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Defectoscopic Tests of Railway Rails

Abstract: Non-destructive tests are of key importance as regards ensuring the
safe operation of the railway track. Such tests enable the detection of disconti-
nuities formed both during production and operation. However, due to their
nature, non-destructive tests are characterised by certain limitations. Non-de-
structive tests are mostly indirect and the presence of discontinuities is inferred
on the basis of specific physical phenomena. Through the detection and assess-
ment of the nature of discontinuities, non-destructive testing methods provide
information about the properties of objects subjected to examination. The article
presents some of the methods (visual and ultrasonic tests) used in the examina-
tion of railway rails. The article also discusses unconventional testing methods,
i.e. the method of magnetic flux leakage (MFL) and the measurement of the al-
ternating current field.
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Defectoscopy plays a major role as regards the
detection of cracks in rails. The proper main-
tenance of track structure requires the con-
sistence performance of tests. Rails are joined
using resistance welding or thermite weld-
ing methods. The above-named methods en-
tail the possible formation of discontinuities,
detectable using diagnostic methods such as
visual tests, magnetic-particle tests or ultrason-
ic tests. The performance of the aforesaid ex-
aminations constitutes the basis for the safe
operation of railway networks. The principle
governing the assessment of discontinuities
in defectoscopic tests consists in the compari-
son of sizes of discontinuities with their related
standards. Parameters taken into account dur-
ing such a comparison include the length and
the area of discontinuities. The maintenance of

railway tracks will always require the removal
of some rails because of cracks or damage trig-
gered during their production or operation. It
is important to monitor the behaviour of rails
on the track so that both users and manufac-
turers could intensify efforts to improve the
quality of rails and their operating conditions
[1]. Inspection methods include both surface
and volume-oriented tests.

Surface tests

The primary tools applied in the visual inspec-
tion of rail quality are high-speed cameras [2].
The passage of an inspection vehicle is accom-
panied by the recording of images which are
next subjected to analysis involving the use of
dedicated software. Visual inspection systems
are used to measure the rail head profile as well
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as gaps in rail joints. However, visual inspec-
tion does not provide complete information
nor does it detect internal discontinuities (de-
tectable using ultrasonic tests). On the other
hand, visual systems make it possible to inspect
the entire surface of the rails as well as pro-
vide information on missing bolts, the quality
of sleepers or lacks of ballast. Figure 1 presents
exemplary high-speed camera-based inspec-
tion of a railway track [2].

Fig. 1. High-speed camera-based inspection of a railway
track [2]

Non-destructive tests also include magnetic
methods used in the mobile diagnostics of rail-
way rails. The above-named methods include
the magnetic flux leakage method (MFL) and
measurements of the alternating current field
performed using the potential drop method
[3]. The magnetic flux leakage method (MFL)
is used to detect discontinuities in containers,
wire ropes and elements subjected to continu-
ous operation. The aforesaid method, applied
to examine ferromagnetic materials, involves
appropriate saturation with the magnetic field
in the area of material being tested [3]. The area
neighbouring a discontinuity is characterised
by growing resistance enabling the induction of
the magnetic field. After reaching a sufficient-
ly high value, the magnetic field propagates
around material discontinuities. The scatter of
the magnetic field is measured using magnetic
sensors located near a surface subjected to ex-
amination. The height of the sensors influences
the MFL signal gain. In terms of result inter-
pretation, the MFL method is significantly sim-
pler in comparison with other electromagnetic
methods. In addition to the signal of amplitude,
it is possible to identify the location of a signal
originating from a discontinuity. The number
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of sensors affect the accuracy of measurements.
The performance of MFL-based tests requires
appropriate equipment calibration, whereas the
interpretation of signals originating from dis-
continuities could be encumbered with errors
resulting from the condition of the surface and
the thickness of the coating. The advantages of
the MFL method include the performance of
the non-contact testing of rails (maintaining an
8 mm to 10 mm gap from the surface of the rail
subjected to the test), the high speed of a diag-
nostic vehicle as well as high reliability within
a wide temperature range. Defectograms con-
tain images of track structural elements such
as sleepers and crossings [4].

The magnetic metal memory method
(MMM) is based on the recording of local
scatter fields located on the surface of an el-
ement subjected to examination. The meth-
od aims to identify stress concentration zones
and metal structure homogeneity. The MMM
technique does not require the application of
special magnetising equipment or the initial
preparation of the element surface, yet tests
must be performed using small-sized and in-
dependently-powered devices [5]. The MMM
method enables the initial diagnosis of fatigue
wear and makes it possible to forecast the reli-
ability of a given element. A significant disad-
vantage of the method is the poor repeatability
of results. The magnetic metal memory meth-
od is used both in the manual and automatic
testing (performed using a diagnostic vehicle)
of railway rails. [6].

