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Abstract Reliable guided-wave monitoring of pipelines requires models that are
both computationally efficient and capable of capturing the main physical propagation
mechanisms in cylindrical waveguides. In thin-walled large-diameter pipes, guided
waves propagate locally in a plate-like manner while the cylindrical topology creates
multiple deterministic surface-geodesic routes between actuator and sensor locations.
Besides the direct route, spiral routes wrapping around the circumference can gen-
erate distinct received wave packets, and additional packets arise from reflections at
pipe boundaries and local discontinuities. This paper presents a semi-analytical hybrid
framework for pipeline guided waves that combines Wave Finite Element (WFE) dis-
persion extraction with a route-based long-range propagation engine. The model ex-
plicitly accounts for direct and spiral propagation routes as well as boundary-reflected
contributions. Validation is performed in two steps. First, model predictions are com-
pared to full 3D transient finite element simulations on a steel pipe, assessing arrival
times, wave-packet structure, and route-dependent contributions. Second, experimen-
tal measurements on a steel pipe are used to identify and interpret the received wave
packets. The results demonstrate that the proposed semi-analytical model captures the
dominant wave packets observed in 3D FE and experiments, while requiring signifi-
cantly lower computational effort than full transient simulation. The validated frame-
work provides a foundation for subsequent model-assisted monitoring and data-driven
localization studies in realistic pipeline environments.

Keywords: Ultrasonic guided waves; Pipelines; Wave Finite Element (WFE); Route-
based propagation; Spiral paths
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1. Introduction

Ultrasonic guided waves can propagate over long distances with relatively low attenuation,
which makes them highly attractive for the inspection and monitoring of pipeline systems
from a limited number of transducer locations [1, 2]. For pipeline applications, practical
monitoring must cope with dispersive multimodal propagation, and with geometric features
such as welds, joints, clamps, diameter transitions, and bends, which introduce reflection,
transmission, and mode conversion [3, 4]. As a result, accurate and computationally efficient
forwardmodels are essential for reliable model-based analysis of guided-wavemeasurements.

Although full finite element (FE) simulations canmodel guided-wave propagation and
scattering with high accuracy, they are computationally expensive because they require fine
spatial and temporal discretization, especially for long-range problems with multiple struc-
tural features [5, 4]. To reduce this burden, several semi-analytical and reduced-order ap-
proaches have been developed. The semi-analytical finite element (SAFE) method combines
an exponential representation in the propagation direction with FE discretization over the
cross-section or thickness [6]. Other efficient alternatives include the Combined Analytical
FE Model (CAFA) and the Scaled Boundary Finite Element Method (SBFEM), both applied
to guided-wave modeling in isotropic structures [7]. Another important approach is the Wave
Finite Element (WFE) method, which combines FE analysis with wave theory and computes
wave characteristics from only a periodic segment, making the cost largely independent of the
total waveguide length [8]. WFE has been widely used for structural identification, damage
detection, multi-scale wave propagation, transient UGW simulations, and scattering analysis
[9, 10]. In addition, ray-based or modal-ray methods provide a low-cost option for long-range
propagation once the modal properties are known [11].

For structures with localized discontinuities, an efficient strategy is to separate the
problem into propagation in uniform sections and scattering at structural features. In such a
framework, WFE can describe wave propagation in the regular pipe segments, while reflec-
tion and transmission characteristics at welds or joints can be obtained from local numerical
models in the form of scattering information [8]. These ingredients can then be coupled with
ray-based or other high-frequency propagation schemes to simulate long-range wave motion
without performing a full transient analysis of the entire pipeline [4]. Such hybrid strategies
are especially appealing for inverse problems and monitoring applications, where repeated
simulations are often required.

