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ABSTRACT

Rail monitoring is an important activity which aims to preserve the safety and availability of railways.
According to statistics, the primary cause of railway accidents is due to transverse defects that occur in
the rail head. These special defects develop generally in a plane orthogonal to the rail running direction.
The detection of these defects is a priority to increase the safety of rail transportation. Rail control
monitoring techniques mostly rely on infrared thermography, eddy currents, air-coupled acoustic
sensors, and ultrasounds. The present research studies the rail diagnosis by means of a non-contact
device. The focus is on ultrasonic based methods where excitation is generated by thermal elastic
coupling following laser irradiation of the rail head. For the reception of echoes, a special ultrasound
sensor was used. In order to sense defects, phased array elements, which use multiple transducers and
electronic time delays, are used to increase and to focalise the signal intensity. Flaws that have a
moderate extension are better detected by the proposed method than with laser irradiation consisting of
a single spot.
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1. INTRODUCTION

In railroad transportation, the progress in speed, axle loads and traffic frequency has had a
direct consequence on increasing damage in the rails [1]. Damage ranges from internal cracks
to surface defects and finally to complete fracture of the rail. Each type of defect is associated
to a specific fatigue damage process; it has a specific lifetime and yields some impact on the
safety of railways.

US Federal Railroad Administration’s safety statistics [2] indicate that rail accidents
arising from structures, roadbed, and track have been the source of nearly 4,300 derailments
and near $845M in damage during the period between 2010 and 2017. The primary cause of
those accidents was due to the “Transverse/compound fissure” and “Detail fracture – shel-
ling/head check” appearing in rail head. These special defects are initiated from the rail head
inside and propagate toward the head surface following generally an orthogonal plane to the
rail running direction. They have been found to be responsible for 593 derailments and over
$150M in cost, which represents nearly 20% of direct cost during the same period. For these
reasons, rail inspection is an essential task, whose aim is to preserve the safety and availability
of railway infrastructure.

Before the “Philadelphia Day Express” train derailment at Manchester, New York, on
August 25, 1911, railways defect inspection had been performed visually [3]. Because of a
transverse fissure, this accident has lead to the death of 29 persons and injuries of 60 others.
Since then, many detection methods have been developed.
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Conventional inspection tests were carried out using
excitation probes in contact with the rail head, such as
pressure transducer, piezoelectric transducer, ultrasonic
transducer or temperature transducer. The problem with
this type of transducers is that it uses sliding probes, which
are in contact with the rail head [4, 5]. With this type of
testing, the speed of inspection cannot exceed 50 km/h.
Moreover, contact transducers cannot detect surface echoes
due to the high noise level arising from the difficulty of
reaching acoustic coupling among rail and sensor [4]. The
technical limitation of contact excitation probes was the
reason that has motivated researchers to consider that
elimination of rail contact could permit detection of flaws
under high speed. This has opened the possibility to explore
enhanced ways of flaw detection techniques. Contactless rail
inspection methods have relied mainly on eddy currents, X-
rays, or infrared thermography [6–8].

The eddy currents method consists of the measurement
of a material’s response to electromagnetic fields over a
specific frequency range [9]. In railroad track applications,
eddy currents probes are located at a constant distance from
the top railhead [10]. The main weakness of this method is
its weak reliability in the particular case of a rail section,
which is not completely broken, because the impedance may
not allow getting a significant measurement.

The X-rays method is one of the few non-destructive
evaluation methods that can examine the interior of an
object. It belongs to the family of radiographic techniques
that are the only methods that work on all materials.
However, health and safety are the main X-rays method
drawbacks. Also, the problematic of the portability of the X-
rays equipment makes that it is used only for verification in
places where defects have already been detected [11].

Comparing thermal properties between the defect and
the host structure allows experienced users of infrared
thermography method to notice the presence of anomalies
from the simple observation of a single frame or a video
sequence of the temperature distribution of the structure’s
surface. Infrared thermography provides a non-contact
method that is able to accomplish full-field defect imaging of
almost any material [12]. In the field of detecting rail defects,
the infrared thermography approach has numerous limits
such as unavailability of good area of viewing during motion
and the presence of contaminants on the railroad surface,
like dirt and grease, which causes varying cleanliness levels
of the surface.

