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Abstract

The continuous increase in train traffic, axle ®ahd operating speeds means that
the catastrophic failure of a rail section may hesuvery serious derailments, such as
the one that took place in Hatfield, UK, in 2008using loss of life, injuries, severe
disruption in the operation of the network, unnseeg costs, and loss of confidence
in rail transport by the general public. Reliabled acost-effective inspection of rail
tracks is therefore of paramount importance to enthe safe travel of passenger and
freight rolling stock. Tests carried out using Aitating Current Field Measurement
(ACFM) sensors proved their capability in detectRglling Contact Fatigue (RCF)
damage at high speeds even when measurable lifisoffivolved. This paper
summarises the results related to the implememntatiche ACFM technology as part
of the INTERAIL inspection platform.

1. Introduction

The ever growing need for the society to employ enenvironmentally friendly
transportation policies is expected to further ulie the economic and societal role
of rail transport in achieving sustainable mobiliyross Europe in the years to follow.
Today, the European rail network is continuouslitigg busier with trains travelling
at higher speeds and carrying more passengers eaneh axle loads than ever
before. The combination of these factors has pusiderable pressure on the existing
infrastructure, leading to increased demands ipeason and maintenance of rail
assets. A significant number of infrastructure teddaaccidents in the rail industry is
due to rail failure. The continuous increase innttaaffic, axle loads and operating
speeds means that the catastrophic failure ofl s@ation may result in very serious
derailments, such as the one that took place irighht UK, in 2000 (figure 1),
causing loss of life, injuries, severe disruption the operation of the network,
unnecessary costs, and loss of confidence inreaisport by the general public.

The work presented in this paper is carried oupas of the INTERAIL project.
INTERAIL (www.interailproject.eu) is a major Euraoge collaborative research
project which is led jointly by ISQ and the Univigysof Birmingham with the support
of the European Commission (contract number SCP&@39-234040). The project
launched officially in October 2009 and will resuit the implementation and
demonstration of the advanced INTERAIL high-spaepection system under actual
operational conditions by 2012. The project invsltRirteen partners across Europe
with strong participation from the rail industry.

The main objective of INTERAIL is to minimise theumber of rail failures by
developing and successfully implementing an intiegrdnigh-speed system based on



modular design for the fast and reliable inspectbmail tracks. The application of
the high-speed system will be complemented thraihghimplementation of novel
semi-automated testing equipment which will be dggdl for the in-situ verification
and evaluation of the defects detected during Bjgged inspection.

Figure 1: The Hatfield rail track st foIIong the accide[ken from Ref. 1].

2. Concept of the INTERAIL Inspection Platform

In recent years, rail infrastructure managers hakiewn strong interest in the
development of novel high-speed techniques forr¢fiable and accurate evaluation
of rails in order to improve the efficiency of pentative maintenance and reduce the
need for reactive maintenance to the lowest pasdiéVel. Within Europe, the
European Commission has set new safety targetstaicter procedures for the rail
industry as part of the plan for reform and intéigra of national member-state rail
networks in a Pan-European single network. Safgbgets of rail transport have been
particularly highlighted by the European Commissioran effort to increase public
confidence in train travel.

The INTERAIL consortium partners are currently itwem in the development and
implementation of an integrated high speed inspactiystem based on a modular
design, which will enable the fast and reliablggion of rail tracks at speeds up to
320 km/h depending on the system’s mode of operafidfie INTERAIL system

combines the use of automated visual inspectioh Wi€FM and ultrasonics probes
into a single high-speed inspection vehicle. Eaddure will provide information for

different aspects of the condition of the rail ka®he automated visual inspection
module will provide information on levels of cormatgn, rail head profile, missing

parts, and defective slippers. The ACFM module daétect and quantify the severity
of RCF damage including head checks and squatsstwhe ultrasonics module will

detect and evaluate any internal defects that neggrésent in the rail. Integration of
the three aforementioned modules will allow thd &dsessment of the condition of
the rail track in a single run, resulting in a metethy reduction of inspection times
when compared with existing state of the art highesl NDT systems. Furthermore,



through the combined analysis of the data obtathealigh the different inspection
modules, it is made possible to minimise the o@noe of false defect indications
leading to further reductions in inspection timesst and personnel effort, while rail
inspection reliability is significantly enhanced.

