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Abstract: Sheet piles are significantly more prone to advanced corrosion rates due to accelerated
low water corrosion. Current inspection and assessment techniques are costly, time-consuming and
labour-intensive. Guided wave testing (GWT) has gained increased attention due to its capability of
screening long distances; however, it has not been used previously to inspect the active zone in steel
sheet piles. This paper focuses on the numerical modelling of wave propagation and defect detection
in U-shaped piles to demonstrate the capabilities of GWT for the inspection of non-accessible areas
of steel sheet piles. Two shear transducer arrays were designed, bearing high SH0 mode purity
and directionality. A wave propagation comparison study concluded that the back wall reflection
signal from the web of a U-pile was 11.5% higher than the respective signal from the plate, and the
excitation signal in the flange, at 5.65 m and 7.12 m, was respectively 35% and 46% less than the
excitation signal in the web at the same distance. Defect reflection, measured from five representative
defect scenarios, ranged from 7.5 to 47% of the signal amplitude in the web of the pile and 5 to 32.5%
in the flange of the pile.

Keywords: sheet pile; ultrasonic guided waves; numerical modelling; array design; defect detection;
non-destructive testing; inspection

1. Introduction

Structural steel is the most widely used material of choice for the structures used in
coastal and offshore locations. It offers many benefits, including durability and simplicity
of fabrication, and facilitates relatively cost-effective solutions [1,2]. Although structural
steel offers many advantages, corrosion is a major problem for many industries, including
the marine and offshore industry [3,4]. It is the main cause of deterioration for waterfront
steel structures. There are five other causes that deteriorate structural steel in the offshore
industry: overloading, fatigue, abrasion, material loss and weakening of structural con-
nections [5]. Recently it has been acknowledged that sheet piles made of structural steel
are significantly more prone to advanced corrosion rates due to accelerated low water
corrosion (ALWC) [2]. ALWC rapidly compromises the integrity of affected structures
with major implications for safe operation and leads to significant costs for repair or re-
placement. ALWC is a type of microbiologically induced corrosion (MIC) that arises due
to the presence of sulphates in marine environments. Sulphate reducing bacteria (SRB)
convert sulphates into hydrogen sulphide (H2S), causing anaerobic corrosion. The H2S
is converted by sulphide oxidising bacteria (SOB) into sulphuric acid (H2SO4). This elec-
trolysis process never reaches the state of equilibrium due to the oxidation of hydrogen
formed on the steel surface. The non-equilibrium state caused by this biochemical process
accelerates corrosion [6].
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The corrosion rates on steel pile surfaces vary non-linearly with increasing depth [2].
In order to reliably access sheet piles, determining the location of the most extreme values of
thickness loss is of utmost importance [7]. Therefore, many researchers have adapted sheet
pile terminology as shown in Figure 1 [2,6,8]. Marine structure designers have considered
corrosion conditions at five different vertical exposure zones in relation to environmental
conditions. These exposure zones are defined below:
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1. Atmospheric zone: The atmospheric zone is located between the top of the pile and
the splash zone as illustrated in Figure 1. In this zone, corrosion can take place at the
encapsulation point where the pile is covered with concrete.

2. Splash zone: This exposure zone is most vulnerable to corrosion. Observations and
findings to date suggest that the greatest corrosion rates and highest thickness loss of
steel occurs at the splash zones. This is due to ALWC as explained earlier.

3. Tidal zone: This exposure zone is found between the mean high water (MHW) and
mean low water (MLW) tides. The tidal zone is alternately submerged and emerged,
and therefore the corrosion rate is relatively slow due to partial atmospheric corrosion.
This zone may also be prone to concentrated corrosion on fixings such as ladder
brackets due to the presence of dissimilar metals.

4. Mid-structure zone: This exposure zone is located just below the MLW. Corrosion
is particularly active in this zone due to the differential aeration that is established
with the upper structure. The highly oxygenated metal top, in the tidal zone, acts as a
cathode, whereas the constantly submerged metal below acts as an anode, leading
to corrosion.

5. Mud zone: The mud zone corresponds to the area just below the mid-structure zone
where the pile is buried. Observations and findings to date suggest that this area
usually requires very little maintenance. In this exposure zone, corrosion can advance
in anaerobic conditions where the soils are either acidic or contain SRB, but such
conditions rarely arise.