The Alternating Current Field Measure-
ment method (AFCM) first found application
in the 1980s as the method of the non-contact
potential measurements of alternating current
drops. The AFCM technique is also referred to
as the potential drop method [1, 7]. This elec-
tromagnetic method makes it possible to meas-
ure the depth of cracks in metals. The method
consists in providing the flow of alternating
current near the surface of a conductor and
does not depend on the geometry of a given
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element. In elements which do not contain dis-
continuities, the flow of current is uninterrupt-
ed. The flow of current becomes interrupted
after coming across a discontinuity, when it
starts flowing around the ends of the crack and
downwards. The current-related magnetic field
above the metal surface also becomes interrupt-
ed. The AFCM-based tests do not require the
electric or magnetic contact of the sensors and
can be applied without the removal of the pro-
tective coating (pain, oil, rust). After remov-
ing the sensors, current drops proportionally
to the square of the distance. The signal weak-
ens slowly even if the distance from the sur-
face exceeds 5 mm [3]. Surface roughness or
thicker protective layers create fewer problems
than those experienced during tests involving
the use of eddy current sensors, located at a
shorter distance from the surface than during
the ACFM-based tests. The method is used in
the examination of rails; primary attention is
paid to the dimensioning of fatigue cracks in
rails, where it is not possible to use ultrasonic or
visual tests. The ACFM-based tests involved the
use of pencil-type sensors and multi-element
array sensors. The detection of discontinuities
is possible in every direction, yet the best re-
sults are achieved if faults are located at an an-
gle restricted within the range of 0°to 30° and
60° to 90° in relation to the transducer. Figure
2 presents ACFM equipment and imaging [3,7].

Fig. 2. Alternating Current Field Measurement technique

(7]
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Volumetric tests

Ultrasonic tests enable the detection and as-
sessment of internal discontinuities. Similar to
visual tests, ultrasonic examination makes it
possible to monitor the development of dis-
continuities and compare them with results ob-
tained in previously performed tests [8, 9]. One
of the first applications of ultrasonic tests was
the detection of defects in railways rails. De-
fectoscopic systems used in testing stations in
steel works and track gauges are technological-
ly advanced. The use of an appropriate num-
ber of transducers enables the examination of
the nearly entire cross-section of the rail (ex-
cept for a part of the rail foot). Discontinuities
undetectable during ultrasonic tests are those
which are formed under the surface and de-
velop in the form of horizontal cracks. Trans-
verse fatigue cracks are particularly dangerous.
Transducers used in ultrasonic tests are single or
double transducers of longitudinal waves and
shear waves, with a beam introduction angle of
45° and that of 70° [8]. Figures 3 and 4 present
how ultrasonic transducers are placed during
ultrasonic tests.

water

3 transducers

movement direction

transverse

longitudinal crack crack

Fig 3. Movement of transducers during tests of rails [8]
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Fig. 4. System of transducers used in tests of rails at the
final manufacturing stage [8]

The testing of track rails involves the intro-
duction of ultrasonic waves from the rail head
surface through the layer of liquid providing
contact with the surface subjected to exami-
nation. As access from the rail foot surface is
impossible, so is the detection of cracks devel-
oping in the rail foot. Transverse railway cracks
are usually initiated on the outside edges of the
rail foot. Undetected, often lead to the damage
of the rail beyond repair. The sets of transduc-
ers featuring the liquid coupling do not pro-
vide appropriate results as regards the detection
of vertical cracks in the rail head, usually in-
itiated in its central part. The unfavourable
orientation and longitudinal
and transverse development
of cracks are very dangerous.

The purpose of testing railway
joints is the detection of dis-
continuities present in the en-
tire cross-section of the joint.
The tests involve welds made
during track structure repairs
and, if need be, other welds as
well [2]. The echo technique
involves the use of one trans-
ducer, which, initially is used
as the transmitter of impulses
and, next, is “switched over” to
work as a receiver. The signal

transmitted by the transducer towards the ma-
terial is reflected against a discontinuity (or the
opposite surface) and returns to the transducer.
Knowing the speed of the ultrasonic wave in the
material and measuring the time between the
transmission of the signal and its return to the
transducer it is possible to determine the dis-
tance between the transducer and the obstacle.
Based on the height of the echo of a disconti-
nuity on the defectoscope screen it is possible
to identify the approximate size of the discon-
tinuity. Figure 5 presents an exemplary test in-
volving the use of the ultrasonic echo technique.

