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Abstract. Embedded waveguide technique is often not considered as a method for introducing ultrasonic
wave for nondestructive testing (NDT). Because of the unique surface condition of wooden utility poles, the
rough and uneven surface between the medium and the sensor introduces variation and signal attenuation,
which impedes the use of a contact-based ultrasonic sensor. Many inspection and utility firms have adopted
the use of inserting a small nail into the wooden pole for NDT. The mechanisms of excitation and reception
of ultrasonic wave, however, are very different from the traditional contact-based mounting technique.
Because very little research has been carried out on this methodology, this study focuses on the un-
derstanding of embedded waveguide excitation and reception in the time domain for wooden structure
assessment in cylindrical symmetry. The resulted time domain waveform response is analyzed, and the
associated findings will help infer important structural condition for NDT assessments. The study consists of
numerical and empirical results to validate and understand the waveform characteristics and the associated
energy modes that exist (Bodig 1982) in the two-dimensional wave propagation in a boundary medium.

Keywords: Embedded waveguide, Rayleigh wave excitation, elastodynamics in wood, wooden utility
pole inspections.

INTRODUCTION

In the United States, about 100 million wooden
poles are used to support two of the most critical
infrastructures: the power and the communication
distribution networks. Their structural integrity
poses a vital concern for the sustainability of the
system. Its undeniable importance demands a
rigorous life cycle monitoring program to prevent
unexpected structural failure that could incur

costly unplanned maintenance and repair work
(Bodig 1982). In 2013, data collected by the
Oregon State University had suggested that the
average service life of a wood pole is far beyond
the initial estimate of 30-40 yr because of the
improvement in the quality of wooden utility
poles. Data even suggested that an average pole
service life could easily reach 80 yr in many areas
(Morrell 2008). The current inspection process
for determining a pole condition still results in
that over a third of removed poles are deemed to
be in good structural health for service. This
conclusion suggests inadequacies in the current

* Corresponding author
† SWST member

Wood and Fiber Science, 52(1), 2020, pp. 87-101
https://doi.org/10.22382/wfs-2020-008
© 2020 by the Society of Wood Science and Technology

mailto:yishi.lee@du.edu
mailto:mohammad.mahoor@du.edu
mailto:WayneHall@utilityassetmanagement.com
https://doi.org/10.22382/wfs-2020-008


inspection and demands an improved assessment
process with better accuracy and consistency. One
of themost critical areas for inspection is the ground
line (GL) region, a few inches above the ground.
This region experiences the most load condition
while the environment is prone to different decays
and the growth of fungi. Current techniques of
inspecting the GL region rely on drilling and re-
sistance microdrilling (Morrell 1996; Bhuyan
1998). Although it is a direct method of assess-
ing the internal condition, the removal of material
can inadvertently induce further damage by dis-
turbing a previously established biological balance.

Nondestructive testing (NDT) using ultrasonic wave
has been proven to be one of the most effective
approaches to infer general wood quality and me-
chanical properties (Wang 2007). The time-of-flight
(TOF) measurement is a typical method to assess
wood quality by determining the time difference
between the moments of transmission and the first
detectable wave front. If a void or a significant decay
exists internally along the path, the elastic wave will
tend to propagate at a slower speed, resulting in a
longer TOF (Wang et al 2004). In turn, it suggests
the presence of decay. However, wood is classified
as an orthotropic material with a complex internal
structure, and wave propagation in such a nonlinear
medium creates complicated temporal and spectral
responses in different wave modes. Using TOF
based on the initial arrival wave front as a sole
indicator could result in erroneous and misleading
property predictions. The time domain analysis into
the received waveform can also infer more detail
information that a single TOF cannot provide.
Henceforth, it demands a realistic and complete
understanding ofwave propagation at theGL region.

To introduce ultrasonic wave into themedium, one
of the techniques is to directly hammer a small
waveguide into a specimen, creating about 1 cm
insertion with a 4 mm diameter. An ultrasonic
transducer as a load source is then mounted to the
back to generate oscillating stress. The advantage
of this approach over the traditional surface-mount
sensor is to allow wave disturbance to be guided
deep into the specimen while eliminating any
surface variations. This study will also demon-
strate the excitation of surface wave propagation at

the half-space boundary to enhance shell region
condition assessment. Many utility firms have
accepted such a small insertion technique as a
nondestructive mounting technique. This simple
application of introducing ultrasonic wave has
been adaptive by several inspection firms such as
the Utility Asset Management, Inc. (UAM).