This paper focuses on the corrosion defects in the tidal zone and mid-structure zone
as discussed in Section 3.3. Currently, there are a variety of inspection and assessment
techniques available to measure or monitor the deterioration of steel piles and obtain
information on the mechanism of onset of corrosion. Initial or periodic monitoring can be
carried out using rope access to check the condition of the steel sheet pile [9]. Inspection
techniques are usually limited to accessible areas that enable visual and tactile inspec-
tion, with some thickness measurements done using ultrasonic testing (UT) equipment.
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These inspection methods are not only costly but time-consuming and labour-intensive.
Alternative testing methods, such as integrity testing and crosshole sonic logging, have
been used on cylindrical concrete piles [10]. However, they are not directly relevant to the
technique used in this study.

This paper reports an investigation carried out using an advanced non-destructive
testing (NDT) technique that uses ultrasonic guided wave (UGW) signals to inspect the
full length of steel sheet piles. This technique is known as guided wave testing (GWT) [11].
Substantial effort has been expended on the development of such inspection systems due
to their ability to screen long distances from a single source to assess a structure’s integrity.
This method is extensively used for the inspection of pipelines in the oil and gas industry,
as it can identify defects such as corrosion and erosion up to 50 m in each direction from a
single location [12].

GWT has been used previously to inspect steel sheet piles in the dead zone, and this is
the first time an attempt has been made to inspect the active zone [13]. The major difficulty
is that the waveguide has a complicated transverse profile that is significantly different
to those of pipes and rails, where the cross-sectional area is finite and small. The waves
are bounded by the upper and lower surfaces of the sheet pile in the thickness direction.
However, waves could be reflected from edges in the transverse direction as well as from
potential defects that are intended to be detected. Nonetheless, it is possible to arrange
phase delays between transducers to focus on sound energy in particular areas in order to
avoid reflections from edges on the sheet piles.

This paper is organized as follows. The theoretical background of UGWs is presented
in Section 2. The FEA theory and methodology implemented for numerical modelling is
reported in Section 3, while numerical modelling and results are discussed in Section 4.
Conclusions and future suggested work follow in Section 5.

2. Theoretical Background
2.1. Fundamentals of Guided Waves

Owing to advances being made in the fields of mathematics and mechanics of wave
propagation, GWT has become a mainstream NDT inspection technique in the industry [11].
In order to develop a reliable inspection technique using UGW, it is imperative to under-
stand the elastic wave propagation within the structural boundaries. The Navier–Stokes
equation of motion for an isotropic elastic unbounded medium is as follows:

(λ+ µ)∇(∇·uuu) + µ∇2uuu = ρ

(
∂2uuu
∂t2

)
(1)

where λ and µ are Lamé constants, uuu is the displacement vector, ∇ is the Laplace operator
and ρ is the material density. To simplify, Helmholtz decomposition can be utilised to
express uuu in the form of a gradient of a scalar and the curl of the zero divergence vector as
shown in Equation (2):

uuu = ∇φ +∇×H (2)

∇ ·H = 0 (3)

where φ and H are scalar and vector potentials of Helmholtz decomposition, respectively.
Then, Equation (1) can be decomposed as two simplified wave equations by substituting
Equations (2) and (3) of vector potentials:

c2
l =

λ + 2µ

ρ
(4)

c2
s =

µ

ρ
(5)

where cl and cs are the longitudinal and shear wave velocities, respectively.
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Based on this derivation, longitudinal waves and shear waves are the two elastic wave
types that can travel within solids in any direction. However, solid media with multiple
boundaries support several types of wave mode, acknowledged as guided waves [14].
Lamb waves are forms of guided waves that exist in a plate and are guided between two
parallel tractions, the upper and lower surface of a plate. Lamb waves can be classified
into two types, symmetric and asymmetric modes. Symmetric modes are characterised
by particle motion being symmetric with respect to the mid-plane of the plate, whereas
asymmetric modes are characterised by particle motion being opposite on either side of
the mid-plane [15]. Both of these modes are equally used for structural health monitoring
(SHM) and are dispersive in nature. Depending on the specimen geometry and material
properties, the number of wave modes increases with pulse excitation frequency [12]. In
order to identify these wave modes, guided wave nomenclature was specified as:

Xm (6)

where X is used to represent the type of vibration mode and m denotes the order in which
modes arrive. Therefore, the fundamental symmetric and asymmetric modes are referred to
as S0 and A0 respectively. Shear modes are also addressed similarly, and the fundamental
shear horizontal mode is referred to as SH0. The particle vibration of shear modes is
polarized parallel to the surface of the plate. Like Lamb modes, shear modes are dispersive
in nature, with the exception of the SH0 mode [15]. Therefore, SH0 has been the preferred
mode of excitation in this study.