The tandem technique involves the use of
two angle transducers (i.e. transmitting and
receiving ones), which, during scanning, are
located at a constant distance from each oth-
er. The examination of the entire volume of the
joint requires the repeated movement of the
transducers along the weld. It is also necessary
to change the distance between the transducers
so that, each time, a different weld area could
be scanned [9]. The positioning of the trans-
ducers in the tandem technique and the loca-
tion of indications illustrated with an example
of reference specimens are presented in Figure
6. In turn, Figure 7 presents a tandem rail test-
er, where transducers (2T45°) are mounted on

Fig 5. Exemplary application of the echo technique [10]
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Mid-distance Mid-distance
between between
the transducers the transducers
Reference
plane = Reference
equivalent of i
the weld plane i et
plane
Mid-distance Mid-distance
between between
the transducers the transducers

Reference plane —

equivalent of the Reference plane —

weld plane equivalent of the
weld plane

Fig 6. Location of reference mirrors illustrated with an example of reference specimens [10]

Fig 7. Tandem technique tester [10]

special guides. The millimetre scale facilitates requires ensuring contact between the trans-
the appropriate positioning of the transducers ducer and the rail running surface. This, in turn,
in relation to each other. The fact that the pow- entails the necessity of applying a coupling me-
er supply leads are connected at the top makes dium, i.e. water.
it easier to move the transducers in relation to
each other as well as facilitates their stable at-
tachment [10, 11].
Tests performed from the rail running sur-
face enable the application of multi-channel
defectoscopes featuring single and double ul-
trasonic transducers having various beam in-
troduction angles (see Fig. 8). The speed at
which diagnostic vehicles travel amounts to ap-
proximately 50 km/h. The performance of tests Fig 8. Bogie skid with UT transducers [8]
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Images viewed on monitors enable the ap-
propriate categorisation of discontinuities. Bo-
gies are used for the local testing of rails. The
tests involve the application of transducers of
longitudinal and shear waves, having ultrason-
ic beam introduction angles of 0°, 45° and 70°.
Test results are recorded using a computer sys-
tem making it possible to view the results at
any time. The joints of rails with turnout cross-
ings require the performance of manual tests.
The straight sectors of rails can be tested using
manual track gauges or inspection track gaug-
es (see Figure 9).

A breakthrough in ultrasonic tests was the
invention of the Phased Array technique (PA),

Fig 9. Track gauge (model RDM-12) [8]

constituting the development of convention-
al ultrasonic echo technique tests. The Phased
Array method involves the use of mosaic trans-
ducers containing a certain number of small
and independently controlled converters (usu-
ally between 16 and 64) [12]. The use of the mo-
saic transducer enables the introduction of a
series of ultrasonic beams, the processing of
signals and their analysis in a graphic form. An
S-scan obtained in the aforesaid manner, im-
aging the location of indications against the
background of the weld groove, significantly
facilitates the subsequent assessment and iden-
tification of detected indications [12].

The Phased Array technique enables the con-
trol of an angle, at which the ultrasonic beam
is introduced to a given element. As a result,
it is possible to obtain various beam angles of
incidence (or of refraction) by exciting select-
ed transducer converters in previously pro-
grammed sequences. One transducer enables
the performance of scans at various angles. An-
other advantage of the PA technique is the re-
duced duration of tests, resulting, among other
things, from the unnecessity of exchanging the
transducer and, consequently, the recalibration
of equipment [13]. Figure 10a presents an exam-
ple of a calibration block and a transducer used
in the PA tests. The imaging of imperfections as
well as a semiautomatic PA testing system are
presented in Figure 10ob. In the PA technique,
when scanning the volume of a given material,

Fig. 10. Equipment used in PA technique-based tests: a) defectoscope and scanner, b) angle transducer and tests results
obtained using sectoral scanning and c) straight transducer and tests results obtained using linear scanning [12]
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an ultrasonic beam is introduced to an object
using shear waves. Applied frequencies, ranges
of converters and characteristics of ultrasonic
beams do not differ from those used in conven-
tional ultrasonic tests. The testing principle is
very similar to that of the conventional ultra-
sonic method. The acceptance of an indication
consists in the measurement of the maximum
amplitude of echo in relation to the identified
echo of a master reflector [14]. Figure 10a pre-
sents a defectoscope along with a scanner ena-
bling the performance of PA tests. Illustrations
b and c contain examples of linear and sectoral
scan images.

