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With rapid increase in operation and development of high-speed trains, inspection of railroad
surface flaws has become an important aspect for safe and reliable operation of rail network. Non-
destructive testing using active infrared thermography has been useful in determining the
structural health of different structures with additional benefit of robustness in overall inspection
system. This study is based on detection of artificial surface flaws on an in-service railroad.
Transverse and longitudinal flaws of various dimensions were machined on rough and smooth rail
surface. The railroad surface was thermally stimulated to a temperature equivalent to practical
conditions. Emitted radiations from rail surface were captured by an infrared camera to detect
cracks. Results show a comparison between the surface flaws on rough and smooth rail surface.
Subsequently, raw infrared images were post-processed by statistical image improvement to
quantitatively analyse the results. Significant change in the frequency distribution of pixel in-
tensity is observed as the flaw size and depth changes giving a clear quantification of crack to-
pology. A comprehensive and inexpensive solution for damage diagnosis will be offered to
railway authorities for Structural Health Monitoring (SHM) and NDT by the proposed framework.

1. Introduction

Most of the rail defects that lead to serious rail accidents occur at the rail head due to rail wheel contact [1]. Fatigue loading
generated by rail-wheel contact plastically deforms rail head steel and surface flaws of different orientation and dimension begin to
appear. Production defects (line), local battering, flaking, local grooving and engine or wheel burns are various types of flaws
developed at rail head. Creep forces are induced due to localized rolling action at rail/wheel contact patch. These are longitudinally
oriented forces which are created by wheel traction on the rail or by compensating for different wheel diameters impacting the rail as a
result of a sharp curve [2]. The list of steps for the diagnostics of surface flaws on an in-service railroad is provided in Fig. 1. Component
of creep forces is also generated in transverse direction due wheelset lateral orientation on rail surface. Owing to continuous slippage of
wheels on the rail track, it also causes wheel burning on the rail. The creep effect is shown in Fig. 2 [2].

Apart from creep forces; rolling contact pressure, shear and bending forces are also produced as a result of vehicle weight on rail
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head. Constricted elongation of welded rails along with residual stresses from manufacturing and in-field welding generates thermal
stresses. Stress distribution [3] in rail has been shown in Fig. 3. Dynamic loading has always been a challenge while designing railway
bridges. The vibration of the railway reinforced system will be influenced by the dynamic load of passing trains at a speed of 200 km/h
or above; resonance phenomenon may be induced if the frequency of the dynamic load and the railway reinforced system are close to
each other; the amplitude of the reinforced system will be greatly increased. During the passage of wheelset on rail road due to the
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Fig. 1. Sequence of operations for characterization of railroad surface flaws.
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Fig. 2. Creep forces along lateral and longitudinal direction rail surface.

effect of transverse force and vibration the load exerted by one or more wheels may decrease and such large imbalance of wheel load
can cause derailment. The irregular movements of locomotive and inertia of moving parts induce dynamic effects generated during
train motion which enhances rolling load which results in irregular resistance or defects on rail track [4].

Dr. Elemer Spery started the inspection of railway cracks, for the first time, in USA back in 1920 [5]. Since then, substantial R&D
has been carried out to determine cause and early detection of rolling contact fatigue (RCF) cracks and stress concentration cracks
(SCQ). Several non-destructive testing methods (NDTs) for defect detection have been used for this purpose [6]. Eddy current or visual
inspection, magnetic flux leakage testing (MFL), ultrasonic testing and magnetic particle inspection are frequently used NDT methods
for railroad inspection [7]. To obtain robustness in inspection process; several new NDT equipment have been introduced including
Electromagnetic Acoustic Transducers (EMATSs) [8-11], high speed cameras [12], field gradient imaging (FGI) [13], multi frequency
eddy current sensors, laser ultrasonic [14-16] infrared thermography and acoustic sensors [17]. The reliability of inspection methods
for flaw detection using high-energy laser or ultrasonic pulses was determined by the probability of detection (POD) principle and POD
curves were implemented to validate the authenticity of inspection methods [18,19].