This paper proposes a semi-analytical guided-wave model for pipelines that combines
WFE-based dispersion characterization with a route-based long-range propagation engine.
The model assembles the received response by accounting for direct (n = 0), spiral wrap-
around (n = ±1), and end-reflected wave packets, enabling physically interpretable iden-
tification of measured arrivals without full 3D transient simulation of the entire structure.
The remainder of the paper is structured as follows. Section 2 introduces the hybrid model-
ing framework, includingWFE-based dispersion extraction and route-based propagation with
spiral and boundary-reflected sequences. Section 3 summarizes the 3D FE reference model
and comparison protocol, while Section 4 describes the experimental setup and the identifica-
tion of direct, spiral, and boundary-reflected wave packets in measurements. Finally, Section
5 concludes key findings, limitations, and outlook for model-assisted guided-wave interpre-
tation in pipelines.
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2. Background: Hybrid WFE–Ray Modeling Framework

2.1 WFE dispersion extraction for pipeline sections

Wave Finite Element (WFE) computes guided-wave dispersion in waveguides by enforcing
phase-shift (Bloch/Floquet) relations between degrees of freedom on opposite boundaries of
a representative segment [12, 13]. For a uniform pipeline section (or a locally plate-like pipe
wall), WFE provides: (i) dispersion curves km(ω), (ii) associated mode shapes, and (iii) en-
ergy/flux quantities used for consistent modal normalization.

In practice, a small rectangular segment in the (x, y) plane is modeled and meshed
through the thickness, with nodes arranged identically on opposite faces (Fig. 1). Under
time-harmonic motion at frequency ω, the segment is described by a dynamic stiffness matrix
D(ω) = K + iωC − ω2M. Enforcing periodicity leads to an eigenproblem whose solutions
provide the propagation constants (equivalently wavenumbers) and the corresponding modal
displacement/force fields. The approach is applicable beyond isotropic plates, including mul-
tilayered structures that are homogeneous in-plane and vary through thickness [14, 15].

Fig. 1. Representative 3D segment used for WFE dispersion extraction (schematic/ABAQUS model).

2.2 Local feature characterization via scattering matrices

Localized features such as welds, joints, or thickness transitions can be treated as discontinu-
ities connecting two uniform sections. In the frequency domain, their effect on guided waves
is conveniently represented by a scattering matrix that maps incident modal amplitudes to
reflected and transmitted amplitudes [11]. For a two-sided feature,[

a−L
a+R

]
= S(ω)

[
a+L
a−R

]
, (1)

where a+ and a− denote incident and outgoing (reflected or transmitted) modal amplitude
vectors, respectively. In this work, S(ω) is obtained by coupling WFE modal bases to a local
FE or FE/WFE model of the feature (details depend on feature geometry). A common bench-
mark is a butt joint configuration (Fig. 2), for which the scattering matrix compactly captures
reflection and transmission, including mode conversion, across the interface [14].

2.3 Ray-based (pencil) long-range propagation and assembly

Given dispersion data km(ω) and (when present) feature scattering matrices S(ω), long-range
propagation is assembled by propagatingmodal contributions between interaction points (source,
features, boundaries, sensors). For a modem traveling over distanceL, the frequency-domain
propagation factor is

Hm(ω;L) = exp(−ikm(ω)L) exp(−αm(ω)L) , (2)

This work is licensed under CCBY 4.0 3 Media and Publishing Partner

https://creativecommons.org/licenses/by/4.0/


EWSHM 2026
12th European Workshop on Structural Health Monitoring

Fig. 2. Two plate sections connected by a finite joint region (benchmark configuration). Reprinted and
modified from [14].

whereαm(ω) is an optional effective attenuation coefficient. Multiple reflections/transmissions
are included by enumerating the dominant interaction sequences and summing their contri-
butions; in practice, the sequence set is truncated based on diminishing amplitude.

To model amplitude evolution and boundary reflections efficiently, we adopt a modal
guided-wave pencil concept [16]. A pencil is a bundle of paraxial rays that infinitesimally
diverge from an axial ray representing a specific energy direction, as illustrated in Fig. 3. The
pencil formulation captures geometrical spreading and reflection-induced focusing/defocusing
with minimal computational cost, while usingWFE-derived dispersion to represent dispersive
phase accumulation.

For the present scope, the pencil concept is used primarily to (i) propagate dominant
wave packets over long distances and (ii) account for end-boundary reflections in a structured
way. The total response at an observation point is then obtained by summing the contributions
of the selected modal routes/sequences, yielding a fast semi-analytical predictor suitable for
interpreting distinct received wave packets.

Fig. 3. Schematic guided-wave pencil: an axial ray with infinitesimally close paraxial rays used to represent
amplitude evolution and boundary reflections. Reprinted and modified from [16].

