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ABSTRACT 

Implementing guided wave imaging (GWI) for structural health monitoring (SHM) 
of cylindrical structures can be enhanced by simplifying the physics and utilizing all the 
information generated by wave interactions with the mechanical guide and discontinu- 
ities. A beamforming method for SH0 waves reflected from a trough-hole in a cylinder 
has been developed. This method considers the mode conversion from T(0,1) to SH0 
waves, which follow direct and helical paths before converting back to torsional waves. 
The use of helical paths enables the deployment of an array of sensors distributed along 
a section of the cylinder’s circumference. Indeed, signal identification and integration 
into a beamforming scheme present challenges due to the multiple trajectories that prop- 
agate around the cylinder. The objectives of the numerical analysis are threefold: first, to 
model the propagation and interaction of torsional waves with a discontinuity; second, to 
numerically identify the helicoidal wave trajectories for full rotations (orders); and third, 
to develop and implement a frequency-domain MUSIC beamforming algorithm adapted 
for cylindrical structures. The results demonstrate the ability to reconstruct the defect’s 
position and orientation. These findings highlight the potential of the proposed method 
for accurate defect localization in cylindrical structures. 

 
INTRODUCTION 

Guided waves provide a promising method for inspecting long sections of cylindrical 
structures, such as pipes, by propagating along the structure and reflecting off disconti- 
nuities, which aids in defect detection [1, 2]. Among the different guided wave modes 
available, shear horizontal (SH0) waves are particularly advantageous because they ex- 
hibit low dispersion and reduced attenuation, even in environments where the structure is 
in contact with liquids, making them highly suitable for engineering applications [3, 4]. 
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In cylindrical structures, the equivalent SH0 mode is the torsional T(0,1), which has in-
plane angular displacements. Upon encountering a discontinuity, T(0,1) waves scatter
part of their energy in all directions around the cylinder, resulting in a complex circum-
ferential wavefront distribution. This behavior contrasts with the scattering observed in
planar structures, where wavefronts typically propagate along straight paths. In cylin-
drical structures, the scattered wavefronts follow the curvature of the surface. This scat-
tering leads to wavefronts surrounding the cylinder, which can be viewed as scattered
wavefronts traveling along multiple paths before reaching a transducer, and these paths,
depending on the number of revolutions, can be interpreted as helical trajectories. The
generation of SH0 waves through the interaction of the T(0,1) mode with discontinuities,
such as through-holes and cracks, has also been studied [5–7].

An approach for damage imaging in pipes is the tomography-based technique, which
uses transducer arrays arranged in full-ring configurations around the inspection re-
gion [8–10]. These methods typically require at least two ring arrays positioned at dif-
ferent axial locations along the pipe to enable transmission and reception. Beamforming,
initially designed for volumetric waves, offers a simpler alternative for defect localiza-
tion, as it does not require sequential actuation or multiple arrays like tomography-based
techniques. Instead, it processes recorded signals from a sensor array to estimate the
location of reflected wavefronts. To enhance the accuracy of wave source localization,
spectral methods such as the Multiple Signal Classification (MUSIC) algorithm have
been explored [11].

The main objective of this study is to develop a beamforming algorithm to localize
trough-hole discontinuities in cylindrical structures using the scattered SH-waves. The
interaction of an excited T(0,1) torsional mode with a discontinuity in a hollow cylinder
was studied using FEM simulations. The resulting wavefields were analyzed to track the
helicoidal paths of reflected SH modes. The recorded wavefronts were processed in the
frequency domain using a beamforming technique formulated in cylindrical coordinates.
Imaging was performed through a modified MUSIC algorithm. The proposed approach
aims to enable defect localization without requiring a complete circumferential sensor
ring.

GUIDED WAVES IN CYLINDRICAL STRUCTURES

Torsional guided waves, particularly the fundamental mode T(0,1), propagate along
cylindrical structures with minimal dispersion and in-plane angular displacements. This
mode is directly related to the SH0 wave in plates, as both exhibit non-dispersive behav-
ior and share the same phase velocity, as shown by the overlapping dispersion curves in
Figure 1. These characteristics make them useful for structural health monitoring (SHM)
in pipes and other cylindrical components. However, when encountering a discontinu-
ity, such as a crack or a notch, the incident wave undergoes scattering, redistributing
energy in various directions around the cylinder. When a T(0,1) wave interacts with a
defect, part of the energy is reflected as SH0 waves scattered circumferentially [5]. Un-
like in planar structures, where scattered wavefronts propagate in straight surface paths,
in cylindrical geometries, the scattered waves expand around the circumference. As a re-
sult, wave energy can travel along multiple paths before reaching a sensor array. These
helical trajectories result in wavefronts arriving at the sensor array at different times,



depending on the number of circumferential cycles completed.

