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Abstract

still occurs [2]. These tend to arise from corrosiand
fatigue on the foot of the rail, particularly oretiinderside.
This area is very difficult to examine by the ND&chniques
applied by sensors scanned along the top of theasiare
used for detection of defects in the head and web.

Following a number of severe accidents caused lily raternative solution is therefore needed to en#isefoot of

breaks, there has been a significant improvememMiiT
methods for the detection of rail head defects. elew,
current NDT methods are limited in their ability tetect
defects in the rail foot, especially in the sidegesl away

the rail to be adequately examined for corrosiath @acking
that may cause a rail break.

Long range ultrasonic testing (LRUT) has the poé&rto

from the region directly below the web. Long Rangexamine the underfoot area over a range of appuateim

Ultrasonic Testing (LRUT) is proposed as a complitaey
inspection technique to examine the foot of rakpecially
in track regions where corrosion and associatedjuat
cracking is likely, such as at level crossings. Toeus of
this study is to demonstrate the ability of usinBUT to
examine inaccessible railway tracks areas for stwroand
fatigue cracking. In this paper, the properties goiided
waves in the three different parts of the rail mecihead,
web and foot) are examined and their capabilitydébect
defects in each part is explored. The purposeisfitlork is
to develop suitable arrays of transducers able eiegate
selected guided wave modes in rails which will alla
reliable long range inspection of the rail. Thigastigation
has being carried out using Finite Element Anal{BIEA) as
well as experimental trials. The findings have shatlvat
ultrasonic guided waves can propagate in rails with
ability to detect common type of defects. The enspghaf
the work is on the foot since currently applied NBi€thods
are less effective in this region. Neverthelesskwias been
also carried out in the web and the head in orlelevelop a
cost effective and global inspection solution.

1 Introduction

Recent advances in inspection and NDT techniquesafb
head defects and other remedial methods such odirnyg
have drastically reduced the incidence of rail ksefrtom

20m for the test head [6]. The aim of this workdglevelop

a robust method of detection of corrosion and tegigracks

the rail foot before they reach a size that willsaa fracture
of the rail. As it is not practical to scan sensalsng the

underside of the rail, the focus of the work is wehe
corrosion and corrosion fatigue are more likelgtsas level

crossings. The aim is to install permanently modirstensors

to monitor a defined length of rail at level crogs so that

degradation of the rail can be detected beforariibccurs.

LRUT relies on the use of ultrasonic guided wavede®oin
the kilohertz range (typically between 20-300 kHgith
relatively long ultrasonic wavelengths in companisaith
conventional UT [6]. These waves propagate with low
attenuation in steel, which allows the ultrasoniaves to
propagate for many metres with full coverage of thess
section. Existing commercial guided wave systenrfopa
well for elongated structures with a symmetric srsection
such as pipes. However, the utilisation of guideal®g in
rails is still very challenging since the wave m&dehich
exist in rails are more complex than those in pigés work
presented in this paper is a step towards estatdish
reliable technique for long range defect deteciiorails.

This investigation has been carried out for thgqmto‘Long
range inspection and condition monitoring of raiising
guided waves (MonitoRail)”, partly funded by ther&pean
Commission under the Framework-7 Programme. The



developed MonitoRail technology will be applied ftire

More information about dispersion curve computatard

inspection and monitoring of rail web, head and tfo@rocedures using FE can be found in [3],[4] and [5]

sections. However, the focus of this paper will dre the
results obtained from the rail foot since theraigeed for
monitoring defects in this section of the rail.

2 Modéling of guided wavesin rails

Rails are an excellent application for long randfeasonic
testing because they are now installed as contswwalided
lengths of up to more than 1km. As these are oftzon
cross section along their length, waves generdtedeapoint
will travel long distances. However, distinctly féifent wave
modes travel in the head, web and foot [3].