Dispersion curves plot the variation of frequency with UGW modes’ velocities, and
therefore these curves allow one to evaluate the modes that can be excited at a given
frequency [16,17]. The dispersion curves for the S355 steel grade U-pile are shown in
Figure 2. The dimensions and material properties of the S355 steel U-pile are listed in
Table 1. Figures 3 and 4 illustrate the group velocity and phase velocity dispersion curves,
respectively. The dispersion curves were calculated using a graphical user interface for
guided ultrasonic waves (GUIGUW), a MATLAB based software that calculates wave
propagation characteristics using the SAFE (semi-analytical finite element) technique.
GUIGUW allows the user to easily compute any waveguide cross-section with good
numerical stability and high computational efficiency [17–19].

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 19 
 

two parallel tractions, the upper and lower surface of a plate. Lamb waves can be classified 
into two types, symmetric and asymmetric modes. Symmetric modes are characterised by 
particle motion being symmetric with respect to the mid-plane of the plate, whereas asym-
metric modes are characterised by particle motion being opposite on either side of the 
mid-plane [15]. Both of these modes are equally used for structural health monitoring 
(SHM) and are dispersive in nature. Depending on the specimen geometry and material 
properties, the number of wave modes increases with pulse excitation frequency [12]. In 
order to identify these wave modes, guided wave nomenclature was specified as: 

 (6) 
where  is used to represent the type of vibration mode and  denotes the order in 
which modes arrive. Therefore, the fundamental symmetric and asymmetric modes are 
referred to as 0 and 0 respectively. Shear modes are also addressed similarly, and the 
fundamental shear horizontal mode is referred to as ℋ0. The particle vibration of shear 
modes is polarized parallel to the surface of the plate. Like Lamb modes, shear modes are 
dispersive in nature, with the exception of the ℋ0 mode [15]. Therefore, ℋ0 has been 
the preferred mode of excitation in this study. 

Dispersion curves plot the variation of frequency with UGW modes’ velocities, and 
therefore these curves allow one to evaluate the modes that can be excited at a given fre-
quency [16,17]. The dispersion curves for the S355 steel grade U-pile are shown in Figure 
2. The dimensions and material properties of the S355 steel U-pile are listed in Table 1. 
Figures 3 and 4 illustrate the group velocity and phase velocity dispersion curves, respec-
tively. The dispersion curves were calculated using a graphical user interface for guided 
ultrasonic waves (GUIGUW), a MATLAB based software that calculates wave propaga-
tion characteristics using the SAFE (semi-analytical finite element) technique. GUIGUW 
allows the user to easily compute any waveguide cross-section with good numerical sta-
bility and high computational efficiency [17–19]. 

Figure 2. U-pile dimensions used for generating the dispersion curves and numerical models. 

Table 1. Material properties used to generate the dispersion curves using GUIGUW. 

Properties  Assumed Values 

Material Properties 
Density 7.8 × 10 3 kg/m3 

Poisson’s Ratio 0.29 
Young’s Modulus 1.9 × 10 11 Pa 

Dimensions 
Web Width 495.5 mm 

Web Thickness 10 mm 
Flange Thickness 9.1 mm 

495.5 mm 

10.5 mm 

9.1 mm 

Figure 2. U-pile dimensions used for generating the dispersion curves and numerical models.

Table 1. Material properties used to generate the dispersion curves using GUIGUW.