Figure 1. Comparison between SH dispersion curves in a plate and torsional dispersion
curves in a hollow cylinder.

Figure 2 shows numerical FEM results illustrating the propagation of an SH0 wave
in a hollow cylinder at different time steps. This behavior results in the formation of
multiple wavefronts arriving at the sensor array from different directions, despite origi-
nating from a single source, making the implementation of imaging algorithms based on
beamforming more challenging.

Figure 2. Numerical results of SH0 wave generated by a circular discontinuity in a hollow
cylinder at different time steps (a) 100µs, (b) 200µs, (c) 300µs, (d) 400µs.

To better analyze the wave paths, the cylindrical domain can be conceptually un-
wrapped. In this representation, the direct path is a straight trajectory, whereas the heli-
cal path appears as diagonal propagation, showing how wavefronts can reach the trans-
ducers after completing one or more revolutions around the cylinder. However, since
the wavefronts arrive from different directions, it is necessary to separate them before
beamforming is implemented.



METHODOLOGY

Finite Element Model

A numerical model was developed in ANSYS APDL to generate synthetic signals
for testing and validating an image reconstruction algorithm based on guided waves. The
model consists of a cylindrical structure with a circular discontinuity placed at variable
distances from a sensor array. A torsional mode T(0,1) is excited at one end of the cylin-
der. As this mode propagates along the structure and interacts with the discontinuity,
part of its energy is converted into an SH0 wave that wraps helically around the cylinder.
The resulting signals are captured by a sensor array located at z = 0, covering half of
the cylinder’s circumference. A schematic of the simulation setup is shown in Figure 3,
and the simulation steps are outlined in pseudocode shown in Algorithm 1.

Figure 3. Scheme of the model showing the excitation, discontinuity, and sensor array.

The cylindrical structure was simulated as a pipe made of aluminum with a mean
radius of R = 0.1273 m and a total length of L = 1.5 m. The excitation frequency was
set to 60 kHz, and the mesh was defined with an element size equal to one-eighth of the
wavelength (λ/8). Two elements were used through the thickness to ensure sufficient
resolution. The mesh consisted of 20-node solid elements SOLID186. The total simu-
lation time was 800 µs, with a time increment of 1 µs. The computational time for this
simulation was approximately 4 hours, on a PC with Intel® Core™ i7-6820HQ CPU at
2.70 GHz.

Beamforming algorithm for SH0 with helical trajectories

To localize the source of wave reflections, a reconstruction image of the cylindri-
cal surface is generated using the MUSIC algorithm adapted to cylindrical coordinates.
The array consists of 8 sensors uniformly distributed along a quarter of the cylinder’s
circumference, with each sensor spaced by 10 degrees. The array is positioned on the
outer surface of the cylinder. Since the cylinder has no boundaries except at its ends,
the waves propagate around the cylinder, forming a continuous medium. This means
that at a certain distance from the source, the wavefronts arriving at the array come from
different directions. As a result, the algorithm treats these wavefronts as coming from
multiple sources located at different angles. Peaks in the resulting image indicate the
position of the discontinuity. The Algorithm 2 summarizes the steps of this process.



Algorithm 1 FEA procedure for wave propagation in a cylinder
1. Preprocessing: Simulation parameters and mesh generation
2. Input: geometry G, material M , mesh size h, excitation signal f(t)
mesh → mesh(G, h) with Solid186 elements
K, M → assemble matrices(mesh, M )
Apply BC: uθ = ur = uz = 0 at z = L (boundary condition at the cylinder’s end)
3. Solution: Time-stepping procedure
for t = 0 to T step ∆t do

3.1 Excitation: F (t) → apply excitation(f(t)) at u(θ, R, 0) for θ ∈ [0, 2π] (tan-
gential displacement at z = 0)

3.2 Solve: u(t+∆t) → solve(K, M , F (t), u(t)) nodal displacements at time
t+∆t

3.3 Store: store(u(t+∆t)) (save displacement results)
end for
4. Postprocessing: postprocess(u) field of displacements at every time step

To aid the analysis, the cylindrical structure can be conceptually unwrapped into a
planar representation. Figure 4 illustrates the propagation of a SH wave generated by a
point source, showing the direct and helical paths.

