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Abstract. This paper showcases a quantitative investigation of scattering of ultrasonic waves
experiences when impinging on a cylindrical defect inside a solid cylinder. Such cylindrical
bores reduce the structural capacity of the cylinder, these defects constitute an even greater risk
as they cannot be observed from the surface. The focal point investigated herein is to develop a
better understanding of the wave’s scattering when interacting with defects of cylindrical bore,
mimicking the Teredo marine borer, within the solid cylinder. Two-dimensional Finite Element
simulations are carried out using ABAQUS software. A 200 kHz 5.5 cycle Hann windowed
excitation on an isotropic cylinder is simulated a point source excitation at the circumference of
the cylinder is used. The scattering wave fields from a range of defect diameters through the
solid cylinder are presented. Using Two-Dimensional Fast Fourier Transform, the wave mode
and velocity of the scattered wavefield along various directions was identified in cylindrical
coordinates, to decouple the wave modes. Computational results are presented for the scattering
pattern as a function of cylindrical bore diameter size relative to wavelength. This study serves as
an efficient approach when choosing an input for ultrasonic imaging, with the aim to obtain high
fidelity imaging resolution for structural health monitoring applications.
Introduction
Marine borers especially the oyster family Teredo, also known as shipworm, have been known to
cause wooden piles to lose their structural adequacy[1, 2]. The main problem with detecting
these borers is that they burrow within the piles without leaving any distinguishable marks on the
pile’s surface which makes it hard to detect their existence by current methods. The focal point
investigated in this paper is to develop a better understanding of the stress wave’s scattering
when interacting with defects of cylindrical bore shape within the solid cylinder. The defects
mimic the Teredo marine borers that burrow in gun-barrel wooden structural piles Fig 1.

Figure 1. Teredo borers inside a gun-barrel wooden pile illustration[3].
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Current methods to identify Teredo defects are laborious and ineffective in early detection of
the marine borers such as quasi non-destructive testing using resistograph. [4]. Other methods
such as X-ray scanner radiographs are hazardous, expensive and qualitative in nature [5, 6] and
they are considered complementary methods to other mechanical and acoustic approaches. The
most used non-destructive testing (NDT) method currently used is broadband stress waves using
a hammer and ultrasonic receivers, this method depends on the time-of-flight (TOF) of the wave
to determine the defect existence. In order to roughly learn about the defect location when using
broadband impulses, iterative methods such as Algebraic Reconstruction Technique are utilised
[7]. The issue with this method is that it does not assist in characterising the geometry of the
defects or produce high fidelity images. To be able to deduce such information scattered wave
field analysis are incumbent as well as the input signal’s type.
In terms of the geometrical fundamentals of the Teredo defect, it can be approximated as a
cylinder. Early work such as [8, 9] investigated hollow cylinders embedded in a solid infinite
isotropic medium as a scatterer and laid the formulation of plane waves scattering for
compressional/longitudinal (P) and shear (S) waves experiencing mode conversion, while Lewis
et al [10] generalised the formulations for a solid cylindrical scatterer. Furthermore, in
composites [11] studied scattering for single modes by a cylindrical fibre and [12] developed a
theoretical framework to study multiferroic composites that consist of randomly distributed
fibres. Stress wave propagation in anisotropic wood formulations was investigated by [13]. Yan
et al[14] used TOF to assess damage in timber poles using broadband excitation using a hammer.
Scattered wave directivity patterns for a range of cylindrical defects were investigated in [15, 16]
as a function of the wave number and cylindrical defect diameter. TOF is utilised in most of
current literature as a primary method of detecting defects in wood using stress waves. However,
TOF does not extract all the wavefield information and is limited to estimating the wavefield
velocity. In order to achieve early detection of Teredo size defects inside a gun barrel/cylindrical
wave guide it is incumbent to conduct a quantitative scatter analysis of the geometrical range for
the Teredo Navalis from 5mm up to 10mm [3, 17].
This paper computationally examines a hollow cylinder inside a solid isotropic cylinder and
its interactions with elastic bulk waves, for a range of diameters focusing on the scatterer
geometry. Despite wood being anisotropic and orthotropic, in this study the scattered wavefield
is simulated in isotropic media. This will work as a reference for specific scatterer geometry
behaviour in a well-known material. The wave modes, scattered wave patterns and their
corresponding amplitudes are reported.
Computational Procedure
In this paper, numerical simulations using explicit dynamic finite element analysis tool in the
ABAQUS software are presented. A cross-section of a solid cylinder of 200 mm in diameter is
modelled in 2D plane strain for simulating bulk elastic wave propagating inside it. The material
set as an isotropic aluminium (density of 2.7 kg/m3, Possion’s ratio of 0.33 and Young’s modulus
of 69 MPa). The isotropic material 4-node bilinear plane strain elements (CPE4R) were used to
mesh the solid cylinder cross-section. In order to decouple wave modes propagating inside the
cylinder’s bulk the simulation data was converted from cartesian coordinates to polar coordinates
in the 2D plane strain simulations with the centre of the defect is set as the point of origin. A
narrow-band tone-burst signal carrying a central frequency is used as standard practice for the
interpretation of the output signals [18]. For the simulation, the force excitation signal is a 5.5cycle Hann windowed with a centre frequency of 200 kHz. This loading configuration excites
both P and S wave modes in the plane, however dominantly P-wave impinges the defect.