The high-speed INTERAIL system will be complementawugh the development of
defect verification and evaluation techniques whiali also be applicable for the

inspection of welds, switches and crossings. Wesigiiches and crossings are
particularly difficult to inspect with existing egument due to the technical
limitations involved. The consortium will developrée different techniques for this
purpose, including ACFM for the evaluation of sedebreaking defects, ultrasonic
phased arrays for detection and assessment ohahtdefects and high-frequency
vibration analysis. The schematic in Figure 2 shawsimplified outline of the

concept of the INTERAIL inspection platform.
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Figure 2: Simplified schematic showing the overall concefhe INTERAIL high-
speed rail inspection and defect verification platf [after M. Papaelias, Ref. 2].

The technical results presented herewith are cblitdhe effort associated with the
development and implementation of the high-spee&M@nodule.

3. The ACFM Principle

ACFM is an electromagnetic inspection method whichow widely accepted as an
alternative to magnetic particle inspection in @eand Gas Industry, both above and
below water. Although developed and patented by Ti&pection systems initially
for routine inspection of structural welds, thehteclogy has been improved further to
cover broader applications across a range of indsgstFigure 3 demonstrates the
theory behind the operation of the ACFM sensorrdases in inspection speeds,
application to non-planar crack morphologies antemsion of sizing models to
accommodate different crack types have either lzafmeved or being investigated
further [3-6]



The ACFM technique is capable of both detecting aimhg (length and depth)
surface breaking cracks in metals based on theskimtheory developed blyewis,
Michael, Lugg, and Collins (LMLC theory) [3lUnder certain conditions ACFM can
be applied for the detection of near-surface deféwiwever, this strongly depends on
the electromagnetic properties of the metal unagpection. Typically, the maximum
skin depth achieved with ACFM systems varies frotm0n for carbon steels to 6mm
for stainless steel.

The technique is based on the principle that aerrating current (AC) can be
induced to flow in a thin skin near the surfaceaaly conductor. By introducing a
remote uniform current into an area of the componewler test, when there are no
defects present the electrical current will be sndbed. If a crack is present the
uniform current is disturbed and the current flamsund the ends and down the faces
of the crack. Because the current is an alternatimgent it flows in a thin skin close
to the surface and is unaffected by the overalhgetoy of the component.
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Figure 3: Definition of field directions and co-ordinate syt used in ACFM.

Associated with the current flowing in the surfasea magnetic field above the
surface which, like the current in the surface| Wwé disturbed in the presence of a
defect. An important factor of the ACFM technique its capability to relate
measurements of the magnetic field disturbancédosize of defect that caused that
disturbance. The breakthrough came from a comloinatf research studies, which
provided mathematical modelling of the magnetiddfieather than electrical fields,
and advances in electronics and sensing techndib@y. Despite the fact that the
magnetic field above the surface is a complex fiit is possible, by choosing
suitable orthogonal axes, to measure componeritgedfeld that are indicative of the



nature of the disturbance and which can be relatetie physical properties of any
cracks present. Figure 3 presents a plan view sifirtace breaking crack where a
uniform AC current is flowing. The field componedgnoted Bz responds to the poles
generated as the current flows around the endshefctack introducing current
rotations in the plane of the component. Theseomesgs are principally at the crack
ends and are indicative of a crack length. Thel foelmponent denoted Bx responds to
the reduction in current surface density as theeoairflows down the crack and is
indicative of the depth of the defects. Generaltiie current is introduced
perpendicular to the expected direction of crackingpractice, special probes have
been developed which contain a remote field inducgystem, for introducing the
field into the component, together with special bomed magnetic field sensors that
allow accurate measurement of the components ahtgnetic field at the same point
in space. The probe requires no electrical contatt the component and can
therefore be applied without the removal of surfecatings or grime.

In contrast to conventional eddy current sensaas thquire to be placed at a close
(<2mm) and constant distance from the inspectefdceyra maximum operating lift-
off of 5mm is possible without significant loss sifjnal when using ACFM probes.
This is due to the fact that at small lift-off tisegnal strength diminishes with the
square of lift-off, not with its cube which is tlvase for eddy current sensors. This
enables the ACFM technique to cope with much grelifteoff and thicker non-
conductive coatings. For larger threshold defedigyher operational lift-off (>5mm)
is possible.