Despite the advantage of this approach, the study of
embedded waveguide radiation and the subsequent
propagation and reception have not been pre-
viously investigated. Hence, this study focuses on
the radiation pattern from an embedded waveguide
excitation, propagation of the elastic wave in the
orthotropicmedium, and the reception of the elastic
wave using the same embedded waveguide. This
study offers the latest finite element model of wood
poles by extending the previous work carried out
by (Ting 1996; Payton 2003; Senalik 2013). The
result will be validated through empirical data
obtained using the latest commercially deployed
NDT device UB1000 developed jointly by Utility
Asset Management Inc. (Denver, CO) and Uni-
versity of Denver (Denver, CO).

MATERIALS AND METHODS

To analyze the response obtained by using the
embedded waveguide excitation technique, a
numerical model is first created using the finite
element method (FEM) based on the FEM-based
COMSOL Multiphysics software (developed by
COMSOL Group, Stockholm, Sweden). We will
discuss the detail configurations of the numerical
model. Using a new utility pole specimen, we will
discuss the preparation and experimental pro-
cedures for deploying the UB1000 device. The
empirical and numerical results will be compared
to help validate the numerical model.

Numerical Approach

Acoustic propagation at the GL region is an
elastodynamic problem with the cylindrical
symmetry. To simulate ultrasonic wave propaga-
tion in the time domain, a numerical model based
on the FEM provides the flexibility to understand
the physical phenomena in complex geometries.
The simulation environment is discussed through
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the following areas: the overall governing equa-
tion, initial and boundary conditions, mechanical
properties of the medium, discretization and mesh
size, and time stepping selection.

The governing equation of the model. Based
on the classical elastodynamic radiation formu-
lation with a body force, the classical non-
homogenous wave equation models the elastic
wave propagation. The time domain expression is
written as follows:

Cijkluk;lj ¼ ρ€ui� σij; (1)

where €u denotes the second time derivative of the
displacement field u, and it is often decomposed
into the longitudinal and transverse potential
fields through the Helmholtz decomposition
(Achenbach 2012). In the two-dimensional case,
the stiffness matrix Cijkl describing an orthotropic
medium in the cylindrical coordinate system is
expressed as follows:

C¼
2
4 c11 c12 0
c21 c22 0
0 0 c33

3
5; (2)

with c11 ¼ 1=ER, c12 ¼ c21 ¼ � vTR=ET , c22 ¼
� 1=ET and c33 ¼ 1=GTL, where ER and ET are
the Young moduli in the radial (R) and tangential
(T) directions, νi;j corresponds to the Poisson’s
ratios with the longitudinal deformation in the di-
rection of stress i and shear deformation in the j
direction, and Gij are the shear moduli. The entries
in the stiffness matrix are the functions of the
mechanical properties. US Department of Agri-
culture has compiled a comprehensive database
(Taggart 1999) detailing the mechanical properties
needed for the simulation. Four commonly known
species used in the utility pole industry are the
western red cedar, Douglas-fir, ponderosa, and red
pine. Using the definition for the entries of the
stiffnessmatrix (2), Table 1 shows calculated values
for off-diagonal entries c12 and c21. The similar
magnitudes in the off-diagonal elements help val-
idate the assumed orthotropic properties.

The transient response of an elastic waveguide
embedded in a wood specimen represents the

body force f. At the initial time t¼ 0, the transient
load is exerted on the waveguide through the
excitation interface shown in Fig 1. A classical
description of transient longitudinal wave prop-
agation of a piezoelectric transducer is modeled
as follows (Cochran 2012):

σrrðx¼ bÞ¼ σ0e� αðt� tcÞ2eiωt ; (3)

where σ0 is the amplitude, ω is the resonant
frequency of the oscillating piezoelectric mate-
rial, α represents the bandwidth, and tc is a
constant denoting the time when the maximum
amplitude occurs.

To discretize the governing partial differential eq
1 to be suitable for FEM, the method of lines can
be deployed, transforming spatial derivatives
using the finite difference equation. The resulted
equation is commonly known as the semiexplicit
differential algebraic equation (DAE). The wide
occurrence of DAE in many scientific and en-
gineering applications has piqued many interests
to develop the appropriate numerical solvers. The
backward differentiation formula (BDF) has
known to be one of the most versatile and popular
numerical technique. Hence, it is used in this
problem (Brenan et al 1996).

