group
30-35 and the length group 50-55. By discarding the outliers,
the fiber strength exhibits an inversely proportional relation-
ship 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 0.1.

C. Rayleigh Mode (AW2) Response to the % RFS

The analyses of the % RFS and AW?2 response character-
istics are depicted in Figs. 10 and 11. In Fig. 10, the result
yields three different correlation values among the length
groups. This result indicates a similar finding as Section III-B,
suggesting the correlation can be improved by individually
considering each length group. The overall correlation coef-
ficient is 0.55, stronger than the fiber strength comparison
(R?> = 0.54). As recalled, the % RFS based on (5) reflects
the property degradation from the nominal designed strength,
making this analysis technique more valuable than the fiber
strength comparison.

Fig. 11 shows two distinct clusters. The length group of
50-55 has a relatively lower attenuation coefficient than the
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Fig. 11. Peak attenuation coefficient ape of AW2 versus the % RFS.
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Fig. 12. Average propagation velocity square of AW2 versus % RS.

length groups of 30-35 and 40. This finding agrees with
the finding suggested in Fig. 10. This result indicates that
the differences in fibril structure between the different length
groups need to be considered. The group-specific correlation
coefficients suggest that the % RFS has a higher correlation
to the attenuation than the fiber strength. This result yields
an overall correlation coefficient of 0.2, a significant increase
compared to the average correlation coefficient calculated in
Section III-B. The overall inversely proportional relation indi-
cates that the attenuation coefficient increases with decreas-
ing % RFS. It supports the hypothesis that mechanical property
degradation has a greater energy attenuation than a healthy
wooden medium.

D. Rayleigh Mode (AW2) Response to the % RS

Percentage RS indicates the overall structural integrity at the
load point based on the ground-line strength assessment. The
results are depicted in Figs. 12 and 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 and agrees with
the analyses in Sections III-B and III-C.

A scatter plot between a,, 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 Figs. 9 and 11
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TABLE Il
LINEAR AVERAGE CORRELATION COEFFICIENT OF DIFFERENT
ANALYSES IN RELATION TO DIFFERENT POLE GROUPS. v AND apg
DENOTE THE AVERAGE PROPAGATION VELOCITY AND THE PEAK
ENERGY ATTENUATION COEFFICIENT, RESPECTIVELY

Analysis 30-35 40 50-55 | Overall
v? - FB 0.62 0.47 | 0.75 0.54
v?-%RFS 0.56 0.30 | 0.94 0.55
©v?-%RS 049 | 018 | 0.96 0.53
) 0.19 0.55 0.11 0.10
ape - PRES | 023 | 076 | o.11 0.20
ape - SRS 0.20 | 0.79 0.16 0.23

between the 30-40 and 50-55 groups. The overall behavior
suggests that the ap. increases with decreasing overall % RS.

E. Correlation Summary

Table II summarizes the correlation coefficients produced
from the analyses in Sections III-B-III-D. Using the dif-
ferent analysis techniques, the average propagating velocity
of the AW2 appears to have a strong correlation among
all three strength performance metrics. The velocity versus
fiber strength has the highest correlation in the length groups
30-35 and 50-55, but is relatively weaker in the length
group 40. Nevertheless, all three analyses exhibit a similar
overall correlation coefficient from 0.53 to 0.55. The energy
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.

F. Rayleigh Mode (AW2) Response to the ACS Strength

The section analyzes the compression test results from the
procedures detailed in Section II-D and the average com-
pression shell strength using linear scatter interpolator in the
polar coordinate domain (Section II-E3). The corresponding
AW?2 average propagating velocity square and the average
compression shell (ACS) strength values are compared in
Fig. 14. Using the previous length grouping method, the analy-
sis is repeated three times for the different pole groups
(30-35, 40, and 50-55). With the assumed linear regression
model, the 30-35 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.
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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
AW?2. This finding is inconsistent in larger pole groups (40 and
50-55), which shows a weaker correlation with different
proportional relations.

Using the similar approach as depicted in Fig. 14, the peak
energy responses are compared to the different pole groups.
Fig. 15 shows the correlation performance of length groups
30-35, 40, and 50-55, respectively. Using the proposed log-
arithmic linear regression model, the correlation coefficients
illustrated 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.

Overall, the response of propagating speed and attenua-
tion of AW2 to the ACS strength suggests a correlation if
the pole length grouping method is used. A similar study
was performed when the species grouping method is used.
Using the correlation coefficient as a metric of measurement,
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the length grouping method has a higher correlation coefficient
value than the species grouping method, suggesting a stronger
overall dependency on the ultrasonic versus mechanical prop-
erty correlation for the length group of 30-35. In this study,
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 gravitational pull might have contributed to
the inhomogeneous distribution of moisture on the POM 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 presented a comparative analysis of examining
the efficacy of the ultrasonic-based NDT. This work correlated
the fiber strength, the percentage remaining fiber strength,
and the remaining pole strength resulting from the test with
the extracted ultrasonic wave features through the standard
static break test and compression testing. The result produces
a significant overall correlation of 0.5 between the propagating
velocity and the measured pole strength. It 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 calculated. The result
was compared against the corresponding AW?2 characteristics.
A stronger correlation appears in the length grouping method
with a smaller pole length between 30 and 35 (R> ~ 0.4).
Using other interpolation schemes that are physics-driven
and the contribution of moisture can improve the correlation
coefficient. More empirical data will improve the statistical
confidence and help validate the correlation result. This study
reveals the efficacy of the ultrasonic-based NDT for wood pole
groundline characterization and contains significant findings
for future studies of understanding the correlations at a more
fundamental level.
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