Properties Assumed Values

Material Properties
Density 7.8 × 10 3 kg/m3

Poisson’s Ratio 0.29
Young’s Modulus 1.9 × 10 11 Pa

Dimensions
Web Width 495.5 mm

Web Thickness 10 mm
Flange Thickness 9.1 mm
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2.2. Guided Wave Based Defect Detection in Complex Structures

UGWs have been used to inspect plate and pipe structures for decades. These struc-
tures have a well-defined yet simple and uniform cross-section, and the principles for
generating pure wave modes are well established [20,21]. Pipes are used to transport fluids,
and their hollow cylindrical geometry allows UGWs to form an efficient waveguide for
longitudinal, flexural and torsional wave modes [22,23].

UGWs have also been applied to pipes with non-accessible areas, such as buried and
coated pipes. Kwun et al. investigated the attenuation of T(0,1) mode in a coal-tar-enamel-
coated pipe over a frequency range of 5 to 30 kHz and up to a soil cover of 1.7 m depth [24].
Leinov et al. experimentally studied the guided wave propagation and attenuation in an
8 inch schedule-40 carbon steel pipe buried in the sand over a frequency range of 11 to
34 kHz [25]. Hideo N. et al. investigated the attenuation of T(0,1) mode in petrolatum-
anticorrosion-grease-coated steel pipe over a 20 to 40 ◦C temperature range [26].

Guided waves have also been employed for other complex structures, such as rails,
wire rope, composite structures and commercial shipping containers. These structures
have irregular cross-sectional areas of their profiles. There are many challenges faced in
implementing guided waves for complex structures, such as poor signal-to-noise ratio
(SNR), high attenuation, poor defect sensitivity and defect localization. Many researchers
have proposed signal processing techniques to overcome these challenges. Kazys et al.
demonstrated the use of UGW torsional mode in the non-dispersive region to detect defects
in a section of rail [13]. Rizzo et al. demonstrated a rail inspection prototype based on
UGWs and non-contact probing combined with a distinct signal processing algorithm [27].
Tse et al. applied UGWs on steel wire ropes made of a polymer core and encapsulated by
twisted wires [28]. Application of band-pass filtering and discrete wavelet transform on
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the received signals significantly improved the defect sensitivity and SNR. Pedram et al.
illustrated the use of the split-spectrum signal processing technique to improve the defect
sensitivity and spatial resolution of UGWs [11]. Results showed a 30 dB improvement in
SNR. James S. Hall et al. demonstrated a multipath UGW imaging technique to localise
defect detection in two samples: an aluminium plate with three fasteners and sixteen
through holes, and a carbon-fibre-reinforced plastic composite panel, each of which had
three defects [29]. Clarke et al. evaluated the defect detection ability of a UGW-based SHM
system on the door of a commercial shipping container prior to implementing a strategy
that involved gating of signals and combining multiple images to significantly improve the
defect localisation capability [30,31].

3. FEA Theory and Methodology

The present authors used the COMSOL Multiphysics package to build numerical models
for wave propagation and defect detection. Such numerical models helped researchers to carry
out their investigations without conducting time-consuming and expensive experiments.

3.1. Design of FEA Model

The model followed the geometry of a U-pile as illustrated in Table 1 and Figure 2. Two
transducer arrays, for excitation and receiving of signal data in pulse–echo configuration,
were modelled as point sources as shown in Figure 5. The design of modelled transducer
arrays is explained in the Array Topology subsection.
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Figure 5. (a) 12 × 2 configuration shear transducer array for the web of the pile and (b) 7 × 2
configuration shear transducer array for the flange of the pile.

Excitation points were positioned 1 m from one end of the pile. In order to transmit
the shear horizontal mode, the point load was applied in the direction along the width
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of the pile. At each point was applied a 10-cycle sine wave modulated using the Hann
window function in Equation (7) below:

U (t) = 0.5 sin(2πft)
[

1− cos
(

2πft
n

)]
(7)

where f is the excitation central frequency, t is time and n is the number of cycles.
When setting up a dynamic transient simulation to model wave propagation through-

out a structure, it is essential for the mesh to be optimal. In order to avoid potential
inaccuracies, it is necessary for meshing and time stepping within the solver to comple-
ment each other; as required by the wave equations. Many researchers have recommended
using a minimum of 8 mesh elements per wavelength as shown in Equation (8) [17,19,32]:

∆x ≤ λmin
8

(8)

where ∆x is the element size and λmin is the minimum wavelength within in the sig-
nal bandwidth. Meshing was kept the same throughout the structure to capture mode
conversions and coherent noise generated from reflections.