Figure 4. Propagation of SH waves from a point source. (a) Cylindrical view showing
direct and helical wave paths. (b) Unwrapped view where wave paths appear as straight
paths.

NUMERICAL RESULTS

Figure 5 shows an example of the signals captured by the array when the discon-
tinuity is located at three different axial distances: 0.4 m, 0.6 m, and 0.8 m from the
array. The first arriving wavefront, clearly visible in the three subplots, exhibits a curved



Algorithm 2 Image Reconstruction using MUSIC on a Cylindrical Surface
1: Input: sensor data Y, frequency f , wave speed c, sensor positions Xm

2: Apply FFT to Y to convert to the frequency domain
3: Estimate covariance matrix: R = 1

K

∑
k YkY

H
k

4: Perform SVD: R = USUH

5: Extract noise subspace: N = [UP+1, . . . ,UN ]
6: for each reconstruction point (z, θ) ▷ θ is arc length: θ = R · ϕ do
7: Compute delays τm and steering vector s
8: Compute MUSIC spectrum: PMUSIC(z, θ) =

1
∥sHNNHs∥2

9: end for
10: Output: MUSIC spectrum PMUSIC(z, θ)

shape (red box), consistent with a cylindrical wavefront (near field) originating from a
localized scattering event. This enables the reconstruction of the source location based
on differences in arrival time across the array. Following the first wavefront arrival (di-
rect), additional wavefronts (plane waves) associated with helicoidal wave modes are
observed.

Figure 5. Signals captured by the sensor array for three different axial positions of the
discontinuity: (a) 0.4 m, (b) 0.6 m, and (c) 0.8 m.

Two discontinuity locations were considered. First, when the source is located on
the same side of the cylinder as the array (zero-order mode). In this case, the array
receives the direct wavefront (near field), and beamforming provides the location of the
discontinuity. Second, when the source is on the opposite side, outside the direct field of
view of the array, the wavefront follows the first-order helical path (far-field). To apply
beamforming, a correction that accounts for the angular deviation introduced by helical
propagation is performed, since the position of the source is fixed. The signals’ apparent
arrival angles are corrected by subtracting an angular shift proportional to the number of
revolutions, 2πR. Specifically, for each helical order, the corrected angle is calculated
as

ζr = ζ − kr,

where ζ is the helical wavefront direction estimated by beamforming and the ζr vector
quantifies the directional mismatch between the estimated wavefront and the true arrival



direction at each sensor and |kr| = 2πR. This adjustment aligns all wavefronts with the
actual direction of the source, enabling accurate image reconstruction. In Figure 6a, the
complete set of signals recorded at the array is shown. Figure 6b shows a closer view of
the selected signals, comparing their original form (before correction) and their corrected
version. It can be observed how the correction realigns the wavefronts, ensuring that the
signals are properly representing the true source direction.

Figure 6. (a) A set of recorded signals by the array, where the window indicating the
selected signals for analysis is highlighted. (b) Zoomed view showing the extracted
signals before and after the arrival angle correction.

Figure 7 illustrates the beamforming reconstruction results for the two cases dis-
cussed. Figures 7a, b are the cylindrical and unwrapped results using direct signals
(zero-order); and Figures 7c, d, the corresponding results for the helical mode (first-
order mode). For the zero-order wavefront, the localization is determined, while only
the direction can be inferred when using helical first-order wavefronts.

Figure 7. Beamforming reconstruction results using cylindrical and helical wavefronts for
a doscontnuity located at 0.5 m for the array (a) 3D view of cilinder and (b) unwrapped
2D map processing the zero-roder wavefront and (c) and (d) processing the first order
wavefront.



CONCLUSIONS

In this work, a beamforming-based image reconstruction method for SH0 waves
propagating in a cylinder is developed. SH0 waves resulting from the interaction be-
tween T(0,1) and a through-hole discontinuity are considered. The scattered wavefield
was interpreted as a combination of signals with direct and helical paths. The proposed
beamforming allowed imaging of the location and direction of the discontinuity. The
method enables source localization using data from only a portion of the cylinder’s
perimeter, which is relevant for practical applications. Current efforts focus on experi-
mental validation, developing machine learning techniques to automatically identify and
separate different wavefronts based on their arrival times and propagation characteristics.
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