Nevertheless, characterization of rail head flaws is difficult because of their clustered distributions and geometric interactions.
Infrared thermography (IRT) gains attention with the advantage of non-contact sensing and simple visualization of minor thermal
variations compared to the aforementioned NDT techniques [20-26]. Owing to its operational capabilities in terms of robust in-
spection, remote/real-time operation, high temperature precision, 2D-contour thermal image representation, high SNR and radiation
emission within safe limits, use of active IRT has been increased significantly in NDT [27-30]. Due to its advantages, IRT has emerged
as a promising technique for NDT. Based on the inductive transient thermal sequences for automatic NDT, Gao [31] extracted spatial
and time patterns. Wilson [32] utilized pulsed eddy current thermography to detect various cracks generated due to RCF. In IRT
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Fig. 3. Applied load components during the passage of vehicle on continuously welded rail.

reflective mode, however, the problems with limited heating area, non-homogeneous heating and coil blocking effect still effect the
quantitative characterization accuracy of defects. Jackel [33] enhanced the crack detection contrast by induction thermography and
proposed electromagnet yokes to apply external magnetic field. Lahiri [34] recorded a wide area of low frequency alternating magnetic
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field for evaluating defects through thermographic NDT. A measuring system with induction generator scanning was developed by
Netzelman [35] for the inspection of rail surface defects at different speeds of up to 15 km/h. Shepard [36] demonstrated improvement
and the analysis of pulsed thermographic data with enhanced spatial and temporal accuracy for defect detection.

A review of previous studies on active IRT show the limitation in detecting variety rail head surface flaws. The focus of this work is,
therefore, on detecting both longitudinal and transverse surface cracks on rough and smooth surface, as conventional inspection
systems are time consuming and not practical with development of high-speed trains. And to propose an effective, efficient and robust
inspection system, with minimum maintenance. All these features are the requirement of a modern rail inspection system.

2. Principle of infrared thermography

Electromagnetic radiations are emitted from all bodies that are above absolute zero temperature (—273.15 °C). The quantity of
emitted from the surface of an object is related to its thermal efficiency, called emissivity and its temperature. Radiations emitted
throughout the electromagnetic spectrum are in the form of energy particles known as photons. From the complete electromagnetic
spectrum only Thermal Infrared (TIR) or Long-Wavelength Infrared (LWIR) energy band is studied IRT via a sensor that is capable of
sensing wavelength (7 pm-14 pm) and frequency (2.1 x 10*2 Hz to 4.3 x 10'®) interval [37]. LWIR energy band is shown in Fig. 4
below [38]. The infrared radiation in this band of energy spectrum is referred to as thermal radiation, and the band is selected because
of the relationship between an object’s temperature value and the quantity of radiation emitted over the temperature spectrum from
—73°C to 125 °C is maximum [39].

Thermal radiations emitted from an object surface are measured by thermal sensor which formulates sensor matrix incorporating a
thermographic camera. IRT utilizes Stefan-Boltzmann relation to determine the value of body’s surface temperature [40].

E=e¢oT* 2.1

where E represents emitted thermal radiation per unit area (W/m?); T denotes absolute surface temperature of the object; ¢ is the
emissivity of object’s surface and ¢ denotes Stefan Boltzmann constant whose value is 5.67 x 108 W/(m2K*).

Although there are several factors that can effect the accuracy of thermographic inspection. Environmental factors such as
reflection and radiation of thermal waves in environment can disturb the acquisition and processing of thermal data. the effect of
environmental aspects consists of: reflection and radiation of thermal waves, the condition of the material and impact surrounding
convention on signal recognition. The temperature difference will always ensure the accuracy of the results amongst temperature of
the surface of specimen and the thermal gradient that the infrared records. Usually, the temperature gradient between non-defective
and defection regions is minimum [41,42]. The infrared radiation energy E that the infrared thermal camera senses consist of three
parts as given by equation (2.2)

E=e0T* + E, + Eop 2.2

Where E, is the radiation reflected from surrounding to specimen; E,,, denotes atmospheric radiation received by IR camera sensor.
The thermal image will be influenced by errors affecting the accuracy of the detection if the sum of E, and E,, are not identical at each
pixel, regardless of the uniformity of emissivity and temperature at each point on the material.