2.4 Point-source assumption and finite-aperture extension.

The semi-analytical hybrid method is intended for long-range propagation in large, plate-
like structures, where the source footprint is small compared to both propagation distances
and the wavelengths of interest. In this regime, modelling the excitation as a point source is
appropriate and consistent with practical devices such as dry-point contact (DPC) transducers.

Limitations. For short stand-off distances (near field) or for bonded patches whose
lateral size is not negligible relative to the wavelength, a point-source model may bias ampli-
tudes/directivity and introduce phase errors. In such cases, near-field interpretations should
be avoided or a finite-aperture representation should be adopted.

Finite-size (aperture) source model. Following [16], a finite transducer is modelled by
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integrating (numerically summing) modal phase and amplitude contributions over the trans-
ducer footprint. The footprint is discretized into a set of source points; for each modal se-
quence, contributions from all points to the observation location are computed and summed.
This spatial convolution captures finite-aperture effects while preserving the efficiency of the
semi-analytical formulation, and naturally reduces to the point-source limit at long range.

2.5 Extension to cylindrical pipelines: direct and spiral routes

In large-diameter, thin-walled cylindrical pipes, guided-wave behavior can be treated as lo-
cally plate-like while the global topology introduces circumferential periodicity. We map the
cylindrical surface to an unwrapped domain (z, s) with

s = Rθ, (3)

and circumference
C = 2πR. (4)

For a source at (za, sa) and receiver at (zr, sr), define

∆z = zr − za, ∆s0 = sr − sa, (5)

with ∆s0 mapped to (−C/2, C/2]. The receiver admits image points at sr + nC with wrap
index n ∈ Z, leading to multiple surface-geodesic routes of length

Ln =
√

(∆z)2 + (∆s0 + nC)2. (6)

The direct path corresponds to n = 0, while n = ±1 represent spiral routes wrapping once
around the circumference in opposite directions. Within the proposed hybrid framework, each
admissible route is treated as a propagation segment whose length is Ln, while the modal
dispersion and feature scattering information are provided by the WFE/FE-WFE stages. This
enables modeling of multiple deterministic arrivals in cylindrical measurements (direct and
spiral) with minimal additional computational cost.

2.6 The proposed methodology

A Matlab/Python code has been developed alongside ABAQUS to merge the modal pencil
method with WFE and FE/WFE techniques for efficient guided-wave simulation in finite
structures. The process starts by capturing the applied point-load (or actuator) signal and
computing its FFT. For each frequency line, WFE provides wave characteristics and energy
flux quantities, ray tracing determines the paths (modal sequences) through boundaries and
interfaces, and FE/WFE provides reflection/transmission coefficients and mode conversions
at features. The propagation matrices and Green’s functions are then assembled for each se-
quence and summed to obtain the frequency-domain displacement field, which is transformed
back to time domain by inverse FFT. For cylindrical pipelines, propagation distances in each
sequence are replaced by the route lengths Ln in Eq. (6), accounting for direct and spiral
routes.

Figure 4 summarizes the proposed workflow. WFE is used to compute dispersion re-
lations and modal quantities for the pipeline wall, while local FE/WFE models can provide
scattering information at features when needed. A route-based propagation engine then as-
sembles the sensor response by combining direct, spiral, and end-reflected sequences in the
time/frequency domain.
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Fig. 4. Proposed workflow: WFE-based dispersion extraction, optional local feature scattering
characterization, and route-based long-range propagation including direct, spiral, and end-reflected

sequences.

3. 3D Finite Element Validation

3.1 3D transient FE model

Validation of the numerical case study is performed against full 3D FE dynamic/explicit sim-
ulations in ABAQUS with the exact geometries and material properties. The models use
linear C3D8 elements with a maximum element size of 1 mm, satisfying the CFL stabil-
ity requirement and providing at least eight nodes per wavelength for the relevant A0 and
S0 modes across the operating bands, and the tone burst excitation with a centre frequency
fc = 100 kHz.

To suppress spurious boundary reflections, absorbing layers by increasing damping
(ALID) are applied on three sides, following [17]. Rayleigh damping is used,

C = αM+ βK,

and only the mass-proportional term is activated in the absorbing region (β = 0). The damp-
ing is smoothly ramped through the layer thickness,

α(x) = αM

(x

L

)p

, p = 2, x ∈ [0, L],

with L = 0.5 m and αM = 2πfc. The layer is discretized into four sublayers with increasing
α. This ALID configuration maintains a stable explicit time step (diagonal mass), effectively
absorbs outgoing waves, and avoids the need for domain enlargement, enabling a clean com-
parison with the SAHM predictions. As shown in Fig. 5, the 3D transient FE model includes
the actuator and sensor locations on the steel pipe and an absorbing region to suppress end
reflections.