In order to exploit the potential of utilising geid waves in
the rail, there is a need to characterise theiabielr with
respect to the rail structure of interest [3]. Gaddvaves are
sensitive to the structure’s cross-sectional shéekness
and material properties (Poisson’s ratio, Young'sdmus
and density). A large exercise has been carried tout
determine the properties of waves in the threesrbfit parts
of the rail section and their sensitivity for defeletection.
The aim of this work is to answer the following gtiens:

What kind of modes to use for the rail inspection?
specific zone of the rail?

inspection?
What is the sensitivity of the selected modes lfier t
detection of defects?

2.1 Guided wave mode characterisation in rails

Finite element analysis (FEA) has been used to hdwetter
understanding of the behaviour of guided wavesils and
also to identify the suitable wave modes than caexcited
and propagated in each section of the rail. FEAvided
information about the potential modes of vibratianterms
of their mode shape, natural frequency and wavgtte[6].
This allows the generation of the dispersion cureesl
prediction of the optimum wave mode excitation. Ttheal
mode/frequency combinations are thus determinedrdter
to maximise sensitivity to damage occurring ingail

TWI has developed dispersion curves for rails [B, #he
selection of the optimum wave mode is fundamental
guided wave developments. This modelling work hasnb
based on the British standard dimensions BS113Awig
the most similar to the E601 standard, one of thestm

What is the optimum ultrasonic frequency fo

69.9mm

158.75mm

1.11mm |

139.7mm

Fig. 1 Geometry of standard dimensions (BS113A)

The rail dispersion curves generated in [3] shoat there
are many wave modes within the frequency rangatefést
between 20-90 kHz. The existence of many wave modes
adds further complexity in terms of mode selegfivéind

How to generate each selected specific mode insg&:itation conditions to propagate ultrasonic gdidaves in

rail. Propagating more than one wave mode aloegrai
rength at the same time causes difficulties durdeta
analysis. Therefore, in ordén reduce the complexity of the
data analysis, the rail cross sectional profile diailed into
three sections, the head, web and foot [6]. Wavdendhat
uniquely occur in each section were identified. Tifeerent
possible vibration pattern for each section of thé for
these wave modes is shown in figure 2. The naminbese
wave modes is based on their vibration pattern cames
propagate with a flexural displacement, hence Fewahilst
others have a twisting displacement; these ardiémbas T
wave.

The F3, T2 and F2 wave modes have been carefullgerh

as suitable modes to propagate within each seofitime rail

(see figure 2) [6]. They were selected based orers¢v

considerations:

1. Their sole existence in one part of the railhwiittle

t expected leakage into the other parts.

2. The displacement of each mode occurs in thereenti
section of the respective part of the rail, sugggsthat
100% coverage of the rail cross-section may beeaeli.

common types of rails within UK. Figure 1 shows thg. The displacement patterns are similar to eablerptso

dimensions of the rail structure of interest. Thatenal
properties selected for the model are density GORg§/m.
Young’s modulus of 207GPa, and Poisson’s ratio .80

similar transducer arrangements can be used for the
generation and reception of each wave mode. This
facilitates the signal processing.

4. They are relatively non-dispersive in the 20kbfz range.
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As the rail foot has been identified as the mosicat area, —
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further analysis was done on the modes propagatinthe
foot. The vibration patterns for the different wavedes in
the rail foot were investigated. This is to ensthat the
selected wave mode has an appropriate displacement

distribution across the entire foot width, whichllwbe Fig. 5 Displacement distribution for F2 in the rail foot
sensitive to defects which currently cannot be atetéby the
conventional NDT techniques and are located inbibgtom

of the rail foot. F2 has a displacement distributaeross the

width of the foot with relatively higher displacentein the A Significant amount of numerical modelling workshiaeen
centre of the foot in comparison with the other evamodes done to _understand thg propagation of uItrasor]lmiegiJ

L . waves, with the emphasis on the F2 wave mode mpait
studied: _F4 and F7 (se_ae .F.lgs: 3, 4 and ,5)' Such &"vail. Different excitation conditions with morgaan 20
observation gave further justification for the stiten of F2 jifferent transducer combinations were investigateed
wave mode as a suitable wave mode that can sotedyia include variation and optimise the number of trarsds and
the foot with displacement distribution sensitivity defects arrays as well as location of the transducers amel t
at any location in the foot. directionality of excitations. The diverse excitati
conditions investigated in this study can be sunsedrin
the following figure.