2.1. Governing equations

Heat flow through the specimen is governed by equation (2) given below [43]:

0gq;  Oq, 0q, _ar
_<0X+E+()_Z +Q—/)Cat 2.3

In equation (2), components of heat flow per unit area in are denoted by qy, qy and qg; specific heat capacity of the specimen is
represented by c; duration of heat flow is denoted by t; T is the temperature of object’s surface; specimen density is denoted by p and
internal heat generation per unit volume is denoted by Q.

Components of heat flux can also be written in terms of Fourier’s Law [44].

@=—k=— qy=—k—, gy = —k—- 2.4

In equation (3), k represents the co-efficient of thermal conductivity. By using Fourier’s law, equation (2) can also be written as:
0 (, 0T 0 (, 0T 0 (, 0T or

k=)= (k=) +=— [ k= =pc— 2.5
L?x( 0x> o ( 0y> "% ( azﬂ He=pey

The unique solution for underlaying physical problem can be obtained by utilizing following boundary conditions (BCs):

SpecifiedHeatflow  g,_g.e. + gye, + g.e; 2.6

ConvectionBC  h(T; —T,) =q.e, +gye, + g.e; 2.7



B. Ramzan et al. Case Studies in Thermal Engineering 27 (2021) 101234
SpecifiedTemperature T, =T(x,y, z,1) 2.8
RadiationBC eoT* — AGraa = qe€x + gyey + qe; 2.9

where ey, ey, and e, represent the direction cosine of outward normal to the surface; co-efficient of surface absorption is denoted by o;
surface temperature of the specimen is denoted by Ts; convection heat transfer co-efficient is represented by h and radiation heat
transfer component per unit area is represented by qrag.

Notice that only surface temperature of the specimen can be measured via IRT. Hence, any surface anomaly or imperfection can be
detected by IRT if the specimen is thermally stimulated by some artificial heat source during analysis (active thermography) [45].
Otherwise, surface flaws cannot be detected with captured thermal images.

3. Methodology
3.1. Specimen

A standard 30 1b flat bottom T-section rail specimen was selected to for the inspection of surface flaws. The length of rail track is
larger as compared to its thickness and width. As defined by American Society of Civil Engineers (ASCE), the dimensions of rail section
[46] are descripted in Fig. 5 below:

The specimen is composed of 880-grade steel rail sheets. The ultimate tensile strength (UTS) of the sample is 880 MPa which
implies the internal resistance of the material to the external load. If the applied load exceeds beyond UTS permanent failure of
specimen will occur [47].

Mechanical and chemical properties of rail sample are provided in Table 1 and Table 2 respectively:

3.2. Artificial flaws

Rail specimen used for studying artificial flaws is shown in Fig. 6. Rectangular slots were machined to simulate surface flaws due to
RCF and creep forces. These cracks were generated at a particular distance on the railway surface [2,49]. To characterize rail head
surface flaws of various features i.e., flaw type, surface finish and crack orientation, specimen surface was divided into four segments.
Two types of artificial flaws were machined on smooth and rough segments of rail specimen. Four transverse slots were machined
across the surface of the rail head for the first set and four longitudinal slots were machined across both surfaces for the second set. The
depth of the slots ranges from 0.5 mm to 2 mm, while the length of the longitudinal slots ranges from 20 to 30 mm, giving us a total of
12 slots of varying sizes and orientations across the rail surface. The defect width (slot opening) of 1 mm was kept constant throughout
the artificial cracks. Table 3 provides geometric parameters of these defects with respect to surface type. Fig. 6 show longitudinal and
transverse flaws on rough and smooth surface. LF1R-LF4R, LF1S-LF4S, TF1R-TF4R and TF1S-TF4S represent transverse and longi-
tudinal flaws on both surfaces respectively [50]. The characteristics of various segments of rail specimen are given in Table 3 below:
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Fig. 5. Dimensions of 30 1b ASCE rail section. Length L = 3.66 m Widthw =0.7cm HW =4cm HD =2.5cmE =3.75cmFD =4 cm BD = 1.5cm
BW = 7.5 cm HT = 7.5 cm.
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Table 1
Mechanical properties of rail specimen as per IRS specifications [48].
Mechanical properties Value Unit
Ultimate tensile strength >880 MPa
Percentage elongation 10% -
BHN hardness >260 -
Table 2
Chemical properties of rail specimen as per IRS specifications [48].
Chemical Composition Weight percentage (% by mass)
Carbon 0.6-0.8
Manganese 0.8-1.13
Silicon 0.19-0.5
Sulphur <0.035
Phosphorus <0.035