3.2 FE validation results

Figure 6 compares the semi-analytical prediction with the 3D FE response at a representative
sensor. The main wave packets are consistently reproduced: the earliest arrival corresponds
to the direct route (n = 0), followed by later spiral packets (n = ±1,±2) and the same for
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Fig. 5. 3D transient FE model of the steel pipe, indicating the actuator/sensor placement and the absorbing
region.

the end-reflected contribution. Overall, the semi-analytical model captures the packet order-
ing and relative timing well, while small differences in amplitude and fine oscillatory content
are expected due to sensor/actuator idealizations and attenuation or boundary-condition mis-
matches in the FE reference.

Fig. 6. FE vs semi-analytical responses at a representative sensor, for the direct (n = 0), spiral (n = ±1 and
n = ±2), and end-reflected packets.

4. Experimental Validation on a Steel Pipe

4.1 Experimental setup and acquisition

Experiments are conducted on a 2 m steel pipe instrumented with an actuator and multiple
sensors. A toneburst excitation with a centre frequency of about fc = 130 kHz is applied due
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to the available transducer bandwidth, and responses are recorded at multiple sensor locations
via a 4-channel acoustic emission system by SHM NEXT, and data processing system to
observe propagating wave packets. Figure 7 shows the experimental setup. The acquisition
settings (sampling rate, record length, averaging) are selected to resolve the targeted wave
packets and capture end reflections.

Fig. 7. Experimental setup (steel pipe instrumentation).

4.2 Wave-packet identification in measurements

Measured signals are filtered around the excitation band and compared with the model pre-
diction to aid wave-packet identification. Arrival windows predicted by the semi-analytical
model are overlaid on measured traces to associate observed packets with (i) direct routes, (ii)
spiral routes, and (iii) boundary reflections. Figure 8 compares measured responses (S1–S4)
with the corresponding semi-analytical predictions. The model correctly reproduces the main
wave-packet structure and arrival ordering across sensors, allowing direct, spiral, and end-
reflected packets to be identified using the predicted arrival windows. Small discrepancies in
amplitude and late-time content are attributed to experimental factors (location and coupling
variability, and sensor response).

The validation study targets the core physical mechanisms relevant to pipeline guided-
wave interpretation: direct routes, spiral wrap-around routes, and end-boundary reflections.
Agreement with 3D transient FE provides confidence that the semi-analytical model cap-
tures the dominant propagation physics while offering substantially lower computational cost.
Wave-packet identification in the experimental measurements further supports practical rele-
vance and indicates that spiral packets are observable and interpretable in real signals rather
than being treated as unstructured artifacts.

Remaining challenges include robust amplitude prediction (sensitive to transducer
coupling and material damping), more detailed modeling of complex weld/joint geometries,
and systematic treatment of uncertainty in boundary reflection coefficients. Ongoing work
extends the validated framework toward model-assisted monitoring tasks (e.g., calibration,
localization, and data-driven fusion), while preserving the validated route-based interpreta-
tion.
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https://creativecommons.org/licenses/by/4.0/


EWSHM 2026
12th European Workshop on Structural Health Monitoring

Fig. 8. Experimental (left) and semi-analytical (right) sensor responses (S1–S4), showing direct, spiral, and
end-reflected wave packets based on the model-predicted arrival windows.

5. Conclusion

This paper presented a feasibility study of a semi-analytical guided-wavemodeling framework
for pipelines. The model combines WFE-derived dispersion with a route-based propagation
engine that explicitly accounts for direct and spiral routes as well as boundary-reflected se-
quences. Validation is performed against full 3D transient finite element simulations. The
validated model is utilized as the baseline for the experimental measurements on a steel pipe,
with emphasis on identifying distinct received wave packets corresponding to direct, spi-
ral, and end-reflected propagation. The results provide a structured baseline for subsequent
model-assisted monitoring and data-driven localization studies in pipeline environments.
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