ACFM probes are available as standard pencil prabhdsmulti-element array probes.
These probes can be customised to optimise ingpedf particular structural
components and maximise the Probability of DetacffeoD) of critical-sized defects.
ACFM pencil probes can detect surface-breaking aleféan any orientation.
Nonetheless, in order to size defects, they nedig toetween 0°-30° to the direction
of travel of the probe. This drawback is overcomeéCFM arrays by incorporating
various field inducers in order to allow a field he introduced within the inspected
surface in other orientations. This is particularBeful in situations where the crack
orientation is unknown or variable. In this casdgitonal sensors, denoted By, are
also incorporated in order to take full advantagettee additional input field
directions.

To make best use of an array probe, it is necegsaswitch through the sensors as
quickly as possible in order to allow rapid insp@tt However, there are inherent
limitations to this including switching settlingries, data transfer rates and limitations
in the sampling of a 5kHz signal. With conventioaahlogue electronics these factors
limit the speed of scan for array probes to aroQribm/s for a single field 16-
channel array. In order to improve the applicapitit the ACFM array probes a high-
speed instrument has been developed which allowsngogy speeds 4-5 times faster
than with a conventional ACFM instrument. This bagn achieved by increasing the
energising frequency from 5kHz to 50kHz togethethwnodifications to the signal
processing electronics.

4. ACFM Experiments
In the experiments reported herewith, inspectioeedp of up to 121.5km/h were
carried out using a turning lathe test rig andghtgpeed single channel micro pencil



probe manufactured by TSC Inspection Systems. Tdrecipprobe operated at a
frequency of 50kHz and was driven by a commerc@CTAMIGO instrument [9].
The data obtained were logged using customisedardton a PC which incorporated
a high-speed data acquisition board. The data sitigui rate during tests was 1MHz.

To test the overall capability and performancehef ACFM system at high inspection
speeds under controlled experimental conditionspecial rotary test piece was
manufactured as shown in figure 4. The materiatl ise manufacturing the rotary
test piece was a 0.9 wt % C steel to make suretleatnicrostructure, as well as the
relative magnetic permeability and electrical castoity are similar to those
exhibited by conventional 260 rail steel grade itgfly 0.7-0.8 wt % C), with both
steels having a predominantly pearlitic microstuuet The rotary test piece had a
230mm diameter and was 60mm thick with a bore endéntre 210mm in diameter
and 50mm deep.

Figure 4: Schematic diagram of the rotary test piece witlr &park eroded notches.

Four transverse notches (2 x 2mm and 2 x 4mm déipanflat profile) were spark

eroded at the centre of the 20mm wide rim of thega. Each notch was 10mm long
and 0.5mm wide. The sample was placed in a turaithg capable of rotating the test
piece between 1 to 3000 revolutions per minute Yrprhe rotational speed of one
rpm for this experimental setup corresponded toetiigivalent of a surface speed of
0.0405km/h at the centre of the notch (i.e. 10mmyafsom the edge of the rim) and
hence at 3000 rpm the surface speed of the samphe &@entre of the notches was
121.5km/h. The ACFM probe was positioned oppositiaeé centre of the notches and
at a 0° angle with reference to their surface daigon as shown in figure 5. The
initial constant lift-off of the ACFM probe with gards to the surface of the rotating
sample was 0.8mm. Tests were carried out withtafifof up to 5mm in order to



evaluate the effect of increasing distance betwhkersurface of the inspected sample
and the probe on the ACFM signal.

During experiments, the data were logged on the @@ then plotted using
customised software. Further development of thenswé used is currently under way
to enable plotting of the data in real time. Theadagged during these tests were the
ACFM probe signal (i.e. Analogue to Digital Conversof probe voltage) with time.
Data were collected for various speeds, startiognfiequivalent surface speeds of
4.5km/h (at 100 rpm) up to 121.5km/h (at 3000 rasfliscussed next.

ACFM Probe

Figure 5: Experimental setup for the turning lathe testagighe rotary test piece.

Although, the prime objective of the turning latleperiments was to evaluate the
applicability of the ACFM probe for high-speed d#ien and not the accurate
quantification of depth and surface length of tpark eroded notches, through the
sensor configuration employed it was possible ttaiobcorrect rankings for each
notch in terms of its depth as shown from the gédts presented herewith.

Tests were carried out initially at a relativelpwl speed of 4.5km/h (100 rpm) and
0.8mm lift-off in order to ascertain that the ACHMcro-pencil probe was capable of
detecting all four notches. After verifying thatetmotches were detected by the
ACFM system, the inspection speed was increasedrgssively up to 121.5km/h
while maintaining a constant lift-off. The plot figure 6 shows the changes in the
probe signal caused by the presence of the notareas time at an inspection speed
of 81km/h. It is evident that the data pattern etpdtself during each revolution
signifying that this experimental setup providesu#table platform for reproducible
inspection conditions which allows the repeatapibt the ACFM tests to be assessed.
Moreover, the signal intensity arising from the gamece of a 2mm notch can be
clearly distinguished from that of a 4mm notch, deroffering a measure of
guantification.