Vertical
Direction

Transverse
Direction

(a) (b) (c) (d) (e)

Fig. 6. Orientation of artificial surface flaws on rail specimen (a) Section of rail track used studying artificial flaws (b)Transverse Flaws on rough
surface form TF1R to TF4R (c) Transverse flaws on smooth surface from TF1S to TF4S (d) Longitudinal flaws on rough surface from LF1R to LF4R (e)
Longitudinal flaws on smooth surface from LF1S to LF4S.

i. Since we are using an in-service rail specimen which has surface roughness due wear and rust. Therefore, first portion of the
sample was kept as it is. The effects of corrosion and surface roughness on thermographic data in the vicinity of surface flaws are
studied in this segment.

ii. The surface of rail specimen was grinded to produce a polish surface for second part of the sample. Surface finish being the
difference between first and second segments of specimen.

iii. The third part of the sample is developed by the forming of surface cracks. These flaws are laterally oriented across rail head
surface.

iv. Fourth and third section of the specimen are differed in term of crack orientation. For this segment, cracks are oriented
longitudinally along the length of rail specimen.

3.3. Surface flaw characterization by IRT

Active infrared thermography was used to characterize surface defects by applying a uniform heat flux on the rail surface for a
specific time period and measuring the distribution of temperature through the heated region by an infrared camera. Surface flaws
appear in thermograms as local cold or hot regions on a 2D-contour plot, as the defects disrupt the heat flow applied to the surface. In
the recorded infrared thermal images, defects are thus detected through the monitoring of these inhomogeneous temperature regions.
All the experiments were performed as per ANSI/ASTM E1213 standards to record the minimum temperature variation in order to
distinguish between defective and non-defective regions. Also, the equipment used in the experiment is according to the specification
descripted in ANSI/ASTM CP-189 [51].

The underlying physical phenomena which results in the thermal signature of flaws should be pointed out. To comprehend the
mechanism of IRT; we use Fourier’s Law by using equation (3), it can be re-written as:

0T 0T  oT
q=—k (

itk
e

1
3 0—1) = _kVT:IEVT 3.1
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Table 3
Geometric parameters for artificial flaws. Crack opening (width) for all the cracks is kept constant at 1 mm.

Parameters Nomenclature

TFir  TFop  TFsg  TF4q  TFis  TFos TFss TFsg LFjg  LFsr  LFsg  LFsz  LFjg  LFag  LFsg  LFss  Unit

Flaw orientation Transverse Longitudinal
Crack length 40 40 40 40 40 40 40 40 20 25 30 35 20 25 30 35 mm
Crack depth 0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2 mm

In equation (9), applied heat flux on rail surface is denoted q; thermal resistivity is represented by R and temperature gradient is
represented by VT. When a heat flux is applied a surface in the vicinity of an anomaly, a higher temperature gradient or temperature
distribution step occurs because of variation in localized thermal resistivity Ry due to which surface imperfections or defects are
inspected. In the case of three-dimensional heat conduction for in-service railway track inspection with a localized heat source, q is not
constant and Ry is also affected. But the qualitative study of railhead surface cracks from thermal images is still feasible. As a result,
higher R¢ results in a reduced cooling rate and thus a higher maximum temperature when the heat is applied in the vicinity of a crack as
compared to a non-defective surface, eventually resulting in crack signatures on thermogram. Experimental setup as well as schematic
configuration for IRT inspection system is shown in Fig. 7.

