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Abstract

This study investigates the use of electromagnetic acoustic transducers to generate and detect ultrasonic guided
waves from the rail head for in-service rail inspection. Unlike conventional bulk wave methods using rolling
search units, this approach aims to overcome limitations like limited coverage, need for contact, and high noise.
A pitch-catch configuration is analyzed, with a transmitter and receiver placed at a realistic distance on the rail
head. Due to hardware constraints, a specific excitation frequency had to be used in the experiments; numerical
simulations were therefore employed to verify the presence of suitable wave modes in its vicinity. Experimental
tests then validate the wave propagation in both healthy and artificially defected rails, assessing detectability and
the influence of sleeper positioning. Signal comparisons between defect-free and defective cases aim to identify
features indicative of structural anomalies.
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1. Introduction

The structural integrity of railway rails is essential to ensuring the safe and efficient operation
of both conventional and high-speed rail networks. In-service failures, such as transverse
cracks or head checks, can lead to severe disruptions, costly maintenance, or, in worst cases,
derailments. For this reason, non-destructive testing (NDT) techniques have become critical
tools for the periodic inspection and monitoring of rails in operation. A variety of NDT
methods are currently applied to rail infrastructure, including conventional ultrasonic testing,
electromagnetic testing such as eddy current testing and alternating current field
measurement, magnetic particle inspection, infrared thermography, radiographic testing, and
optical techniques such as automatic visual inspection and fiber optic sensing [1]-[5].

Among these, ultrasonic testing remains the primary method for detecting internal defects
within the rail section, particularly when implemented by diagnostic trains equipped with
rolling search units (RSUs). These systems use piezoelectric transducers embedded in fluid-
filled rolling wheels to introduce bulk waves into the rail from the running surface [6], [7].
Despite their widespread use, RSUs suffer from several limitations. First, effective wave
transmission requires physical contact and a coupling medium between the transducer and the
rail, which introduces complexity, sensitivity loss, and maintenance issues. Second,
inspection is limited by the need for a clear line of sight between the transducer and the
potential defect: this constrains the ability to inspect critical zones such as the web and the
foot of the rail [8].

To address these challenges, research has increasingly turned to non-contact ultrasonic
methods, including, in a few cases, those based on electromagnetic acoustic transducers
(EMATSs). EMATSs can generate and detect ultrasonic waves in conductive materials without
the need for coupling media, offering advantages such as reduced sensitivity to surface
conditions and the ability to operate in harsh environments or at high speeds [9]-[11]. In the
context of rail inspection, EMATSs have been primarily explored for the generation of surface
and guided waves (e.g., Rayleigh and shear horizontal modes), especially for defect detection
in the rail head [12]-[17].

However, current EMAT applications have mostly been limited to localized inspections or to
excitation modes that do not sufficiently excite the entire rail cross-section. Moreover, studies
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investigating the feasibility of detecting defects in deeper regions such as the web or foot
while operating from the rail head remain scarce [18]-[20].

In this context, the present research explores the use of guided ultrasonic waves generated and
detected by EMATS placed on the rail head in a pitch-catch configuration, with the specific
aim of exciting wave modes capable of inspecting the entire rail section. This approach could
enable efficient, non-contact, in-motion diagnostics of otherwise hard-to-access rail regions,
opening new perspectives for full-section rail inspection from diagnostic trains.

The work is organized as follows: Section 2 describes the numerical analyses focused on
evaluating the natural modes of a rail chunk of proper dimensions in the surroundings of the
bandwidth considered for experiments; in Section 3 the experimental campaign to assess the
onset of guided waves is reported, analyzing different configurations in terms of relative
positioning between the required sensors as well as across different points of the rail sections,
investigating both an intact and defective portions of rail. Eventually, in Section 4,
conclusions are drawn and potential future developments discussed.

2. Numerical analysis

A key aspect in the development of guided wave monitoring systems is the definition of
dispersion curves for specific geometries. A widely used method relies on Finite Element
analysis combined with an eigensolver, where the waveguide model is constrained to allow
only in-plane motion. The computed natural frequencies and mode shapes are used to derive
phase and group velocities [21].

In this study, dispersion analysis was performed using ABAQUS 16.1 and its Lanczos
eigensolver. The model reproduced a 1762 mm segment of 60E1 rail, imposed by the
mounting configuration on a diagnostic bogie studied and developed elsewhere [20] and was
meshed with 42064 C3D20R elements using a 10 mm seed size. Material properties were
assumed homogeneous, isotropic and liner-elastic: Young’s modulus 206 GPa, Poisson’s ratio
0.3, and density 7800 kg/m? [22].

Although guided wave inspections often use lower frequencies (~ 100 kHz), this analysis
focused around 250 kHz to match the instrumentation bandwidth. Numerical simulations
identified several wave modes with selective activation of specific rail regions, shown in
Figure 1 (a) to (d), as also observed in previous studies [23]. While such selectivity is
beneficial in permanent installations, enhancing defect localization, our system relies on a
moving setup witch excitation and reception limited to the rail head. To avoid loss of
coverage, a mode exciting the full cross-section was needed. A suitable mode was found at
249 921 Hz and selected for experimental validation. Its normalized displacement is shown in
Figure 1 (d).

Figure 1 — Selected natural mode exciting the whole rail section



3. Experimental analysis

Following the numerical analyses, an experimental campaign was conducted to validate the
results.