Years passed and rail traffic technology has undergone
better development: rail traffic loads got heavier and speeds
got higher. Hence the necessity for a more efficient and
quicker method of flaws detection has been perceived.
Modern inspection methods use contactless devices. The
non-contact ultrasonic systems have proven to be optimal
and suitable for several applications that contain the scan of
wheels and railroads [13]. Among the field implemented
ultrasonic non-contact systems for railways inspection one
finds electromagnetic acoustic transducers (EMATs) based
rail test vehicle [14], as well as prototypes relying on laser
excitation and air-coupled acoustic sensors for acoustic echo

reception [5, 15]. Systems with both laser excitation and
laser reception were also proposed for general application
use [16, 17]. Recently, a device inspection configuration
consisting of laser excitation and sensing through a 3D
camera was proposed [18]. Using laser-based technology
needs, however, some care for, at high-power level of the
laser irradiation, the railroad surface may be ablated and
plasma formed, causing melting and plastic deformation of
the surface and even crack formation [19]. Laser irradiation
should then be used at low energy density to avoid ablation
and to obtain a thermo-elastic regime of deformation when
directing the laser beam onto the railhead surface. The non-
ablative laser enables to generate ultrasonic waves consisting
of bulk and surface waves which travel in the volume of the
rail structure or at its surface.

In the previous works based on laser technology, laser
excitation consisted of a single spot or of a static laser
irradiation modulated through a slit mask. Because of the
large effect of ambient perturbations and system un-
certainties, the ratio of false predictions either positive or
negative is expected to be high and more intense ultrasound
waves are required to counteract that. To get intense waves
in the non-ablative regime, phased arrays approach was
considered. In the field of railways inspection, this idea was
earlier presented in [20], where contact transducers coupled
to the rail were used. Recently, a phased array laser ultra-
sonic method was applied to perform detection of defects in
an elastic part while using a contact volumetric P-wave
probe for reception [21].

The behaviour of laser-generated ultrasonic waves de-
pends not only on the rail characteristics such as thermal
conductivity, density, elasticity, and geometry of rail or
depth but also on the parameters of the laser such as the spot
size and pulse width of the laser beam [22]. This was the
topic in a previous work [23], where the excitation was based
on a focused laser beam on the surface of the railhead having
the spot size s 5 0.015 m.

In this work, the focus is on ultrasonic based methods
where excitation is generated by thermal elastic coupling
following laser irradiation of the railhead. A contactless ul-
trasound sensor consisting of a rotational laser vibrometer
that performs the reception of reflected echoes from defects
is considered. By superposing individual spot responses, a
phased array configuration can be achieved. The novelty of
the proposed methodology for rail inspection consists of
reaching intense wave excitation of the rail structure that
involves only linear elastic ultrasounds that are generated in
the non-ablative laser regime. It offers the possibility to steer
and focalise the waves at a given depth location from the rail
head surface.

2. MATERIALS AND METHODS

2.1. Rail transverse defect inspection technique

Transverse cracks in railways designate flaws having surface
that develops vertically to the rail direction. The most
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common defects of this kind take the form of a transverse
fissure, compound fissure or detail fracture. Transverse
cracks are susceptible to lead to the weakening of tracks and
they may also cause derailments [24, 25]. The head of the
rail is the part where transverse cracks show up most
frequently and they can range from small invisible internal
flaws to visible hairline surface defects [26]. The early
detection of this kind of defect is then a priority to increase
the safety of railways.

The ultrasonic wave generated by laser irradiation has
longitudinal wave components propagating in railhead. To
identify the presence of defects, various indicators based on
the intensity of these ultrasound waves propagating through
the rail structure have been proposed in the literature [27, 28].

The pulse duration of the excitation laser should be
sufficiently short to capture all the echoes of interest by the
detector. The use of a continuous laser is not a proper
choice, since in this situation most of the light energy is
obviously not used.

Detection of flaws in rails is monitored here through
special ultrasound devices that generate waves at a given
work frequency and sense the reflected echo, see Figs 1 and
2. The excitation method is based on surface-generated laser
ultrasound by exposing a tiny spot to a short and concen-
trated laser pulse focused on the railhead. It is well known
that the obtained volumetric wave propagation pattern is
independent of the incidence angle of the exciting laser
beam, which gives latitude of its orientation.

Therefore, at some location, which is difficult to access,
the ultrasonic waves are emitted in almost all directions. The
excitation transducer can consist of a single laser spot irra-
diation that excites the railhead. Since the energy of the laser
spot should be intense enough and not exceeding the abla-
tive threshold, to avoid the incidence of nonlinear waves
which are difficult to interpret and which could damage the
rail structure, a phased array (PA) strategy that involves
multiple spotting at levels below the ablative limit is
considered in the following. The lasers are fired sequentially
according to time delays that will be fixed in order to
maximize the wave intensity at some depth of the rail from
the surface.