The duration of the numerical models was decided based on the expected time of
arrival (T OA) of the signal at the excitation location after reflecting from the simulated
defects. The expected T OA was calculated based on the velocity of the SH0 mode and
the distance travelled by the SH0 mode to the end of the pile and back to the excitation
location, as shown in Equation (9) below:

T OA =
s

cSH0
(9)

where s is the total distance travelled and cSH0 is the velocity of SH0 mode at the excitation
frequency, obtained from the group velocity dispersion curves generated (Figure 4) for the
U-pile.

It is computationally efficient to manually set up the time steps based on the maximum
mesh element size. The time steps are chosen to resolve the wave equally over time,
whereas meshing resolves the wave equally over the model. Shorter than optimal time
steps increase the computation time without significantly improving the results, and longer
time steps do not utilise the mesh optimally [33]. The relationship between time step ∆t
and mesh size ∆x is shown in Equation (10):

∆t =
CFL (∆x)

c
(10)

where CFL is a stability condition. The 0.1 value was selected as it was considered to be
near-optimal.

3.2. Trasnsducer Array Arrangement

In elastic waves, the superposition of two or more waves results in interference, which
could either be constructive or destructive. The superposition of in-phase waves leads
to constructive interference, whereas the superposition of out-of-phase waves leads to
destructive interference, as illustrated in Figure 6.
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bandwidth. Meshing was kept the same throughout the structure to capture mode con-
versions and coherent noise generated from reflections. 

The duration of the numerical models was decided based on the expected time of 
arrival ( ) of the signal at the excitation location after reflecting from the simulated 
defects. The expected  was calculated based on the velocity of the ℋ0 mode and
the distance travelled by the ℋ0 mode to the end of the pile and back to the excitation 
location, as shown in Equation (9) below: =  (9)

where  is the total distance travelled and is the velocity of ℋ0 mode at the exci-
tation frequency, obtained from the group velocity dispersion curves generated (Figure 4) 
for the U-pile. 

It is computationally efficient to manually set up the time steps based on the maxi-
mum mesh element size. The time steps are chosen to resolve the wave equally over time, 
whereas meshing resolves the wave equally over the model. Shorter than optimal time 
steps increase the computation time without significantly improving the results, and 
longer time steps do not utilise the mesh optimally [33]. The relationship between time 
step ∆  and mesh size ∆  is shown in equation (10): ∆ = CFL (∆ ) (10)

where CFL is a stability condition. The 0.1 value was selected as it was considered to be 
near-optimal. 
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leads to constructive interference, whereas the superposition of out-of-phase waves leads 
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Figure 6. Superposition of waves showing (a) constructive interference and (b) destructive interfer-
ence (adapted from [34]).

The transducer array arrangement modelled was determined using the concept of
linear superposition analysis (LSA) developed by Hugo Marques [34]. Several researchers
have implemented LSA to achieve unidirectional wave excitation with significant mode
purity [34–36]. The LSA principle is based on the summation of the sound field vectors
from each distinct GW source determining the resultant sound field from an array at a
given point. The resultant sound field from an array of two UGW sources can be obtained
using Equation (11) below:

S(x, t) = Asin(kra −wt) + Asin(krb −wt) (11)

where
h =

2πf
vPH

=
2π

λ
(12)

where S is a receiver point on a plane, ra and rb are the distances between the receiving
point and the two corresponding guided wave sources and vPH is the phase velocity.

Using the LSA, Hugo Marques developed a 12 × 2 configuration shear array design
that offered sound wave excitation in a single direction with significant SH0 mode pu-
rity [35]. This dual array design was implemented to achieve desired UGW interference
aimed at SH0 mode beam directionality control. In order to achieve SH0 mode purity and
directionality control, appropriate column/row spacing, out-of-phase excitation and time
delay were applied. The result was a trade-off between SH0 mode destructive interference
in one direction with constructive interference in the other, and simultaneous destructive
interference of the unwanted Lamb modes in all directions.

