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Abstract 
This work proposes a hollow axle inspection approach based on guided wave phenomena in 
thick-walled cylindrical structures, for potential applications in high-speed train 
maintenance. The developed inspection procedure employs multiple rings of transducers 
permanently mounted at the bore of the axle which allow for selective scanning of the axle 
sections. To achieve an effective inspection of locations prone to the fatigue crack initiations 
i.e. surface underneath the wheel/gear seats and the geometrical transitions, near-field wave 
enhancement effect is explored and adopted. Changes in the local wave enhancement 
phenomenon, due to the ‘quasi-surface’ wave interaction with the outer diameter transition 
in the axle, are used as a signature of the on-surface defect. In addition to the wave 
enhancement effect analyses, the well-established guided wave damage localisation 
approach based on pulse-echo signals is incorporated in the inspection methodology. To 
validate the proposed procedure, a numerical model of a railway axle was investigated for 
different damage scenarios including various sizes and locations. Preliminary experimental 
work was also carried out on a thick-walled hollow cylinder with varying outer diameter 
using flexible Macro Fiber Composite transducers for guided wave generation. 

 
1 INTRODUCTION 

The significance of effective hollow train axle maintenance is widely acknowledged by 
the railway industry and transportation safety agencies. Despite the high safety standards 
implemented to the existing inspection procedures, maintaining safety and integrity of hollow 
train axles is still one of the main challenges for railway companies. To date non-destructive 
ultrasonic scanning is still one of the most cost-effective approaches for axle inspection. The 
ultrasonic testing methods can be deployed in various ways; depending on the scanning probe 
location and the range of the inspected region: far end scan, near end scan, high angle scan 
and internal bore scan [1]. For hollow train axles, the examination is typically conducted 
from the bore for instance utilizing phase array transducers [2] or rotating ultrasonic probes 
[3]. The sensitivity of the ultrasonic scanning depends on the exact technique applied, crack 
location, probe type and by far on skills of the operators. In particular, the complex geometry 
of a railway axle with multiple sections of different outer dimensions delimited by the 
wheel/gear seats, dust collars and shaft body, causes interpretation ambiguities which may 
even mask structural defects during regular check-ups. 
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An alternative approach to non-destructive testing is Structural Health Monitoring (SHM), 
based on (preferably) continuous measurement data acquired from a set of permanently 
mounted transducers. Apart from the on-line information on structural integrity, the ability to 
account for effects of the geometric boundaries through the use benchmark data, and 
unnecessary sensor calibration between consecutive measurements, make SHM extremely 
attractive for railway industry.  

One of the most commonly used approaches in SHM is to employ ultrasonic waves guided 
by the structure boundaries, such as cylindrical guided waves in the case of a hollow axle. An 
analytical formulation on cylindrical guided waves in an elastic homogenous hollow cylinder 
was established by Gazis [4].Gazis’s solution shows that for axially propagating waves, the 
characteristic equation of wave motion decouples for a group of longitudinal �岫ど, 兼岻 and 
torsional �岫ど, 兼岻 modes for 兼 = な,に,ぬ … , under the assumption of the axisymmetry of the 
wave displacement. While in general a double infinite number of flexural modes �岫券, 兼岻 for 券 = な,に,ぬ …can propagate in the structure. It also follows from the characteristic equation 
that the number of excited guided modes increases with thickness x frequency. Therefore, it is 
important, particularly for thick-walled structures, to limit the number of propagating modes 
to be used, through proper selection of the excitation type, e.g. ring-shape transducers can be 
used to excite only longitudinal modes. Our previous studies on elastic waves in thick-walled 
hollow cylinders [5, 6] show the difficulties in the analyses of complex multimodal wave 
signals and suggest investigation of some distinct wave feature such as the wave 
enhancement phenomenon, for damage detection applications. 

The aim of this paper is to propose a general methodology for hollow axle inspection 
using guided wave approach. The prerequisite of the inspection problem is that the excitation 
and sensing should be carried out from the bore of the axle, while the outer surface is 
scrutinized. Fulfilling this requirement may allow in future, for permanent installation of the 
SHM measurement system to achieve on-line railway axle monitoring. 

1 GENERAL INSPECTION SCHEME 

A simplified axle model with segmented geometry, shown in Fig. 1, is considered in this 
work. 

Figure 1: Simplified model of a railway axle with proposed  
excitation/sensing locations marked as A, B, C, D. 