The ultrasonic method is also used in the
tests of railway rails, where it utilises the corre-
lation between the displacement of ultrasonic
waves and stresses. When measuring stresses it
is necessary to determine the wave propagation
rate with an accuracy of fractions of a meter
per second [16]. The rate depends on material
density, temperature and the presence of stress-
es. The Debro meter can also be used to exam-
ine continuous rails. The system is equipped
with transducers making it possible to meas-
ure the time of ultrasonic wave passage as well
as subsurface stresses around the rail perime-
ter. Measurements performed using the Debro
meter also include rail internal stresses gener-
ated during the production of
rails and their straightening
using a roll flattener as well
as stresses generated dur-
ing transport and unloading.
Importantly, internal stress-
es remain even after external
factors (external forces, tem-
perature, etc.) cease to affect
the rail. The stresses counter-
act one another within the
volume of a given element
and may reach a yield point.
Internal stresses result from
technological processes af-
fecting the element or from

lead
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its operation. They may reduce the strength
of a structure, which could lead to the forma-
tion of cracks in the material. Figures 11 and
12 present a measurement device enabling the
performance of fast measurements in specific
areas of the rail side surface. The measurement
device is composed of a transmitting-receiving
transducer of longitudinal and shear waves and
an electronic unit tasked with the excitation of
the transducers, the analysis of received sig-
nals and the calculation of stresses in accord-
ance with a pre-set algorithm. The transducer
systems allow for the influence of tempera-
ture changes on the rate of ultrasonic wave
propagation [17]. The transducer is provided
a temperature sensor enabling the automating
compensation of the wave propagation rate
along with temperature changes. Owing to an
appropriate distance between the transducers,
the measurement on the rail surface makes
it possible to identify the ultrasonic propaga-
tion rate in the rail head, foot and web. The
quadruple measurement of the time of passage
enables the calculation of its average value; dis-
played results allow for temperature correction.
A measurement cycle consists of 1-8 primary
cycles and, as a result, provides the possibili-
ty of measuring stresses in relation to several
positions of transducers [17].

transducer application
area

ultrasonic transducer

rail

sleeper

ballast

temperature sensor housing

rail

ultrasonic transmitters ultrasonic receivers

Fig. 11. Measurement elements in the Debro meter [16]
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acceleration sensor

temperature sensors

temperature recorder

extensometers

elastic rail clip

Fig. 12. Testing the correlation between stresses in continuous rails and internal stresses of the track structure [16]

Methods used to test internal stresses also
include:

— destructive extensormetric method consist-
ing in measurements of internal stresses; the
method involves the use of an attached exten-
someter measuring stresses during the cutting
of a given element. After stresses have been
released, the length and the cross-section of
the object change, whereas electric resistance
changes proportionally to the deformation of
the extensometer [17],

- X-ray radiographic method based on the
diffraction of X-rays on atomic planes and
on measurements between crystallograph-
ic planes. The deflection of X-rays only takes
place in relation to certain angles (see Figure
13), depending on distances of these planes
and radiation wavelength. Information about
internal stresses is obtained from a depth of
tens of microns [17],
magnetoelastic method involving the use of
the Barkhausen effect and the measurement
of correlations between magnetic properties
and stress. In the aforesaid method, a coil lo-
cated near the surface enables the recording
of magnetic noise from the subsurface area.
Magnetisation and demagnetisation cycles
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are measured using dedicated counters. In
industrial conditions, the measurement of
the Barkhausen signal is possible using a
U-shaped electromagnet, where the signal
is detected by an induction coil. The meth-
od requires the calibration of a measurement
device different for each steel grade. Informa-
tion about internal stresses is obtained from
a depth of fractions of millimetres,
comparison of defective rails with stress-free
rails. The method consists in making cuts in
the rail web, driving the wedge into a given
cut and comparing a newly formed crack with
standard specimens of stress-free rails or in
cutting the rail web and measuring the width
of the gap formed as a result of the release of
internal stresses,

computer simulation involving the creation of
the FEM mesh of a model subjected to tests,
the use of actually applied loads, the calcula-
tion of stress condition and the graphic pres-
entation of stresses present in a given element.
The above-presented method is currently the
most advanced technique enabling the iden-
tification of internal stresses. Numerical cal-
culations can be applied in experiments and
provide information about the distribution of
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stresses and strains present both on the sur-
face and inside elements subjected to exam-
ination [18].

Fig. 13. Reflection of X-rays; d — distance between
X-rays [17]

The above-presented overview discusses var-
ious methods used to detect discontinuities in
railway rails. The study presents both surface
methods, enabling the detection of surface dis-
continuities as well as volumetric methods, ena-
bling the identification of imperfections located
inside the material. Non-destructive tests are
very important in terms of the proper function-
ing of the track structure. The improper per-
formance of non-destructive diagnostic tests
could lead to the formation of serious defects
(e.g. cracks).
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