In order to optimise the SH0 mode purity and directionality, apodisation of the
amplitude of excitation signal was applied on transducers across each row. The apodisation
function, also known as the tapering function, was achieved by exciting UGW sources
across the array with different voltage amplitudes [37]. This resulted in gradually increasing
signal amplitude from the outside to the inside of the array, reducing the contribution of
outward UGW sources. The rate of apodisation, Ad, was obtained using the following
relationship [34]:

Ad =
1− cos

( 2πn
N+1

)
2

(13)

where N is the number of transducers in the array and n is the index number of each
transducer.

The 12 × 2 configuration shear transducer array was further improved for the sheet
pile inspection by optimising the row and column spacing according to the material prop-
erties and web width. Assuming a fixed 8 mm row spacing, the SH0 mode directionality
and SH0 mode purity were evaluated against column spacing ranging from 10 mm to
30 mm, over the frequency range of 20 kHz to 100 kHz. The LSA results obtained for SH0
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mode directionality and purity, shown in Figure 7, indicated that the 12 × 2 configuration
array design with 26 mm column spacing and 8 mm row spacing could excite SH0 with
relatively high mode purity and directionality at 70 kHz of excitation frequency.
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The 12 × 2 configuration shear transducer array was excessively large to inspect the
flange of the pile, and therefore a 7 × 2 configuration shear transducer array was also
designed for flange inspection. For 30.2 mm row spacing, SH0 mode purity and mode
directionality was evaluated against column spacing ranging from 10 mm to 30 mm and
over the frequency range of 20 kHz to 100 kHz. The LSA results obtained for the 7 × 2
configuration array, shown in Figure 8, indicated that 30.2 mm row spacing and 24 mm
column spacing could excite SH0 with high mode purity and relative directionality at
70 kHz of excitation frequency.
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3.3. Simulated Defect Locations

Steel sheet piles are used as foundation to support structures including buildings,
towers, bridges and tanks. They are also used at river embankments, cofferdams and
bulkheads. The 12 m pile is the commonly installed size in a number of applications and
was considered in the current research. Input from experienced field engineers indicated
the typical areas of interest where defects exist that can lead to buckling and therefore
truly affect the integrity of the pile. Hence, the two defect locations that were selected for
numerical modelling were 5.65 m and 7.12 m. Five defect scenarios, listed in Table 2, were
considered at the aforementioned defect locations, as illustrated in Figure 9.

Table 2. Defect scenarios considered.

Defects Identifier Defect Description

Defect A 50 mm diameter hole
Defect B 100 mm diameter hole
Defect C 150 mm diameter hole
Defect D 200 mm diameter hole
Defect E 100 mm slot

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 19 
 

Table 2. Defect scenarios considered. 

Defects Identifier Defect Description 
Defect A 50 mm diameter hole 
Defect B 100 mm diameter hole 
Defect C 150 mm diameter hole 
Defect D 200 mm diameter hole 
Defect E 100 mm slot 

Figure 9. Defect scenarios using 50 mm, 100 mm, 150 mm, 200 mm diameter defects and a slot defect were considered. 

4. Numerical Results and Discussion 
Initially, a wave propagation comparison study was conducted between the web and 

flange of a 7.5 m U-pile and a plate having the same length and cross-sectional area as the 
web of the pile. This was completed in order to understand the added complexity of the 
U profile on wave propagation. In the case of wave propagation on the web of the U-pile 
and the plate, a 12 × 2 configuration shear transducer array, represented by 24 point 
sources, was placed at 1 m from one end of the web of the pile to excite the 10-cycle signal 
at 70 kHz central frequency. In the case of wave propagation in the flange of the U-pile, a 
7 × 2 configuration shear transducer array, represented by 14 point sources, was placed at 
1 m from one end of the flange of the pile to excite the 10-cycle signal at 70 kHz central 
frequency. Apodisation of the amplitude of excitation signal was applied across each row 
of transduction points as shown in Figures 10 and 11. 

Flange 

12 × 2  
Shear Array 

Defect A Defect B Defect C Defect D Defect E 

100 mm 

100 mm 

Wave 
propagation 
direction 

50 mm 100 mm 150 mm 200 mm 

Web 

Figure 9. Defect scenarios using 50 mm, 100 mm, 150 mm, 200 mm diameter defects and a slot defect were considered.