Table 1. Cell values of different species, unit: � 10� 10

Pa� 1.

c11 c22 c12 c21 c33

Douglas-fir 11.7 15.9 5.94 4.55 113
Red cedar 19.1 26 10.5 9.24 186
Red pine 13.1 17.9 5.5 5.36 128
White spruce 14.9 2.02 4.95 6.46 144

Figure 1. Geometry of inserted waveguide.
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Boundary condition. By imposing the longi-
tudinal wave propagation in the axial direction
along the waveguide and the interface traction
condition, as the longitudinal mode propagates
along the body of the waveguide, we consider the
wave interaction with the front and the side in-
terfaces. Because the front interface boundary is
perpendicular to the direction of wave propaga-
tion, we can neglect any mode conversion and
only consider the longitudinal wave mode. Based
on the theoretical piezoelectric response from (3),
using notations from Fig 1, it yields the following
equation:

σrrjr¼b ¼ σ0e�αðt� tcÞ2eiðkb�ωtÞ for jθj � a ;

(4)

where k is the wave number. For side interface
boundary parallel to the wave propagation,
total mode conversion transforms longitudinal
wave into the shear wave. By imposing the
same forcing term (3) for the waveguide, it
yields the side interface boundary condition as
follows:

σθrjθ¼� a ¼ σ0e� αðt� tcÞ2eiðqr�ωtÞ for 0� r� a ;

(5)

where q is the wave number associated with the
shear wave. At the half-space of a utility pole at
the GL, the boundary condition along the cir-
cumference of the cross-section can be reason-
ably assumed to have zero longitudinal and shear
stresses, which can be given by the following
equation:

σrr ¼ 0; σθr ¼ 0 : (6)

Mesh element size. Because of the complex
microscopic structure of the wood cells, there is
a significant difference between the microscopic
and macroscopic/effective properties. Each
element in a mesh must reflect macroscopic
mechanical properties. A classical view of a
wood cell is often considered to be in a
honeycomb-like structure. By using the com-
putational upscaling technique (Guedes and

Kikuchi 1990), the microscopic properties can
converge to the macroscopic properties by
simply replicating a single cell to a multicell
structure as shown in Fig 2. Figure 3 represents
the largest dimension of the multiscale structure
in the x-axis. The y-axis represents the ratio
between the microscopic properties p and the
macroscopic properties pc. The convergence of
the Young’s modulus in the radio and tangential
directions, Poisson’s ratio, and the shear mod-
ulus converge at approximately 1 mm, which
represents the minimum element size needed to
allow macroscopic effective properties to be
used for an accurate solution.

The second factor is aliasing in resolving the
waveform. Wavelength λ is defined by the phase
speed and the frequency of a traveling wave. In
porous material, the longitudinal and transverse
speeds are expressed as follows:

v2L¼
3K* þ 4G*

3ρ*
and v2T ¼

G*

ρ*
; (7)

where the superscript * denotes the effective
properties, subscripts L and T signify the longi-
tudinal and transverse wave, respectively,G is the
shear modulus, K is the bulk modulus, and ρp is
the average density expressed as follows:

ρ* ¼ ρwð1�fÞ; (8)

where ρw is the cell wall density and f is the
porosity. This value depends on the species and
the time of the year, but it is typical to estimate the
ratio of 20-50% (Cown 1975).

Figure 2. Replication of the single wood fiber cell structure.
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To resolve the shortest wavelength λmin, recall
λmin ¼ vmin=f0. It is noted that vT > vL (Rose
2004) and having vmin¼ vL; it yields the
following:

λmin¼ 1

f0ρ1/2

�
G*

1�f

�1/2

: (9)

According to the Nyquist–Shannon sampling
theory, the smallest element size needs to be at
least half of the λmin. Table 2 shows a typical
softwood used in the utility industry and the
recommended mesh sizes.

Time step selection. To determine an appro-
priate time step, the first criterion is the aliasing
due to a low sampling rate. The excitation of
the ultrasonic wave has a center frequency fc of

50 kHz. According to the Nyquist–Shannon sam-
pling theorem, the sampling frequency needs to
be at least two times the center frequency. Hence,
to resolve a proper waveform, the upper limit for
dt was chosen to be 10 times greater than fc;
resulting in a time step of 1� 10� 6 s.