Comparison of the data acquired at various inspecspeeds while maintaining a
0.8mm lift-off showed that the amplitude of therafjremains unaltered. As shown in
figure 7, at an inspection speed of 20.25km/h theldude of the signal is virtually

the same with that acquired at a speed of 121.5Kamf variations seen are within



the noise level of the measurement). In additi@msenlevels in the obtained signal are
also similar throughout the inspection speed rarigbese tests.
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Figure 6: ACFM data plot at 81km/h with 0.8mm probe lift-off

— 20.25km/h
— 121.5km/h

890 —

880 i “{"‘lw“ Ui “'\ WM M i 'Ulfl"-‘w! I ‘H.* il il HW‘ ) il

870+

860 ‘ ” ‘ \
i

840 —

A/D Conversion

830 +

=1

810 4

0.00 0.01 0.02 0.03 0.04 0.05
Time /s

Figure 7: ACFM data plots showing the resulting signals@3km/h and
121.5km.h with 0.8mm lift-off.

Further tests carried out with increasing lift-offsnm, 3mm, 4mm and 5mm) at the
same inspection speed range (4.5-121.5km/h) sh@weduare reduction in the
ACFM defect signal amplitude as expected. Therefaseseen from the normalised
plots in figure 8 for an inspection speed equalkm/h, the signal arising for a 2mm
notch at 0.8mm lift-off is comparable to that argsifor a 4mm notch at 2mm lift-off.

Similarly, the signal acquired due to the presesfc4mm notch at a probe lift-off of
3mm is comparable to the signal obtained for a 2motch for a 2mm probe lift-off.

Although the test notches were detectable atfalblis used, the results obtained in
these experiments suggest that probe lift-off durrmspection under field conditions



Is a significant factor which needs to be contbldend taken into account if accurate
guantification of RCF cracking is to be achievechofher interesting feature in the
plots of non-normalised raw data is that the oVeddlFM signal decreases with

increasing lift-off. Therefore, by quantifying tireduction in the overall ACFM signal

it may be possible to evaluate any lift-off vamets that may occur during actual
inspection.
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Figure 8: Normalised ACFM data plots for various lift-offs @lLkm/h.

5. Experiments and results using the spinning ratlig

A 3.6m diameter spinning rail rig capable of ratgtiat speeds between 1-80km/h
(shown in figure 9) was used to assess the ACFRhigae using idealised defects on
rails. A special set of eight 1.41m long curvedsraiontaining artificially induced
notches were produced, including half-face slotshimed normal to the railhead
surface, clusters of angled slots, and pocket-shaledects more typical of actual
RCF defects.

Figure 9: The spinning rail rig at the University of Birmingm.

The notches were spark eroded in the test raifggusio.7mm thick wire. The shapes
and sizes of the induced defects were chosen im gweay as to enable their use as
calibration samples for various NDT technologiebe Tdepth of the notches varied
between 2 and 15mm, while for more realistic regméstion of RCF cracking certain



notches were angled with respect to the surfacenaoand the rail edge and the
railhead surface. RCF head checks detected in ea#soften inclined to the surface,
penetrating initially at a shallow angle of approately 15° - 30° until they reach a
characteristic depth and turn down into the raithaban angle of approximately 60°
[10-11]. Figure 10 shows a plan view schematicashgle rails and induced notches.
The induced artificial pocket shaped defects coetiin rail samples designated #7
and #8 are the ones that more closely resemblald@ @i cracks.
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Figure 10: Schematic showing the test rails for the railtesgts. Vd = vertical depth
of the notch in mm, ha = horizontal angle of or&iun in degrees, va = vertical angle
of orientation in degrees. The values in mm showitop and at the ends of each rails

illustrate the probe lift-off at that particularcé®n during the rig tests

During the ACFM tests with the spinning rail rigetmicro pencil probe used for the
turning lathe tests was installed on a customiseltey. It was found that the probe
lift-off varied between 1mm to 6.5mm during a cogtplrotation of the rig. The fact
that lift-off variations existed within each tesilrdue to bowing, affected the ACFM
measurements since the trolley used was designszhtpensate for lift-off variations
from rail to rail and not within each rail. Lift-bbccurring due to bowing in the
individual test rails meant that the probe starfdwds highest at the centre of each
rail where the notches were present. This sorifedff variation is not expected in
real life inspection of rails.