 
An array of flexible transducers in ring configuration is bonded at the inner surface of the 
axle for effective excitation of a limited number of flexural modes. The use of multiple 
transducers rather than a single transducer over the entire inner circumference allows for 
damage localisation in the angular direction. Each section of the axle is examined separately 
using a single ring-type excitation. Given the axle geometry, four excitation/sensing 
locations, marked as A to D in Fig. 1, are selected to inspect five consecutive sections of the 
structure I-V. 
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Inspections of locations prone to the fatigue crack initiations, i.e. surface underneath the 
wheel /gear seats and the geometric transitions in the axle, are of particular importance in 
train axel maintenance [1].Therefore, the present study mainly focuses on these regions over 
the axle (i.e. sections II and IV) using the near-field wave enhancement phenomenon. This 
damage detection approach allows for inspection of the outer surface of the axle by utilizing 
the propagation of the strong ‘exterior quasi-surface’ wave and its scattering due to the 
surface cracks. In contrast to the commonly used guided wave methods for which scattering 
of the wave from the structural edges may mask the damage signature in the signal, the wave 
enhancement-based approach utilizes the enhancement of the signal at geometrical transitions 
for inspection. An example and a brief explanation of the method are given in section 3 of 
this paper. 

The general axle inspection methodology can be summarized in three levels: damage 
detection, damage localisation and damage assessment. The details are given below. 

Level I: Damage Detection 

To investigate sections II and IV, the actuator-sensor pairs A-B and D-C in the pulse-echo 
configuration are used. The inspection is based on the premise that a change in the 
enhancement effect observed at the outer diameter transition region serves as an indirect 
indication of the damage occurrence. To compare the acquired signals with the reference 
response of the intact structure, the cross-correlation coefficient is first estimated from the 
benchmark signal 隙 and transducer response signal 桁as �諜超 = ∑ 岫隙� − �掴岻岫桁� − �超岻��=怠√∑ 岫隙� − �掴岻態岫桁� − �超岻態��=怠   ,   (1) 

where N is the signal length and μ is the mean value of the signal denoted by a subscript. The 
cross-correlation evaluation is carried out for each transducer (from the ring) separately. The 
signals with the lowest correlation coefficients are analysed further. In this regard, the 
changes in the wave enhancement effect are investigated directly by comparing the 
magnitude of the wave enhancement, or through subsequent signal assessment methods such 
as signal envelope analysis or time-frequency representation. Finally, the damage is 
identified based on a pre-set threshold and reference data set. 

On the other hand, due to a relatively simple geometry of the sections I and V of the axle, 
the pulse-echo approach based on the transducers at location A or D respectively, is used for 
damage identification within these regions. Similarly, the inspection of the section III of the 
axle is performed with the pulse-echo and/or the pitch-catch approach using the transducer 
sets B and C.  

The first level of the inspection provides information about the damage occurrence and 
identifies a section of the axle for further analyses. Also, based on the assumption that the 
signal with the greatest change corresponds to the defect position, the angular position of the 
damage can be detected.  

Level II & III: Damage Localization and Assessment  

With identified section of the axle over which defect occurs, the axial position of the crack 
is estimated from the time-of-flight analysis with the pulse-echo technique. Accordingly, a 
single ring transducer array is adopted for both actuation and sensing, and the wave reflection 
from the crack is captured for damage localisation. Finally, with both angular and axial 
position of the crack determined, the change of signal magnitude is analysed to estimate the 
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severity of the damage. In practice, a reference dataset with various detect sizes and locations 
or an imaging technique is needed to evaluate the precise defect size. This part of the work, 
however, is not addressed in this paper.  

2 NUMERICAL STUDIES 

In the following, two case studies are reported to illustrate the damage detection method 
and the angular defect localization. Both studied examples were numerically simulated with 
Local Interaction Simulation Approach (LISA) [8, 9], which is an extension of the well-
established finite difference method by introducing sharp interface model of the cell 
boundaries. The method has been shown to be particularly effective for modelling large 
structures and non-homogenous media [9]. 

3.1 Damage detection based on enhancement effect 

The wave enhancement effect results from the interference of the incident wave and the 
wave scattered from a structural discontinuity such as crack or geometric transition. For 
known axle geometry, the change in the enhancement effect due to the outer diameter 
transition can be analysed to obtain the information about a defect occurrence [6]. 