The second criterion is to control the truncation
error and the interpolation error due to the nu-
merical method, stability, and convergence of the
iterative technique. For anisotropic wave equa-
tion with nonlinear terms, the issue of the stiffness
in the partial differential equation (PDE) arises,
which demands a numerical technique that is
more resistant to numerical instability (Kassam
and Trefethen 2005). To determine a proper time
stepping, the local relative errors can be observed
by comparing the predicted values and the ap-
proximated value at every step. According to
(Brenan et al 1996), a relative error is as follows:

ERR¼M
����unþ 1 � u0nþ 1

����� 1:0 (10)

where u0nþ 1 is the vector containing all the pre-
dicted values based on the predictor formula
(Krogh 1974) and unþ 1 contains the approximated

Figure 3. Homogeneity and convergence of physical properties for Douglas-fir.

Table 2. Maximum element size for different species.

Maximum element size ð µmÞ
Douglas-fir 613
Red cedar 361
Red pine 702
White spruce 663
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values. jj$jj denotes the L2 norm.M is a coefficient
related to a chosen step size. Based on (10), Fig 4
shows the relative error using different step sizes.
Although small step sizes provide a better tem-
poral resolution, it increases computational time.
As illustrated in Fig 5, the diminishing in return
helps justify an efficient time step, and yet, it still
achieves accurate results.

Empirical Approach

To ensure the results can be compared, it is es-
sential to mitigate variations between the em-
pirical and numerical approaches. Hence, a
healthy pole will be used to ensure that all the
desired mechanical properties are intact. The
embedded waveguides are inserted in accordance
with the configuration of the numerical model.

Preparation and procedures. At the 32-inch
circumference of the new pretreated Douglas-firs
wooden pole, the test configuration of using a pair
of UB1000 units with the embedded waveguides

is shown in Fig 6(c). For the experiment, a pair of
transmitting and receiving wireless ultrasonic
transducer UB1000s was used. Figure 6(b) shows
a UB1000 unit with a waveguide mounted at the
front of the transducer horn. The system consists
of an ultrasonic transducer assembly that can

Figure 4. Nearly random oscillation suggests the stability of the deployed numerical solver.

Figure 5. Relative error of different step sizes.
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bidirectionally convert between the mechanical
and electrical energies. A custom-designed
printed circuit assembly (PCA) is used to gen-
erate modulated excitation voltage and acquire
condition and convert received wave energy into
a digital signal. The unit is commanded remotely
and wirelessly with a SAMSUNG galaxy Tablet
(Samsung Group, Samsung Town, Seoul, South
Korea) via the Bluetooth interface protocol. This
system allows the users to command, receive, and
process diagnostic waveforms to help analyze the
structural condition. A separate design study was
conducted to find an optimal waveguide for this
application (illustrated in Fig 6[d]). Because of
the proprietary and the patentability nature of this
part, we will not further discuss the details of the
waveguide design.

To perform a diagnostic assessment, two alu-
minum waveguides are inserted into the medium
at the opposite ends. The depth of insertion
is about 1.3 cm below the surface. Threaded
transducer horns are mounted to the waveguide
excitation interface using a custom-designed
mounting coupler as shown in Fig 6(b). Using
a tablet with the UB1000 application (shown in
Fig 6[a]) installed, an initiation command is sent

to both units to initiate probe synchronization.
Once completed, a high voltage square pulse is
transmitted to the transducer input to excite the
piezoelectric material at its resonant frequency.
The generated stress wave propagates through the
transducer front mass (horn and waveguide) and
into the medium. In the meanwhile, the receiving
probe continues listening for any disturbances
from the medium. Through the UB1000 appli-
cation, the conditioned waveforms are trans-
mitted to the tablet wirelessly.

RESULTS AND DISCUSSION

The wave propagation mechanism will be dis-
cussed next with emphasis on the time and fre-
quency domain responses at the receiving
waveguide. The numerical results will be com-
pared directly with the empirical data to help infer
critical characteristics in wave propagation in a
wooden pole.

Numerical Results

Using Douglas-firs as an example and the de-
scribedmodel configuration, this section analyzes
the results produced by the COMSOL FEM

Figure 6. Equipment required for the experiment. (a) UB1000 Command GUI, (b) wireless UB1000 probe with the
waveguide mounted, (c) test configuration, and (d) embedded waveguide.
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model using the BDF solver. The analysis focuses
on three characteristics: radiation of the ultrasonic
wave, its propagation, and the reception.