ACFM tests were carried out initially with the pdnarobe at a slow speed (manual
tests at 0.1km/h) and zero lift-off to verify th&ie system could detect every notch



induced on the test rails. Following these tedt® probe was installed on the
customised trolley and the rig was rotated at 1/6krprogressively increasing the
speed of the spinning rig up to 48km/h.

The probe was positioned in such a way that theiaged current flowed in the

longitudinal direction of the rail head. As showm figure 10, the notches to be
inspected are at a 0° or 35° surface angle withe@so the probe orientation and 90°
or 25° to the railhead surface. Although the mdijective of these tests was to verify
the capability of detection of the ACFM probe agjthispeeds under simulated ralil
inspection conditions, for these orientations, A@&FM system used should also be
able to offer a quantitative measure of the dejtthe notches detected. However,
due to lift-off variations that occurred during tieg it was impossible to obtain

correct rankings for all inspected notches, whietain notches were not positively
detected.

The plot in figure 11 show the data obtained fdsr&5 and #3 at a speed of 2.3km/h.
The effect of lift-off variation can be clearly seby the changes in the overall ACFM
signal plot. However, the induced notches wererljlatetected in both rails. Rail #5
contained three groups of clustered notches (nstehth depths 2mm, 10mm and
4mm) as demonstrated in figure 10. Each clusteredpgof notches had a different
spacing between the notches of the cluster of 5imm and 15mm respectively.
The reason for using clustered notches was to fitseescapability of the sensor in
resolving the presence of individual defects whiustered. As seen in the ACFM
data plot in figure 11, despite the fact that afee clusters of induced notches have
been detected, it has not been possible to resabieidual notches within the
clusters due to the high probe lift-off involvedrihg the experiments (more than
4mm). The plot in figure 12 shows the ACFM datawacef for rails #5 and #3 at an
inspection speed of 32km/h. The data acquired ahgpection speed of 2.3km/h is
virtually identical to that obtained at 32km/h apected from the lathe tests.
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Figure 11: Raw and normalised filtered data plots for tegds#5 and #3 at 2.3km/h.



Raw data at 32km/h
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Figure 12: Raw and normalised filtered data plots for tes$ #éb and #3 at 32km/h.

6. Conclusions

High-speed ACFM tests were carried out using a enpancil ACFM probe that was
driven by a TSC Amigo crack microgauge system. S@gre carried out initially
using a rotary test piece containing spark erodgdhes which were 2mm and 4mm
deep. A turning lathe was used to rotate the rotast piece at speeds up to
121.5km/h (at 3000rpm). This experimental configgora provided controlled
inspection conditions as well as easy repeatahlitthe tests. It was found that the
probe could successfully detect the induced notah&21.5km/h and that the ACFM
signal remained largely unaffected by the increasespeed under constant lift-off.
Tests using different lift-offs revealed that tmtéensity of the signal obtained for a
given notch was reduced by the square as theflificreased as expected.

In order to simulate actual rail inspection corafi8 at high speed, further tests were
carried out using the spinning rail rig at the Unsity of Birmingham. The ACFM
micro pencil probe was installed on a special éngll however, under this
experimental configuration it was impossible to pemsate for lift-off variations that
occurred during the spinning rail rig tests dughe limitations in the design of the
trolley used. Data analysis of the results obtairegebwed that the ACFM sensor
detected all induced notches. It was also foundttievariations in the lift-off made
it impossible to obtain correct rankings for ak ttietected defects. Comparison of the
ACFM data at various inspections speeds showedtti@asignal remained largely
unaffected with increasing velocity up to 48km/mfartunately, lift-off variations
during the experiments did not permit a more adeueaaluation of the capability of
the ACFM micro-pencil probe. However, the implicais that arise from the fact that
there is virtually no loss of signal with increagispeed is extremely important for the
application of ACFM technology as an alternativeam of high-speed inspection of
rails. The performance of the ACFM technique apattion speeds up to 80km/h and
constant lift-off is currently under investigatiosing a new trolley design. Modelling
work is also underway to evaluate the interactibiRGF cracks with the AC and
electromangnetic fields induced.



Further development will also concentrate in theegnation of the ACFM module
with the automated vision and ultrasonics modulpas of the complete INTERAIL
high speed inspection system.
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