To investigate the wave enhancement-based damage detection, a two-dimensional hollow 
axle model with a geometry shown in Fig. 2 was developed under LISA framework. A 
2000 mm long cylinder with an inner diameter of 100 mm and outer diameter of 180 mm and 
200 mm at two consecutive sections, respectively, was analysed. All the outer diameter 
transition regions were modelled with a radius of curvature equal to 15 mm. The introduced 
two-dimensionality assumption of the model (i.e. only radial and axial displacements are 
considered) was due to the computational limitation of the available computational 
capability. Note that to analyse waves up to 300 kHz, wavelengths as small as10 mm need to 
be considered. Therefore, the 2000 mm long model was meshed using 0.5 mm square 
elements, while the time step was set to 0.05 μs to ensure the stability of the simulation. 

The studied damage scenario includes a defect at the geometric transition B of the axle, 
next to the wheel seat. Due to the stress concentration, this region is a common fatigue crack 
initiation location [10]. The selected excitation at section A (285 mm) and sensing region B 
(715 mm) allow interrogating section II of the axle by using the proposed wave enhancement 
approach. An eight-cycle and Hanning-window-modulated sine signal with a central 
frequency of 265 kHz was used as excitation. 

Figure 2: Simplified model of a train axle. Total length- 2000 mm, inner diameter - 100 mm. 
 

With a circumferential defect of 5 mm deep, located at the geometrical transition707 mm 
from the end of the model, the enhancement effect is illustrated in Fig. 3. Wave enhancement 
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effect is observed as high amplitude region at a distance 700-720 mm at about 0.18 ms. One 
can notice a significant drop in the magnitude of the effect for the damaged case (b), 
particularly at the sensing position 715 mm (compare the circled areas in the figure). This 
change is also obvious in the waveform comparison shown in Fig. 4, which confirms the 
sensitivity of the proposed method.  

Figure 3: Wave enhancement effect at the inner surface –energy distribution. (a) undamaged,  
(b) 5 mm deep circumferential crack at 707 mm. Excitation at the inner surface, at 285 mm.  

Figure 4: Changes in the axial displacement signals at 715 mm at the inner surface of the cylinder.  
Benchmark signal (–) and signal from the model with a 5 mm deep crack (- -). 

Wave enhancement is visible at around 0.18 ms.  

 

Analyses prove that a change in the wave enhancement effect observed at the transition 
region allows for identification of the defect localised within a section of the axle (section II 
in the present case). Since the method is based on a strong wave feature with known physical 
background, the crack signature can be easily noticed. Limited by the two-dimensional 
model, crack simulation with finite circumferential length was not possible. It is however 
expected that the greatest change in enhancement effect should be able to indicate the angular 
position of the crack. This is investigated in the following section. 

3.2 Angular localization and damage assessment 

A hollow cylinder with a total length of 250 mm, an inner diameter of 100 mm and an 
outer diameter of 200 mm was simulated with three dimensional LISA implemented using 
parallel computing [11] (simulation parameters were: dx = 0.5 mm, dt = 0.05 μs). For the 
damaged case, a crack was modelled as a rectangular base slot at the distance,100 mm away 
from the excited face of the model, with various depths (h = 2.5, 5, 7, 10 and14 mm) and a 

(a) (b) 
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constant width of 1 mm (see Fig. 5).An inner ring-type excitation on the edge of the cylinder 
was implemented as nodal displacements in the axial direction. Axial displacement signals 
were collected at the inner surface of the cylinder, at 245 mm from the excited edge. 

 
Figure: 5Hollow cylinder model with marked excitation and sensing locations. 

 
The correlation between the signals from the pristine cylinder and the model with the 

damage is presented in Fig. 6. The cross-correlation coefficients were evaluated from 0.25 ms 
long waveforms using formula (1). 
 

 
Figure 6: Results of the cross-correlation analysis (な − �掴槻.)  

for various damage size. 

 
The obtained numerical results correctly indicate the angular position of the defect to 0°,also 
a clear correlation of the results with damage severity can be observed. 

It is important to note that the cross-correlation coefficient is sensitive to axial position of 
the crack i.e. for the pitch-catch configuration the distortion of the signal is increased with 
shorter distance between the crack and the sensor. Therefore, the axial location needs to be 
performed prior the damage assessment. 

4.  EXPERIMENTAL VALIDATION  

The proposed inspection procedure for a single axle section was also validated 
experimentally on a 500 mm long aluminium hollow cylinder (see Fig. 7). The sample with 
an inner diameter of 100 mm and an outer diameter of 200 mm was machined at 300 mm to 
reduce the outer diameter to 180 mm. The radius of the transition was 15 mm.  