106

Structural Health Monitoring
Materials Research Proceedings 18 (2021) 105-112

Materials Research Forum LLC
https://doi.org/10.21741/9781644901311-13

(a)
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Figure 2. (a) Schematic diagram indicating location of defect and showing the 2D FFT line,
excitation point and scattered wave measurements (b). 2D FEA simulations of wave propagation
at 30μs
The defect is located in the middle of the cylinder as shown in Fig 2. The cylindrical crosssection is discretised into 0.2mm 4-node bilinear plane strain elements. In Explicit analysis, the
element size was set at 0.2mm, which satisfies the spatial requirement to capture ultrasonic wave
propagation [19] and the time interval was set at 5ns to ensure the Courant Lewy Condition
(CFL) [20] is satisfied, and meets the ABAQUS Explicit Time Integration stability limit of
0.6L/C, where L denotes smallest element length and C the maximum wave velocity [21]. The
defect is modelled as an infinite cylindrical defect with a maximum spacing of 0.2mm around the
circumference. The dependence of scattered amplitude with respect to defect diameter is
investigated by varying the diameter size. The defect diameters (d) considered are of size from
5mm to 10mm diameter with 1mm increment and then from 10mm to 60mm diameter with
10mm increment, in order to investigate the effects when defect diameter is larger than the
wavelength λ ≤ d and smaller (λ) > d with respect to an incident P-wave. At a centre frequency
of 200kHz, the wavelength for the P wave, λP, is 31.6mm and for S wave, λS, is 15.8mm. Arrays
of sensors were arranged in a straight equidistant line at different angles emerging from the
excitation source and at an angle from the defect far side edge. It should be noted that, for λ ≤ d,
the scattering contribution from the incident S waves are also present.
In order to investigate and verify the behaviour of the bulk waves (P and S waves), the
simulations data were processed using two-dimensional fast Fourier transformation (2D FFT);
with node sensors at arrays radially away from the source of excitation. 2D FFT is performed on
the nodes along lines at 0˚ and 45˚ from the defect, as indicated in Fig 2. This is used to identify
the dominant bulk wave mode from the 2D FFT, spatial distance is taken at least 1.5λ away from
the defect edge and over approximately 2λ distance with zero padding [22].
The scattered wave field is extracted by subtracting the wave field of the defect simulation
from the pristine simulation refer to Eq.1. Furthermore, in order to identify the scatter field
modes, 2D FFT is implemented on scattered field data.
𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃, 𝑟𝑟, 𝑡𝑡) = 𝑈𝑈𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝜃𝜃, 𝑟𝑟, 𝑡𝑡) − 𝑈𝑈𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝜃𝜃, 𝑟𝑟, 𝑡𝑡)
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The scattered wave displacement is divided into two regions; back and forward scatter fields.
They are defined in regions of scatter angle 270˚-90˚ and 90˚-270˚ as back and forward
respectively. In Fig 6, the way the directivity is obtained is by taking the maximum peak of the
envelope of the time signal via the absolute Hilbert transformation, which was performed over
the time domain signals measured at points on the circumference away from the defect in the farfield. In this paper time gating is conducted to validate the wave train of the scattered wave
modes. Where scattered P wave arrives approximately after 35μs the scattered S wave arrive at
50μs. All the nodes on the circumference were at increments of 0.5˚ from 0˚ to 360˚ and were
used to obtain the polar directivity plots. The scattered wave amplitudes were measured at the
cylinder circumference. Thus, the backward-scattered amplitudes were measured at 270˚ to 90˚
and the forward-scattered were measured at 90˚ to 270˚.
Result
Simulations were conducted to assess the effect of the defects on the incident wave and to detect
mode conversion through 2D FFT results which were superimposed on the analytical wave mode
velocities.
Effect of defect diameter
The 2D FFT results demonstrate the same pattern of mode conversion regardless of the circular
defect sizes, indicating that mode conversion is independent of the defect diameter for the
investigated range. From the FE simulations, P and S-waves were observed as depicted in Fig 3.
At the 45˚ sensor array, behind the defect as shown in Fig 3. P mode is dominant in radial (Ur )
direction as for the angular (Uθ) direction, we observe a dominant S mode with a very weak P
mode. It is clear that the 2D FFT velocity is in good agreement with the theoretical velocities at
2𝜋𝜋
200 kHz and 400 rad/m wavenumber which is calculated by the relation 𝑐𝑐 = 𝑓𝑓 which yields S
𝑘𝑘
wave at 3155.185m/s at an agreement with the theoretical velocity 3160m/s as in [23]. The 2D
FFT results are slightly skewed when compared to the theoretical lines in Fig 3 due to the angle
of the sensor array. In Fig 4, at 0˚ angle sensor’s array before the defect, the P mode is observed
in the Ur direction, while in the Uθ direction the S mode is present along with a faint P mode.
Using polar coordinates helped decouple the wave modes. In Fig 5, at 0 ˚ angle sensor’s array
after the defect we see a dominant P mode in Ur in Uθ an S mode with leaking P mode. These
results demonstrate the incident wave mode conversion due to interaction with the defect. The
observed mode conversion are the same upon varying the defect diameter.