As shown in Fig. 7, experimental setup for inspection system consists of a thermally stimulated rail specimen, platform for
mounting rail track and an IR camera for capturing raw IR images. Flir TG165 infrared camera was used to record thermograms after
application of thermal stimulus by 1000 W heating torch. Surface of rail specimen was thermally stimulated 20 °C above ambient
temperature to match the practical conditions by manually moving and restraining torch at a distance of 10 cm from railhead. The heat
was applied in short pulses of 2-5 s. This form of thermal stimulation to detect surface flaws is referred as short pulse. After application
of surface heat flux for a specific time interval; cooling rates for both sounded and defective surface are recorded. The selection of
emissivity is another critical parameter for rail track thermography. Emissivity is the property of an object which, in contrast to the
black body, indicates the radiation emitted by the surface at a given temperature. The sum of resistivity and emissivity for an opaque
object is unity. Highly emissive materials thus have low reflection and infrared inspection is convenient whereas noise in thermal
images is induced by high reflection. The sample was vulnerable to temperature variation during the capture of infrared images
because the examination was carried out in an open area. As certain thermal radiations are often dispersed in the surrounding region
which cause an inherent noise in recoded raw thermal images, so post-processing is necessary to distinguish defects and irregularities
from the non-defective surface. In order to achieve a better signal to noise ratio) SNR, a statistical moment approach has been utilized
for quantitative analysis of temperature distribution across the surface [52].

4. Results and discussion
4.1. Longitudinal flaws

Fig. 8 provides a comparison between thermal signatures for longitudinal flaws on smooth and rough surface. The dimensions of
these flaws are provided in Table 3. To check the feasibility of inspection method for in-service rail track exposed to harsh environ-
mental conditions thermographic behaviour on both types of surfaces was observed. Thermal stimulation was applied to surface
containing flaws and thermal images were captured to observe the thermal contrast between non-defective and defective surface. The
principle of crack inspection is based on the principle of varying cooling rates between sounded and defective region. Due to this
phenomenon the characterization of surface flaws was made by observing the thermal intensity of pixel across the surface. The darker
pixels on thermogram represent the cooler region whereas brighter pixels denote hotter regions. Fig. 8 below shows the thermogram as
well as the frequency of surface temperature distribution on a defective surface. As it can be seen that in the absence of any surface
defect the variation in temperature distribution across the surface is minimal.

Temperature histogram in Fig. 8 (b) depicts that surface of specimen is at 54 °C with negligible temperature variations. While a
significant thermal contrast can be observed in Fig. 9 and Fig. 10 respectively due to the presence of surface flaws which cause
inhomogeneous temperature region on the thermograms.

In the event of any surface imperfection a thermal contrast occurs between non-defective and defective surface. Pixel intensity in
defective region will differ from rest of surface. Though the detection principle for flaws on smooth and rough surface is same but the
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interpretation can be different. In side by side comparison between thermograms for both surface it is quite obvious that pixel intensity
is different. The smooth metallic surface give rise to surface reflection that may result in misinterpretation of surface temperature. On
the other hand, for rough surface, due to presence of oxides and rust layer absorption of radiation increases which appear as brighter
region. Therefore, evaluation of crack from raw infrared image is not sufficient to quantitatively determine the defective region on
specimen.

To compensate for this unwanted noise pixel intensity was measured in spot region of 10 mm in diameter at a stand-off distance of
203 mm which is prescribed stand-off distance for accurate temperature measurement by Flir TG165 infrared camera. The maximum
temperature limit for thermal image post-processing was selected by measuring the maximum pixel intensity at region of interest and
extrapolating the maximum temperature for each thermogram with reference to pixel intensity and measured temperature of infrared
camera. The frequency distribution histogram for all four longitudinal cracks on rough and smooth surface provide quantitative
characterization of surface flaws. The heat flow across the surface has been interrupted by the presence of surface anomaly causing
reduction in cooling rate in the vicinity of defect, this effect appears as thermal contrast in thermographic data. Detection of cracks on
rough surface in Fig. 8 (a), (c), (e) and (g) is more pronounced due better absorption of thermal radiations. A visually enhanced thermal
contrast is present between sound and defective surface. As the crack depth increases; cooling rates varies for deeper cracks that take
longer to reach the surface temperature which is depicted in Fig. 8 (e) and (g). The thermal contrast between sound and defective
region in terms of surface temperature has been shown quantitatively in thermal image histograms. The variation in frequency of
surface temperature is the reason behind visualization of thermal contrast for detection of crack on rail surface. The comparison
between thermograms for crack detection on rough and smooth surface suggests that even after post processing the detection of flaws
on smooth surface is challenging. This is primarily due to increase reflection from the smooth surface the thermal contrast is not as
much distinct as in case of rough surface flaws. Fig. 8 (b), (d), (f) and (h) provide thermograms as well as quantitative representation of
thermal contrast in the form temperature frequency histogram. Thermal intensity is, therefore, increased to extract the meaningful
information which reduces environmental noise and other factors affecting flaw inspection. All the histograms for cracks on rough
surface are left skewed tailing more temperature data on left side of the peak providing a thermal contrast. While for cracks on smooth
surface the temperature distribution histogram approaches a traditional bell curve giving us a uniformly varying thermal contrast.