By the beginning of the 1990s, phased array technology
was integrated as a new non-destructive evaluation method
in ultrasonic datasheets and training manuals [29, 30]. In the
last decade, the applications of rail inspection using ultra-
sonic phased arrays were the main subject of a considerable
number of researches in the world [31–33].

The PA approach enables to create intensively focused
beams by constructive and destructive interference phe-
nomenon. Unlike traditional single element ultrasonic
transducers, the phased arrays method, which comprises
multiple transducers, provides more flexibility by achieving
beam steering without shifting the transducer. This enables a
huge amount of information to be received by the rotational
laser vibrometer with the only remaining complexity of its
interpretation. However, new researches have emerged and
deal with finding ways to make the process faster, such is the
case of the Fast-Automated Angle Scan Technique.

Some solutions are already practicable. The French na-
tional railways (SNCF) uses an inspection method based on
an ultrasonic phased array technique. The SNCF method
uses multiple linear phased arrays contact transducer,
counting 128 active elements [20]. The entire inspection can
then be carried out by one single movement along the rail
direction [34].

PA based technique is considered in this work, but use is
made of non-contact laser elements according to the prin-
ciple exposed in Figs 1 and 2.

Fig. 1. Principle of detection of rail defect by using laser beam
excitation and a rotational laser vibrometer sensor

Fig. 2. Top view of the rail excitation and detection principle

Table 1. Material properties of 60E1 rail

Properties of 60E1 rail Value

Young's Modulus 210 GPa
Density 7,800 kg/m3
Poisson's ratio 0.3
Thermal conductivity 50.2 W/mK
Specific Heat 490 J/kg.K
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2.2. Modelling and simulation of the rail system

Considering a standard rail such as the 60E1, modelling of
the transient ultrasound problem was performed via the
finite element method. The rail structure was assumed to be

made from a homogeneous and isotropic linear elastic steel
material and having a localized transverse defect. The ma-
terial properties, namely, density, Young’s modulus, Pois-
son’s ratio, thermal conductivity, and specific heat are given
in Table 1.

Fig. 3. Location and size of the considered transverse defect in a rail

Fig. 4. Position of the defect, sensors and the excitation spot area

Figure 5. The difference between the received signal at sensor 1 from a single spot excitation and that captioned after the phased array
excitation is performed.
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The rail length considered in the finite element model-
ling is 400 mm. The defect geometry is rectangular and has 2
mm in width with a variable depth (Di in mm), see Fig. 3. In
the simulations, adequate boundary conditions were used.
Fig. 3 shows such a configuration.

The excitation is selected in such a way that it produces a
wave field that is essentially non-ablative, and propagating in
the volume and at the surface of the rail system. Such an
excitation is provided by the special laser irradiation as
discussed above.

Simulations were carried out for both intact rail and
defected rail situations. They were performed by taking three
levels of cut depth: 5, 10 and 20 mm. The wave propagation
phenomenon through the rail structure was first simulated
under a single laser spot, then the other phases of excitation
were added. The spot of the laser was applied on the

railhead. The pulse width of the laser beam was selected to
be s 5 0.005 m and the pulse duration was set at Δm 5 500
ns. Each sensor uses the principle of laser vibrometry to
determine the normal velocity component at some specific
point in the rail. Four positions of implementing a rotational
laser vibrometer sensor were analysed. Fig. 4 provides the
arrangement of the chosen sensors in order to measure the
deformation induced by the propagation of ultrasonic waves.

3. RESULTS AND DISCUSSION

The detection of rail defects was considered through special
indicators, based on the variation of the intensity of the
ultrasonic wave signal received during the rail monitoring
operation. A FE approach of the suggested diagnostic device
was developed using ABAQUS software. The model was
simulated with three different depth defects located between
the excitation spots area and the sensors.

The amplitude variability was investigated during the
study as function of the sensor position and time of travel of
the observed signal. In order to maximize the amplitude of
the signals, a phased array technique was applied. This was
achieved by using the principle of superposition. The actual
PA excitation input of the device can be viewed to result
from the summation of individual excitation spots.