4. Numerical Results and Discussion

Initially, a wave propagation comparison study was conducted between the web and
flange of a 7.5 m U-pile and a plate having the same length and cross-sectional area as
the web of the pile. This was completed in order to understand the added complexity of
the U profile on wave propagation. In the case of wave propagation on the web of the
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U-pile and the plate, a 12 × 2 configuration shear transducer array, represented by 24 point
sources, was placed at 1 m from one end of the web of the pile to excite the 10-cycle signal
at 70 kHz central frequency. In the case of wave propagation in the flange of the U-pile, a
7 × 2 configuration shear transducer array, represented by 14 point sources, was placed
at 1 m from one end of the flange of the pile to excite the 10-cycle signal at 70 kHz central
frequency. Apodisation of the amplitude of excitation signal was applied across each row
of transduction points as shown in Figures 10 and 11.
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Figure 12a demonstrates how the shear waves propagated on the web of the U-pile. It
is evident that as the shear wave propagated, a part of the signal energy travelled into the
flanges of the U-pile and interacted with the edges, due to which the signal spread over
time. Figure 12b,c illustrates the excitation signal on the web when it reached the distances
of 5.65 m and 7.12 m, respectively. It can be noted that the excitation signal at 5.65 m had
higher Y and Z displacements due to the higher reflections from the edges at that distance.
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Figure 13 exhibits the shear wave propagation in the plate travelling in a similar manner as
in the web of the U-pile.

Figure 14 shows a wave propagation comparison between the plate and the web of
the U-pile. Simulated data collection was carried out at 0.5 m ahead of the transduction
points in both the plate and the U-pile in order to clearly capture the excitation signal and
back wall reflection for comparison purposes. Results were normalized to the excitation
signal on the web of the U-pile. The back wall reflection signal from the U-pile web was
11.5% higher than that from the plate. This is because a part of the signal energy reflected
from the edges of the plate, leading to destructive interference, whereas in the case of the
web of the U-pile, the signal energy travelled through the flanges, avoiding interference.
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Figure 14. Wave propagation comparison between the plate and the web of the U-pile.

Figure 15a illustrates how the shear wave propagated in the flange of the U-pile.
It can be perceived that as the wave propagated, a part of the signal reflected from the
edge of the flange and travelled into the web of the structure, causing the signal to lose
energy in the flange. Figure 15b,c illustrates the excitation signal in the flange when it
reached the distances of 5.65 m and 7.12 m, respectively. Results were normalized to the
excitation signal on the web of the U-pile as shown in Figure 12. The results demonstrate
that the excitation signal in the flange at 5.65 m and 7.12 m was respectively 35% and 46%
less than the excitation signal in the web at the same distance. This is because, unlike
the 12 × 2 configuration, the reduced 7 × 2 configuration forced a reduction in SH0
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beam directionality and amplitude in favor of a higher SH0 mode purity, as shown in
Figures 7 and 8.
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Figure 15. (a) Shear wave propagation in the flange of the U-pile, (b,c) the excitation signal when it reached the distances of
5.65 m and 7.12 m, respectively.

The numerical models for the following case studies were solely focused on obtaining
the reflections from defects. In order to capture pure reflection from defects, a low reflecting
boundary condition was applied on the opposite end of the U-pile model. Therefore, U-piles
with lengths of 7 m and 7.5 m were modelled instead of 12 m in order to make significant
savings in time and computational resources. These case studies were conducted in order
to understand the defect detection capability of UGWs on U-shaped steel sheet piles.

4.1. Defect Case Study 1: Defects Placed at 5.65 m for Both Web and Flange

Five defect scenarios listed in Table 2 were modelled on both the web and flange of a
7 m U-pile. Figures 16 and 17 show the superposed results obtained from defects located at
5.65 m on the web and flange, respectively. These results were normalized to the excitation
signal as displayed in Figures 16a and 17a. Figures 16b and 17b show defect reflection, i.e.,
the percentage of excitation signal reflecting from the defect. It was noted that the defect
reflection increased with an increase in the size of the defect.
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Figure 16. (a) Results obtained from the defects placed at 5.65 m on the web of the U-pile. (b) Defect reflection results from
the respective defects.
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Figure 17. (a) Results obtained from the defects placed at 5.65 m on the flange of the U-pile. (b) Defect reflection results
from the respective defects.