(a)
(b)
Figure 3. Analytical bulk velocities (P-S) vs 2D FFT for scattered wavefield for the sensor array
at 45˚ from defect edge (a) S -wave and weak P-wave Uθ direction (b) P-wave Ur direction
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(a)
(b)
Figure 4. Analytical bulk velocities (P-S) vs 2D FFT for scattered wavefield for the sensor array
at 0 ˚ from defect edge (a) S-wave Uθ direction (b) P-wave Ur direction

(a)
(b)
Figure 5. Analytical bulk velocities (P-S) vs 2D FFT for scattered wavefield for the sensor array
at 180˚ from defect edge (a) S -wave and weak P-wave Uθ direction (b) P-wave Ur direction

Ur

Uθ

Figure 6. Scattered field amplitude directivity pattern in Ur direction top and Uθ bottom for d=
(5mm to 10mm)
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Ur

Uθ

Figure 7. Scattered field amplitude directivity pattern in the Ur direction top and Uθ bottom for d
= (10mm to 60mm)
The scattered wave plot patterns are symmetrical along the horizontal lines in Fig 6 and Fig 7
for both Ur and Uθ direction. Fig 6 demonstrates that the defects from d=7mm to d=10mm show
almost an identical scatter pattern in both Ur and Uθ directions. For the Ur direction the main lobe
is at 180˚ with a significant but smaller lobe at 0˚, along with identical smaller lobes at 90˚ and
270˚. For the Uθ direction the main lobes are at 30 ˚ and 330˚, with significant but smaller
identical lobes at 150˚ and 210˚.For d=5mm and d=6mm a slight difference is observed in the Ur
direction where the main lobe is at 180 ˚ with smaller lobes at 0˚, 60˚and 300˚.
The observations from Fig 7. show that when the defect diameter increases in the Ur direction
the dominant lobe fluctuates between 0˚ and 180˚. At d=10mm the main lobe is at 180˚ with a
significant but smaller lobe at 0˚ along with smaller lobes at 90˚ and 270˚. Similarly, as d is
increased to 20mm and 30mm there is a shift in the smaller lobes by 30˚ and 60˚ respectively.
For d=40mm there are smaller lobes at 130˚, 160˚, 220˚ ,250˚ and the lobe at 0˚ shrinks, these
smaller lobes are shifted by 10˚ upon increasing d to 50mm while a sharp main lobe is at 0˚. For
d=60mm the main lobe is at 180˚ with smaller distinct lobes from 90˚ to 270˚. For the Uθ
direction the forward scatter energy is focused more along the edge as the defect size increases.
For d=10mm and 30mm the main lobes are located at 30˚ and 330˚, while for d=20mm, 40mm
and 50mm the main lobes are located at 145˚ and 205˚, 45˚ and 315˚, and 60˚ and 300˚
respectively. For d=10mm and 30mm the smaller lobes are located at 150˚ and 210˚, while for
d=20mm, 40mm, 50mm and 60mm the smaller lobes are located at 25˚ and 355˚, 150˚ and 210˚,
145˚ and 205˚, and 150˚ and 210˚ respectively.
Discussion
FE results presented in this paper showed that the scattered wave fields directivity patterns are
dependent on the defect diameter where the amplitude increase with an order of magnitude. In
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the Ur direction, the Fig 7 plots show that forward and back scattered regions are comparable in
size with two similar lobes about the θ=180˚ radial line for d=10mm to d=40mm. As the defect
diameter increase, the forward scatter decreases slightly, and the back scattered increases slightly
becoming dominant. The same can be said when (λ) > d for defects from d=5mm to d=9mm. For
λ ≤ d, the P incident wave is dominant with along with a weak incident S wave, the scattering
wavefield have a contribution from this incident S wave as well. The patterns are only
symmetrical on the 0 ˚ -axis. This is due to the creeping shear wave [24], coalescing with the
leaky Rayleigh wave propagating on the circumference of the defect [25, 26]. This indicates that
defect size characterisation can be related to the scattered field amplitude and incident wave
mode conversion. Thus, methods of detecting and characterising defects within a solid which
rely solely on the reflected wave field do not provide enough information for the characterisation
of the defect size.
Conclusion
The scattered wave field of bulk stress waves in an isotropic solid cylinder with a cylindrical
defect using narrow-band tone-burst excitation has been reported. This paper illustrated that the
diameter of the cylindrical defect affects the scattered wave pattern and that the scattered pattern
can be influenced by incident wave components P and S mode conversion. This study provides a
fundamental analysis to address Teredo marine borers defects effects on wave fields. Further,
this paper highlights the importance of scattered wave field analysis for defect size
characterisation. Future work will address the Teredo defects in a multiple defects’ scenario.
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