Excitation conditions
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Different numbers of arrays were simulated. Theysrof

transducers are displaced by 37.3mm from each .oflies

distance between arrays is to enhance the wavegatipn

in one direction. Three types of array locationsengtudied
for the different number of arrays and directiotyalsensors
mounted on the top side of the foot only, on theeusside

only and on both top and bottom faces. This wasedmn
consider the most appropriate excitation/receptimmditions

for future practical implementations (relating tcassibility

to mount transducers on a real rail track). Theppgated
pulse was monitored at the excitation/receptiom{zsoiThe
predicted response amplitude from the far end efr#il and

the signal to noise ratio along the time base wered to
assess the signal quality. As the speed of theesvas
known from the dispersion curves, the time is comeeto

distance accordingly. It is desirable to detect ibigection

from the rail far end at the expected time of afiv
However, in reality this can be difficult due teethumber of
possible wave modes that potentially can exist wingided

waves propagate along railway track within the dgpi
frequency range (between 20-90 kHz). The resultainéd

for each group are presented as follow.

221  Excitation from the top side of the foot

These conditions assume that access to the boitienotthe
rail is not available; therefore the ultrasonic niosources
(simulating the transducers) are mounted at thestde of
the rail foot. Figure 7 shows the ultrasonic patigth for the
propagated F2 mode with respect to the excitatiomitions
from the top side. It can be seen that a strorigatdn has
been recorded from the rail far end at approxingat&.3m.
However, other significant responses are recordsd/den
distances 1-4m. These are indications of the poeseri

2.2.2  Excitation from the bottom side of the foot

These conditions assume that the ultrasonic pountcges are
mounted at the bottom side of the rail foot. FigBrehows
the ultrasonic path length for the propagated F2enwith

respect to the excitation conditions from the bottside. It
can be seen that a strong reflection has beendeddrom
the rail far end at approximately 13.2m with progtatp

group velocity of 2950m/s. In comparison with Figur,

little reflections are recorded between distanceémlin

comparison with the reflected pulse from the fad.ehhis

indicates improved excitation conditions.
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Fig. 8 FEA generated ultrasonic path length for the F2eva
mode in the foot with respect to the excitation dibans
from the bottom side

2.2.3  Excitation from both top and bottom of the foot

In this section excitations from both the top siahe bottom
side of the rail foot are considered. Figure 9 shahe

higher order wave modes, which are due to manyoreasultrasonic path length for the propagated F2 modth w

such as the complex interaction of ultrasonic gdideves
with the structural boundary of the rail geometxg,well as
reflections from the rail near end, which may catirgewave
modes to convert to higher order wave modes.
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Fig. 7 FEA generated ultrasonic path length for the Fenva
mode in the foot with respect to the excitationdibans
from the topside of the foot

respect to these excitation conditions. It can éensthat a
strong reflection has been recorded from the mailend at
approximately 13.5m with propagating group velocdly
2950m/s. Significant responses are recorded between
distances 1-4m . Furthermore, mode quantificatisimgi1-
Dimensional Fast Fourier transform (1-DFFT) hasnbesed

to assess the mode purity with respect to different
excitations.
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Fig.9 FEA generated ultrasonic path length for the F2eva
mode in the foot with respect to the excitation dibans
from the both top and bottom sides of the foot



3. Experimental trials end. The echo was recorded at a distance of appabedy

8.6 m (i.e. 2 x rail length). Subsequently, a defeas
The main objectives of the experimental trials @rassess introduced in the foot with different depths in erdto
the sensitivity of guided waves for defect detattio rail evaluate the defect detection sensitivity. Trarsweslots
geometry. For that purpose, several tests wergedaput on were cut on the one side of the rail foot (Fig.a0ylifferent
a 4.3m rail sample at TWI with different defectesizn the depths. These slots have been induced in the f@hdrom
foot. The experiments have been carried out inligansith  the excitation point with depth varying from 1mm4mm.

the theoretical FEA study in order to select thethgave Table 1 summarises the dimensions of the diffecfect
mode excitation conditions given by the models. sizes.