In the case of the defects located on the web, defect reflection from Defect A was 8.5%
of excitation signal, which increased to 44.5% of excitation signal for the case of Defect E. A
similar trend was observed for defects placed on the flange of the pile at the same location.
Defect reflection increased from 6% of excitation signal for the case of Defect A to 32.5% of
excitation signal for the case of Defect E. In both the web and flange of the U-pile, Defect E
had a much higher defect reflection compared to the rest of the defect scenarios. This is
because of the shape of this defect, as a larger portion of the defect was perpendicular to
the wave propagation direction.

4.2. Defect Case Study 2: Defects Placed at 7.12 m for Both Web and Flange

As in the last case study, the five defect scenarios listed in Table 2 were modelled on
both the web and flange of a 7.5 m U-pile. Figures 18 and 19 show the superposed
results obtained from defects located at 7.12 m on the web and flange, respectively.
These results were normalized to the excitation signal as displayed in Figures 18a and 19a.
Figures 18b and 19b show defect reflection, i.e., the percentage of excitation signal reflect-
ing from the defect.
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Figure 18. (a) Results obtained from the defects placed at 7.12 m on the web of the U-pile. (b) Defect reflection results from
the respective defects.
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Figure 19. (a) Results obtained from the defects placed at 7.12 m on the flange of the U-pile. (b) Defect reflection results
from the respective defects.

In the case of defects located on the web, defect reflection from Defect A was 7.5% of
excitation signal, which increased to 47% of excitation signal for the case of Defect E. A
similar trend was observed for defects placed on the flange of the pile at the same location.
Defect reflection increased from 5% of excitation signal for the case of Defect A to 24% of
excitation signal for the case of Defect E.

The COMSOL models were validated by comparing the theoretical time of arrival
(T ℴA) for the expected reflections from the defects at 5.65 m and 7.12 m with the T ℴA
obtained from the numerical models. The theoretical T ℴA was calculated using the
velocity of the SH0 mode obtained from the group velocity dispersion curves (Figure 4)
for 70 kHz operating frequency. There is approximately 2.5% error in the comparison as
presented in Table 3.

Table 3. Comparison of theoretical and numerical time of arrival.

Defect Location (m) Theoretical T ℴA (s) Numerical T ℴA (s) Error %

5.65 2.79 × 10−3 2.72 × 10−3 2.5
7.12 3.74 × 10−3 3.65 × 10−3 2.4
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5. Conclusions and Future Work

In the present study, the authors conducted wave propagation and defect detection
modelling using COMSOL to investigate the potential of using GWT as a novel NDT
technique for the inspection of steel sheet piles. Due to its non-dispersive nature, the
present study preferred SH0 for signal excitation. The LSA principle was used to design
shear transducer arrays having high SH0 mode purity and directionality. A 12 × 2
configuration and a 7 × 2 configuration shear transducer array were modelled for the
inspection of the web and flange of a U-shaped steel sheet pile, respectively. Initially, a
wave propagation comparison study was conducted between the web of a 7.5 m U-pile
and a plate having the same length and cross-sectional area as the web of the pile. Results
demonstrated the back wall reflection signal from the web of the U-pile to be 11.5% higher
than the reflection signal from the plate. Another wave propagation comparison study
was conducted between the web and flange of a 7.5 m U-pile. Results concluded that the
excitation signal on the flange at 5.65 m and 7.12 m was respectively 35% and 46% less than
the excitation signal on the web at the same distance. To evaluate defect detection capability,
models of five defect scenarios, 50 mm hole, 100 mm hole, 150 mm hole, 200 mm hole and
100 mm slot, were considered at two locations, 5.65 m and 7.12 m, on both the web and
flange of a U-pile model. Defect detection numerical models were validated by comparing
the theoretical and numerical T ℴA. Defect reflection was measured to demonstrate the
ability to use UGW for defect detection in the U-piles.

These numerical models allowed the current authors to carry out their investigations
without conducting countless time-consuming and expensive empirical experiments. The
next stage for this research is to build only the respective shear transducer arrays modelled
for pile inspection and conduct experiments in order to validate the numerical modelling
results. Further research will also be completed on transducer characterization to develop
novel transducer arrays with higher SH0 mode purity and directionality.
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