Radiation through interfaces. The waveguide
consists of the front interface and the side in-
terface. At the front interface because of the
imposition of external disturbance according to

(4) and the assumed longitudinal wave mode,
we see the longitudinal wave is the primary
mode of propagation. Because of the dissimilar
material, a portion of wave energy transmitted
into the immediate medium. The unbounded
space causes the wave front to expand outward.
The orthotropy in the tangential and longitu-
dinal directions generates a beam profile that

Figure 7. Magnitude of the displacement fields at (a) orthotropic mediumwhere the dotted white lines denote the beamwidth
boundary and the white arrow denotes the energy vector and (b) isotropic medium using average properties.
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was previously predicted by (Rose 2004). A
comparative plot shown in Fig 7(a) illustrates a
pronounced beam profile because of the in-
homogeneous wave front and a uniform wave
front formed under the isotropic medium il-
lustrated in Fig 7(b).

Along the side interface, the combined traction
condition and the assumed longitudinal mode
generates longitudinal oscillation along that in-
terface. This oscillation in the x-direction at the
interface excites the so-called Rayleigh wave
(Rayleigh 1885) mode that propagates in the y-
direction or the curved half-space boundary.
According to (Viktorov 1967), in the curved half-
space, Rayleigh wave mode consists of both the
longitudinal displacement field f and the trans-
verse displacement field ψ; which can be given
by the following equation:

f¼AeipθIpðklrÞ;
ψ¼BeipθIpðktrÞ; (11)

where A and B are the amplitudes, Ip is the Bessel
function of an order p, where p is the angular
wave number expressed as 2πR=λ, θ is the tan-
gential direction, and kl and kt are the wave
numbers for the longitudinal and tangential wave
numbers, respectively, expressed as k¼ 2π=λ.

The inhomogeneous Rayleigh wave contains
two fundamental modes: longitudinal and
transverse wave with identical wave number p.

At t ¼ 80 µs, both the transverse wave mode ψ
and the longitudinal wave mode f propagate
along the half-space boundary, which can be
noted in Fig 8.

Propagation. The longitudinal and transverse
wave propagations in the wooden medium at
different times are illustrated in Fig 9. At t¼ 150
µs, the darkest region suggests a stronger lon-
gitudinal wave energy near the front interface,
whereas the transverse wave mode mainly re-
sides near the side interface. Near the side in-
terface, the transverse component is stronger
than the longitudinal component. At t ¼ 200
µs, the longitudinal wave from the front in-
terface continues propagating outward, gen-
erating a pronounced “arrow-like” wave front
as a result of the orthotropy of the material.
Simultaneously, two packets of the Rayleigh
wave energy propagating along the half-space
boundary in the opposite directions with the
same angular wave speed agree with the iden-
tical wave number predicted by (11). At t ¼ 300
µs, the longitudinal wave front traveling in the
radial direction intercepts the center and induces
the radial wave expanding outward. As the
energy of the longitudinal mode intensifies, it
appears to be “deflected” into two different
wave packets propagating at a slower speed
(circled in black). The resulted wave front from
this model qualitatively agrees with other

Figure 8. The radiation pattern of the longitudinal displacement field on the left and the transverse displacement field on the
right at t ¼ 80 µs.
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Figure 9. Time elapse of wave propagation. Column 1 illustrates the longitudinal wave propagation and column 2 illustrates
the transverse wave propagation.
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models (Senalik 2013) and gives additional
details about the emitting beam profile and the
full waveform propagation.

Reception. When incoming wave envelops
reach the receiving waveguide, the waveforms
interact with the embedded portion of the
waveguide before being guided to the excitation
interface. Figure 10 shows a three-dimensional
FEM waveguide model. The model imposes
time-harmonic stress disturbance in the x-
direction at the front end, side, and both interface
boundaries to mimic an incoming wave enve-
lope. The result is depicted on the right of the
model. The solid line represents the side in-
terface reception, the dotted line represents the
front interface reception, and the dashed line
represents incident waves at all interfaces. The
strong time domain response describes the
characteristics of waveguide reception capa-
bility, but more importantly, it suggests the
retention of the initial waveform and the pro-
nounced difference between incident wave at
the front and side interfaces. By knowing the
reception characteristics of the waveguide, Fig
11 shows the transmitted waveforms of the total
displacement reaching the receiving waveguide.
Figure 11(a) shows the radial incident wave
initially emitted from the front end of the
transmitting probe. This uniform and diffusive
longitudinal incident wave reaches the front