For actuation, Macro Fiber Composite (MFC) transducers cut into an active dimensions of 
5 mm x14 mm, were bonded to the inner surface of the cylinder with cyanoacrylate adhesive. 
The wave signals were measured with circular PZT-disc transducers of a diameter of 8 mm 
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and a thickness of 0.48 mm, glued at the bore of the cylinder at the axial distance of 316 mm 
from the axially collocated actuator. In total, six actuator-sensor pairs were used. The 
structure was excited selectively by a single MFC, with eight cycles of Hanning windowed 
sine signal with a central frequency of 365 kHz. The signal was generated by NI PXI-5412 
waveform generator and amplified to 480 Vp-p (by US-TXP-3 linear power amplifier) before 
feeding the MFC. To additionally enhance the signal-to-noise ratio, 100-time averaging of 
the time signal was performed during the measurement. At the later stage of the experiment a 
semi-elliptical saw-cut damage was artificially introduced using cut-off wheel of 15/16” 
(DREMEL rotary tool). The damage was located at the outer surface of the cylinder, at 
150 mm from the top face. 

 
Figure 7: A hollow cylinder sample with an outer diameter transition region at 300mm.  

Locations of the MFC transducers are marked as 1-6 . 
 

The employed inspection procedure followed a few steps. First, the cross-correlation 
analysis for six actuator-sensor paths was performed to estimate an angular location of the 
potential damage. For the lowest correlation between the benchmark and measured signals, a 
detailed analysis of changes in the wave enhancement magnitude was then carried out. After 
verification and assessment of the damage using the enhancement-based method, the axial 
localisation of the defect using the time-of-flight analysis in pulse-echo transducer 
configuration was performed. Figure 8 presents the results of the cross-correlation analysis 
for two maximal damage depths cases: 3.5 mm and 4.5 mm. The obtained coefficients were 
calculated for each of the actuator-sensor pairs (of the same angular position) separately.  

3
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Figure 8: Results of the cross-correlation analysis (な − �掴槻) 

for six collocated actuator-sensor pairs. 
 

The results clearly pinpoint the damage position at 135°. Also, a decrease in the signals 
correlation is observed with damage size. To further ascertain the obtained damage 
indication, the signals from the actuator-sensor pair with the lowest cross-correlation 
coefficient, namely no. 4 were examined. The change in the enhancement effect can be 
clearly seen for signal envelopes comparison in Fig. 8. 
 

 
Figure 8: Comparison of signal envelopes for actuator – sensor pair no.4 (135°). 

 
Finally, two adjacent MFC transducers no. 4 and no. 3 were used in a pulse-echo 

configuration to evaluate the axial position of the damage. The results are shown in Fig. 9. 

 
 

.  
Figure 9: Results of pulse-echo measurements for excitation with MFC no.4 and sensing 

with MFC no.3 (see figure 7). 
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After the subtraction of the benchmark waveform, the time-of-flight (TOF) of the strongest 
wave package was estimated at 0.138 ms. This wave package corresponds to the ‘quasi-
surface’ wave reflected from the damage. As a result, based on the geometry of the structure, 
the damage location 岫�鳥�陳岻 can be estimated from a simple relation ��� =  に 痛ℎ�頂�津勅鎚鎚�� + に 掴����� , 
where �追 =  に.9 kms is the Rayleigh wave velocity. The obtained TOF indicates a damage at 
about151 mm, in good agreement with the actual damage position at 150 mm. The employed 
axial location estimate is based on the exact geometry of the investigated sample, in future a 
general formula needs to be developed for full-scale axle model. 

9 CONCLUSIONS 

In this work an inspection methodology utilizing guided waves excited from the bore of a 
hollow axle has been proposed and validated. The developed inspection approach is based on 
selective investigation of the axle sections, using flexible ring-type transducers mounted at 
the inner surface of the axle structure. The method features its specificity in allowing 
actuators and sensors to be installed at the regions internal to the outer diameter transitions 
for scrutinizing the outer surface of the axle by utilizing the near-field wave enhancement 
effect observed at the geometrical transitions. Since the enhancement phenomenon is highly 
sensitive to surface breaking cracks, the effective inspection of the critical wheel seat regions 
is achieved. 

Both numerical and experimental results have confirmed the feasibility of the proposed 
damage detection localization methodology on a single section of the axle and a simplified 
two-dimensional numerical model. Further studies need to be carried out in order to validate 
the developed methodology on a full-scale real-life hollow train axle.  
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