The resulting signals after applying the phased array
method showed that the signal is much more intense than
that associated with a single spot excitation. As it can be seen

Table 2. The distances of considered spots zones and those of the
sensors from the crack position according to the notations given in

Fig. 4

Distances Values

a1 14 mm
a2 24 mm
a3 34 mm
b1 14 mm
b2 19 mm
b3 24 mm
b4 29 mm

Fig. 6. The first positive peaks of the observed signal at a given sensor location as function of the considered crack depth
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in Fig. 5, the amplitude of a single spot (spot 1, spot 2 and
spot 3) is inferior to that of the combined spots and this
holds for all the different cases of defect depth. The
considered location of the chosen spots is that which is
detailed in Table 2 and Fig. 4.

Four points were selected on the surface of the railhead
to observe the wave signal emitted by using phased array
excitation technique. This was simulated by superposing
individual responses of the laser spot excitation. The ob-
tained responses of the system are plotted in Fig. 6. These
results are obtained by performing the sum of measured
responses due to the individual sensors that are associated to
each single excitation spot. To enable detection and prevent
the perturbation resulting from artificially reflected waves,
an algorithm has been developed in MATLAB software to
select only the first positive parts of the received signals, as
shown in Fig. 6. The location of the selected sensors is
indicated in Table 2 and Fig. 4.

The sensors used here sense the normal velocity to the
rail surface at each considered sensor position. It is useful to
identify the sensor’s best position enabling to capture
comprehensible information in order to determine the
number adequate of sensors to be used in practice. From
Fig. 6, one can see that as the depth of the transverse defect
increases, the effect on the amplitude for a given sensor
tends to decrease. As presented in Fig. 7, the obtained results
indicate that the depth of the transverse defect affects the
amplitude significantly. In order to separate between each
crack depth, a satisfactory configuration of sensors is
required. To determine that, an indicator based on the dif-
ference between flawed rail responses for consecutive crack
depths was introduced. This enables to get a clear image of
the observed defect signal evolution. Fig. 8 shows the ob-
tained results in terms of achieved percentages.

This figure shows that the 5 and 10 mm crack depths can
be easily identified by using sensors 1 and 2, while

Fig. 7. The effect of the crack depth on the received amplitude by each sensor

Fig. 8. The ability of each sensor to distinguish between defects of different depths as function of the considered sensor
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distinguishing between the 10 mm and 20 mm defect depths
is more difficult for those sensors. In the case of sensor 4, the
indications associated to cases 2 and 3 are the same, which
makes the difference between the crack depths of 10 mm
and 20 mm not obvious to capture. On the other hand, the
sensor 3 has the ability to clearly show the change for all
situations, and the three depths of the defect can be well
distinguished.

It should be noticed that from a practical point of view, if
some dirt is present on the rail head like grease, clay or
asphalt, with perfect contact between dirt and rail steel, then
the proposed method will continue to be valid. Analysis of
heat transfer problem in this situation by considering dirt
thickness, thermal conductivity and thermal effusivity has
shown that heat flux entering a rail head, made of steel, at
the laser spot location is almost insensitive to the presence of
dirt of this kind. Comparing the two situations with dirt and
without dirt, the temperature variation was found to be of
the order of ΔT ¼ 0:1 dW, where d is the dirt thickness and
W is the laser power. This is due to the high effusivity of
steel, which is equal to 14000J:K−1:m−2:s−1=2, while that of
common dirt is of the order of 1200J:K−1:m−2:s−1=2. How-
ever, if dirt is not in perfect contact with the rail steel ma-
terial, such as, for example, is the case with a tree leaf with
laminar air existing between dirt and the rail head, an
important drop of temperature will occur; yielding that the
method is no more applicable in this situation. So, cleaning
the rail by sweeping its head is required in order not to
detect such artificial and non pertinent defects. Furthermore,
signal post-processing could be considered to filter the
parasitic dirt signals, but this has still to be investigated.

4. CONCLUSIONS

In this work, the identification of transverse defects in the
railhead was achieved by considering an integrated contact-
less system using laser excitation and motion sensing. A rail
system simulation was carried out by using the finite-
element approach for the test configuration, where the sys-
tem was exposed to ultrasounds generated through phased
array elements technique.

Adequate position of a rotational laser vibrometer sensor
has been determined. Detection of transverse rail flaws using
a rotational laser vibrometer sensor has been analysed
through monitoring indications using variations of the
amplitude of the sensed speed. It was found that the pro-
posed method allows the identification of defects that have a
moderate extension better than with a single spot laser
irradiation. The obtained results have made it possible to
determine the best location of sensors to identify the
transverse rail defects.

As future work, it would be interesting to develop a
prototype based on the laser technology presented in this
work, in order to achieve detection of flaws in real situations.
The theoretical background anticipated in this work can be
helpful for the design of such a system.
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