3.1 Experimental setup and procedure

The EMAT equipment employed throughout all the tests consisted of a PowerBox H by
Innerspec Technologies, Inc., to which two EMAT sensors were connected, identified by
producer’s codes 274A0169 (transmitter) and 274A0170 (receiver) [24]. From a constructive
point of view, the two sensors are identical, featuring a racetrack-shaped coil of 25.4 by 25.4
mm? embedded in a permanent magnet, to which it is permanently attached. Pictures of the
sensors and the experimental setup are reported in Figure 2 (a) and (b), respectively.
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Figure 2 — (a) EMAT sensor; (b) experimental setup

The goal of this activity was to verify the effective onset of a guided wave mode capable of
activating the whole rail section while acting on the rail head only. The transmitter was fixed
in a centered position on the rail head and the receiver positioned at a constant distance of
1762 mm, as anticipated, and sequentially moved across ten predefined locations around the
rail cross-section including the head, web, and foot regions. The specific locations and
nomenclature of the receiver’s position are shown in Figure 3.
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Figure 3 — Positions of the receiver around the inspected section




Moreover, three experimental configurations, shown in Figure 4, were adopted to evaluate the
influence of the rail fastening system (sleeper, pad, and clips) on wave propagation, as well:
= Cl1 - transmitter midway between two sleepers;
= (2 - transmitter at the start of a sleeper;
= (C3 — symmetric configuration, with transmitter and receiver equidistant from the
midpoint between two sleepers.

Figure 4 — Configurations tested for intact rail: C1 (top), C2 (mid), C3 (bottom). T indicates the
transmitter, R the receiver

A time window of 750 pus and a sampling frequency of 10 MHz were chosen to capture the
full wave packet while maintaining a manageable record length. To account for the amplitude
variability across positions, a gain calibration procedure was applied: the signal acquired in
position P1 was recorded using a fixed gain of 25 dB and used as a reference. For the
remaining positions, the gain was individually adjusted so that the rectified echo amplitude,
averaged within a time gate (480 — 720 us), matched the reference level. This allowed for a
more meaningful comparison of wave propagation across the section.
The same procedure was repeated on a rail segment containing a manufactured defect,
consisting in a cut interesting the whole foot region of the section. Three configurations were
considered:

=  RC —receiver close to the defect (1/4 of the sensor distance);

» RF — transmitter close to the defect (reciprocal to RC);

= S - symmetric placement with the defect midway between transmitter and receiver.

3.2 Intact rail

The EMAT system proved capable of generating guided waves that propagate throughout the
entire rail cross-section. While signal amplitudes were naturally higher near the excitation
point (e.g., P1 — P3), lower values were recorded in the foot area (P4, P8 — P10), especially in
configurations where the presence of the sleepers restricted optimal sensor placement. A
summary of the test results is reported in Table 1. Nevertheless, through gain normalization,
usable signals were recovered in all positions. The influence of sleeper-related configurations
was minimal in the head and web, but more pronounced in the foot, where structural
constraints and mode sensitivity introduced larger amplitude variations: this is reported in
Figure 5, where the signals (in normalized amplitude) shown in every subfigure are associated
with a specific receiver position and the three different setup configurations are compared.



Table 1 — Reference value and gains registered for the intact rail
Ref P2 P3 P4 P5 P6 P7 P8 P9 P10
[%] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
C1 24 355 405 42 345 345 44 36.5 33,5 355
C2 225 355 39 42 36.5 355 46 38 33 36
C3 20 355 375 38 36 345 435 305 31 31.5
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Figure 5 — Wave comparison for the intact rail. (a) P2; (b) P6; (c) P4; (d) P8

3.3 Defective rail

The presence of a defect led to notable variations in both amplitude and waveform, even in
the upper cross-sectional positions. The reference values and gains for the defective rail are
reported in Table 2, while the registered signals for the same positions as the intact rail are
show in Figure 6, in normalized amplitude. In particular, measurements at P8 showed strong
sensitivity to the location of the defect relative to the sensors, confirming its effect on wave
propagation. This influence was configuration-dependent, with RC, RF, and S setups
producing markedly different signals even across multiple positions.

Table 2 — Reference values and gains registered for the defective rail
Ref P2 P3 P4 P5 P6 P7 P8 P9 P10
[%] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
RC 25 38 40 44.5 37 36 46 36.5 38 40
RF 26 36.5 43 45.5 35 42 45 37.5 315 335
S 23 37 39 42 385 375 44 38.5 40.5 41
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Figure 6 — Wave comparison for the defective rail. (a) P2; (b) P6; (c) P4; (d) P8

3.4 Rail head waves comparison

Finally, since in-motion inspections can only rely on sensors positioned on the rail head, the
comparison focuses on signals acquired in position P1. In particular, Configuration 3 of the
intact rail is compared to the symmetric configuration of the defective one, where both
transmitter and receiver are placed at the same relative distance and position. This
comparison, presented in Figure 7, shows that the wave packet reaches the receiver at the
same time in both cases, but with visible differences in amplitude and waveform. In general,
the signal acquired from the defective rail exhibits a broader wave packet, especially in its
later components. Notably, a small tail of oscillations appears in the final part of the wave in
the defective rail, between 660 and 680 ps, as highlighted in the figure, suggesting that the
presence of the defect affects the wave propagation.

4. Conclusions

This work demonstrated the feasibility of using EMAT-generated guided waves for rail
inspection, focusing on modes capable of exciting the entire cross-section. Numerical and
experimental analyses confirmed the possibility of detecting guided waves across the profile,
even in the presence of defects. Although differences between intact and defective rails are
more pronounced in less accessible positions, only the rail head is viable for in-motion
inspection. Results show that even from this location, meaningful variations in waveform and



amplitude can be detected, supporting the method’s practical applicability. Future work will
further explore in greater detail these signal differences, investigate lift-off operation, and
assess system performance under dynamic conditions.
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Figure 7 — Comparison between signals at P1, intact vs. defective rail
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