aperture causing a pronounced initial wave
envelop labeled as 1. The wave originated from
the front aperture of the transmitting waveguide
propagating outward. As it reaches the half-
space boundary, reflection and mode conver-
sion mechanisms cause the energy to focus at
the receiving end, causing the second wave
envelop. We labeled it as 2. The enhanced
energy level suggests the wave interaction with
the front and side interfaces. Finally, the
strongest wave front labeled as 3 is the sig-
nature of the Rayleigh wave propagation that
reaches the side interface of the receiving
waveguide. The pronounced excitation pro-
duces an enhanced response in the time domain
plot for the receiving probe. In Fig 11(a), t1, t2,
and t3 denote the times of energy peak in each
wave mode.

Empirical vs Model Results

The model does not account for the following
variations in the experiment. Because of the
manufacturing process and wood poles were
not cut into a perfect cylinder, a variation due to
imperfect cylindrical symmetry produces a
slight difference in wave trajectories. The initial
MC of the wood pole was not considered in
the model. In principle, moisture is a disper-
sive media creating energy attenuation with

Figure 10. Energy level of a wave incident at the front end (solid line) or the side (dotted line) and combined (dashed-dotted
line).
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frequency dependency. In this study, narrow band
ultrasonic wave centered at 50 kHz with a�5-kHz
bandwidth is introduced; it is safe to assume that
the attenuation is constant across the applied
frequency band. Finally, the mounting interface
between the transducer and the waveguide is
not modeled. To validate the model, we perform
the time and frequency domain comparison
between the empirical and numerical results.

Time domain. Figure 12 shows the received
filtered data represented in time. It depicts three
distinct wave envelops with increasing ampli-
tude. The result is similar to the numerical result,
preliminarily suggesting the arrival wave fronts
1, 2, and 3. To confirm the identity of the wave
envelopes 1, 2, and 3, we first perform time
normalization with respect to the wave front 3. It
is a technique to eliminate the unaccounted

Figure 11. Received time domain signal with the corresponding states of wave propagation at (a) T¼ 360ms, (b) T¼ 560ms,
and (c) T ¼ 890 ms.
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differences in the actual mechanical properties
and the assumed mechanical properties in the
model. We then perform a correlation calcula-
tion among the normalized arrival wave fronts
using the Pearson correlation coefficient. By def-
inition, it is to measure the relationships between
two random variables (Benesty 2009), which can
be given by the following equation:

ρðxm; xeÞ¼EðxmxeÞ
σxmσxe

;

where EðxmxeÞ is the cross-correlation between
the random variables for the model data xm and
empirical data xe; respectively. σxm and σxe are
variances of the model and empirical data, re-
spectively. The result described in Table 3 shows the
Pearson correlation coefficient to be 0.98, suggesting
that the time wave fronts 1, 2, and 3 of the empirical
and numerical results are closely related.

Frequency domain. Using Fourier transfor-
mation, spectral information in envelops 1 and 3 is
illustrated in Fig 13. The top plot group depicts the
empirical result obtained from the UB1000 system.
The frequency responses from each envelop 1 and 3
are analyzed. Table A in Fig 13 shows that the
frequency between 1 and 3 are virtually identical,
despite the difference in propagation. Table B in Fig
13 agrees with the empirical results but with a slight
shift of frequency of 1 kHz. The shift in frequency
is partially due to the resonant frequency of the
transducers and the mounting mechanisms not
being modeled in the simulation.

SUMMARY AND CONCLUSIONS

This study has investigated the radiation, propa-
gation, and reception characteristics of using an
embedded waveguide to introduce and receive
elastic waves at the GL region. A brief compar-
ative study shows that the model agrees with other

Figure 12. Measured waveform obtained from UB1000.

Table 3. Correlation of the model and empirical data.

Simulation result Empirical result
Difference in

normalized values
Pearson correlation

coefficientTime Normalized Time Normalized

1st peak 0.36 0.4 0.24 0.5 20% R2 ¼ 0:98
2nd peak 0.56 0.63 0.36 0.75 16%
3rd peak 0.89 1 0.48 1 n/a
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previous models with more detail features. Sim-
ulated waveforms from the latest numerical model
suggest a spatial dispersion of three different wave
envelops due to the waveguide/medium interfaces.
Subsequent empirical data using the UB1000 ul-
trasonic device further validate the accuracy of the
model. More importantly, it qualitatively agrees
with the numerical results by exhibiting the same
time domain characteristics.
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