The commercial guided wave ultrasonic system, €sfet
[8] was used to excite and to receive the guidedesaFor
these experiments, 2 arrays of transducers werentaduon
the foot of the rail specimen in the different éation
locations mentioned in section 2.2 (Fig.10). As the
modelled excitation conditions, the arrays of toters
were displaced by 37.3mm from each other so that
enhance the wave propagation in one direction. b t
moment, detection defect sensitivity has only bassessed
experimentally from the excitation from the toptbé foot.
The transducer array arrangement used is showngurd-
11. Further test evaluating the defect sensitifipm the
bottom and top-bottom of the foot are in progress.

Fig.12 Illustration of the rail specimen with the positiof
defects

Defect Defect | Defect | Defect | Lossof cross
depth length | width | area sectional area
(mm) (mm) | (mm) | (mm? (%)

1 17 1 17 0.60

2 18 1 36 1.27

4 16 1 64 2.27

Table 1 Defects sizes in the foot section of the rail.
Fig. 10 Rail sample used for pilot experiments
The following figures present the pulse-echo respaof the
far-end of the 4.3m rail with the addition of thefekct. All
the signals have been repeated (64 times) and gactr®
minimise the effects of any random noise.
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Fig. 11 Experimental set-up to generate guided waves in the .
foot. e

For the baseline records and identification of thest (b)
suitable test parameters, the rail sample used fie&s of
defects. A tone burst signal at a centre frequericy0 kHz
was used to excite the desirable wave modes [&. pitise
travelled along the rail and was reflected backnfribe rail



Time Domain Signal
T

5. Futurework

The future modelling work includes assessment af th
sensitivity of guided wave tests for the detectidra wider
range of sizes, locations, and types of defectthieur the
influences of environmental factors, such as thesgmce of
(c) sleepers and retaining clips, on the propagatiahefvaves
will be also studied. The model utilised for thisdy may be

Fig. 13 The pulse-echo response for 1mm (a), 2mm (b), andus€d as a means of further investigation of thditamf

4mm (c) depth defect, respectively. guided waves to detect in rails under more realisti
conditions, such as in the presence of sleeperseanaring

These results demonstrate the detection capabiligmm CliPS. For the experimental signals, improvement tio¢
depth defect. This defect represents an area ofrémnich duality of the propagated wave will be achieved usng
was the target of detectable defect area statedthby fu.rther S|g_nal processing a.naIyS|s The (_:hfﬁcultmomated
Monitorail project. Further trials are also beiranducted in With the dispersive properties of the guided wafegsSHM
a different sample located at the Rail Researchtr@eﬁ""_” increase with their use on ra_|l_structl_1res_5|erV|ce as
(University of Birmingham) to determine the effent the this effe_ct also occurs fqr the addltlonal_wbn_a_tmused by
wave mode propagation caused by common rail featul"@e_ traffic. Chara_lctensanon of the rail vibratiomduced by
such as clips and welds. Such features will affeetwave (rain passage will be also done to understand ffeeteof
propagation within the rail foot, as the ultrasoniave will 9uided wave propagation under such vibration caprst
have the tendency to leak to such a feature andamase a

reflection depending on the bonding condition sitan Acknowledgements

between the rail foot and the features. The airthisf work i

is to identify the rail features and to monitor thignal 1MS Work has been undertaken und@ONITORAIL

response over time in order to detect any significdnange projec_t vyhich is a collaboration between the follogy
over time that might indicate the presence of a&adefThis organisations: TWI Ltd, Vermon SA, OpenPatteterosoft

o otill i S.p.A, Jackweld Ltd, Network Rail Infrastructure dL.t
workiis stillin progress. Cereteth and Brunel University. The Project is coimated
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4. Conclusions

The characteristics of ultrasonic guided waveshe tail
complex geometrical profile have been identifiedfidite-
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