To quantitively assess the thermal contrast for each type on both surface SNR has been calculated. There are many descriptions for
estimation of SNR in previous literature. SNR for surface flaw has been calculated by using equation (10),

SNR = 10log 1o (“}”("%”N) 4.1

In above equation, g is the arithmetic mean of pixels in defective region; iy is the arithmetic mean of pixels in sound region and ¢ is
standard deviation of pixels in non-defection region which is typically characterized as background noise [53]. The SNR for LF1S to
LF4S lies between 33 and 36 dB while for LF1R to LF4R the range of SNR is 30-34 dB which slightly less than the later due unwanted
debris and corrosion on rough surface that resulted in reduce signal relative to smooth section. But the quantitative inception of surface
flaws in both cases has been made because overall range for SNR is sufficiently higher.

4.2. Transverse flaws

Fig. 9 shows the quantitative evaluation and comparison for transverse flaws on smooth and rough rail surface. The dimensional
parameters of these flaws are given in Table 3. The variation in depth for these flaws is same as in case on longitudinal flaws. As it can
be seen in the temperature frequency histogram below; sample surface temperature distribution form has been changed by shallowest
defects, i.e. the distribution is lower since higher temperature values are more common in the histogram. The pattern for temperature
distribution across smooth surface is affected by reflection while higher temperature distribution can be seen on rough surface. To
allocate a suitable temperature range for post-processing of thermal image; all the readings were recorded at an ambient temperature
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Fig. 7. Thermography inspection system configuration (a) Schematic for IRT (b) Experimental layout for IRT inspection system.
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Fig. 8. Thermogram for non-defective surface (a) Post-processed IR image (b) Frequency of surface temperature distribution.

of 30 °C while maximum temperature was extrapolated based on direct relation of temperature and pixel intensity.

Quantitative characterization for each type of flaw can be made from frequency of temperature distribution. In Fig. 9 (a), (c), (e)
and (g) transverse cracks are distinguishable in processed thermal images due difference in cooling rates between flaw and sound
surface. This effect has also been depicted in histogram where average surface temperature has higher frequency than temperature
distribution at surface imperfections. The same trend can also be observed for crack detection on smooth surface as shown in Fig. 9 (b),
(d), (H) and (h) but temperature distribution in histogram is rather symmetrical as temperature gradient across the surface varies
uniformly as compared to cracks on rough surface. Also, cooling rates is changing with depth of each crack resulting in a more vivid
contrast between the shallower and deeper flaws.

SNR for transverse flaws has also been calculated using equation (10). For transverse flaws on smooth surface (TF1S to TF4S), the
range of SNR is between 34 and 39 dB whereas for transverse flaws on rough surface (TF1R to TF4R) it lies between 32 and 37 dB.
Nevertheless, thermal images in each scenario provides enhanced thermal contract for effective detection of surface flaws.

5. Conclusion

Infrared active thermography has been applied for characterization and detection of railroad surface flaws. Both longitudinal and
transverse flaws were identified which is pivotal for reliability and safety with development of high-speed train networks. The results
obtained provide a quantitative evaluation for railroad surface flaws on different type surface subjected to operation wear and harsh
environmental conditions. To enhance the visual inspection of these flaws and reduce noise due to scattering of thermal radiation in
surroundings; post-processing was applied to deduce a meaningful thermal contrast between defective and non-defective region.
Further work is aimed to integrate artificial intelligence which would boost the robustness and overall efficiency of inspection system.
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Fig. 9. Characterization of longitudinal flaws on rough and smooth surface.
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Fig. 10. Characterization of transverse flaws on rough and smooth surface.
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