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Abstract. Rail foot flaws have the potential to cause broken rails that can lead to derailment. This is not only an extremely 
costly issue for a rail operator in terms of damage to rolling stock, but has significant flow-on effects for network down-
time and a safe working environment. In Australia, heavy haul operators run up to 42.5 t axle loads with trains in excess 
of 200 wagons and these long trains produce very large cyclic rail stresses. The early detection of foot flaws before a broken 
rail occurs is of high importance and there are currently no proven techniques for detecting rail foot flaws on trains at 
normal running speeds. This paper shall focus on the potential use of thermography as a detection technique and begin 
investigating the components of heat transfer in the rail to determine the viability of thermography for detecting rail foot 
flaws. The paper commences with an introduction to the sources of heat generation in the rail and modelling approaches 
for the effects of bending, natural environmental factors and transverse defects. It concludes with two theoretical case stud-
ies on heat generated due to these sources and discusses how they may inform the development of a practical thermogra-
phy detection methodology.

Keywords: rail foot flaw, bending, temperature differential, modelling, heat transfer, thermography.

*Corresponding author. E-mail: c.bosomworth@cqu.edu.au

#  Editor of the TRANSPORT – the manuscript was handled by one of the Associate Editors, who made all decisions related to the manuscript (including the choice of referees 
and the ultimate decision on the revision and publishing).

Copyright © 2021 The Author(s). Published by Vilnius Gediminas Technical University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Notations

AEP – acoustic emission pulsing;
AET – acoustic emission testing;

EMAT – electromagnetic acoustic transducer;
IRT – infrared thermography;

LRUT – long range ultrasonic;
NDT – non-destructive testing;
RCF – rolling contact fatigue;
VSD – vehicle system dynamics.

Introduction

The heavy haul rail sector in Australia hauls approximate-
ly one billion tonnes of bulk product every year with the 
majority of that being iron ore. With gross wagon masses 
now reaching 170 t, significant deformation, wear, bend-
ing and shear stresses on the rail are the inevitable result. 
Combine this with the harsh natural environment that 
most rail operators work in and it is not surprising that 
defects and flaws occur in the rail (Spiryagin et al. 2014).

A review into condition monitoring for rail flaws (Pa-
paelias et al. 2008) shows that rail head defects from RCF 

dominate the monitoring space, whilst techniques and 
research for rail foot flaw detection is limited. While it is 
no doubt understandable that head flaw detection is im-
portant, undetected foot flaws have caused derailments in 
Australia recently as detailed by the ATSB (2015) and the 
CI TS (2011). Rail foot flaws have also been cited by heavy 
haul rail operators in Australia as a risk to their safe and 
efficient operation.

There are two common types of rail foot flaws, lon-
gitudinal and transverse. Longitudinal foot flaws start as 
a vertical separation at the base of the web through the 
foot and travel longitudinally and outwards to the edge of 
the foot as shown in Figure 1 (Michaels 2014). They are 
caused by a number of different factors including segre-
gations, inclusions, seams and improper bearing on ties 
or tie plates. These are currently only detected by visual 
observation and are sometimes called half-moon cracks. 
Transverse defects initiate at the edge of the foot caused by 
a nick or blow due to improper handling or usage of the 
rail. This type of flaw continues to grow transversely and, 
if left undetected, will result in a broken rail as shown in 
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Figure 2 (Michaels 2014). These are currently only detect-
ed by visual observation and are also called foot fractures 
(Michaels 2014; NSW Transport RailCorp 2012). This pa-
per shall only focus on this type of rail foot flaw.

The foot flaw environment has constraints not seen in 
the rail head. Where the rail head is hopefully a smooth 
continuous surface, the foot has obstacles such as ties and 
fasteners as shown in Figure 3. This can make it prob-
lematic for contact, or near contact techniques, such as 
conventional ultrasonic (Krautkrämer, J., Krautkrämer, H. 
1990), laser induced (Kenderian et  al. 2006) or electro-
magnetic (Petcher et al. 2014) examination. Therefore, a 
non-contact technique may be the most suitable option 
for the detection of foot flaws. A brief review of existing 
detection techniques, contact, near contact and non-con-
tact is presented in Section 1.

A potential method that to date has limited research 
in this area is IRT. It is a non-contact technique whose 
distance detection limitations are not as restrictive as the 
aforementioned techniques. There are two approaches for 
IRT, passive and active. The passive technique relies on 
the object under test in its natural state having defects at 
significant temperature differential to its surrounds, ena-
bling direct detection. An example of this type of usage is 
human surveillance. The more common approach in prac-
tice is active IRT, where an excitation source is required to 
generate a heat flux in the object under test. The excitation 
generates a heat flux in the object and due to the higher 
thermal resistance of the defect or discontinuity a distur-
bance of the heat flux is generated creating a build-up of 
heat at the defect location that can be measured by an 
infrared camera (Maldague 2002). 

Figure 1. Longitudinal foot flaw  
(half-moon defect)

Figure 2. Transverse defect  
(foot fracture)

Figure 4. Proposed areas (blue circles) for installation of infrared camera for a thermography base detection technique

Figure 3. Example of obstructions  
in the foot region

For this reason, even though Thermography is a sur-
face detection technique it is able to detect sub-surface 
faults as well. In this scenario, the heat energy build-up 
radiates in all directions away from the defect, and can be 
detected at the surface of the object. The development of a 
thermography based technique requires an understanding 
of the temperature differentials generated in the rail from 
rolling stock and whether additional excitation is required, 
or how the existing excitation can be leveraged for a detec-
tion technique.

The proposed foot flaw detection technique aims to 
install an infrared camera on a revenue raising rail vehicle, 
shown in Figure 4, travelling at speeds of up to 80 km/h. 
The preferred objective is to use an active Thermography 
technique, where the rolling stock provides the excitation 
to the rail. To establish the viability of the proposed meth-
od, a rail heat transfer model is being developed that is 
computationally fast enough to investigate complete heavy 
haul routes that may extend up to 500 km. For this rea-
son, the modelling must be a reasonable approximation of 
what is occurring, without having the fine granularity that 
a more microscopic, computationally expensive, narrowed 
investigation might consider.

There are two research questions to be answered by 
this paper. Does bending due to rolling stock passage 
generate significant heat flux in the rail for use as an IRT 
active excitation technique, and further, does the change 
in flexural rigidity caused by a defect significantly impact 
the heat flux due to bending. This paper starts by describ-
ing the excitation sources provided by the contact of the 
rolling stock with the rail. It does not consider other ex-
ternal sources of thermal excitation such as lasers, induc-
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tive heating or heat lamps, typically associated with active 
Thermography. There is currently very limited research 
work in the area of rail heating due to rolling stock passage 
and thermography techniques for detecting rail foot flaws. 
A brief overview of the area is presented in Section 1.7. 
Therefore, this paper attempts to set the scene for current 
and future work in the area. Of the sources of heat identi-
fied, it looks specifically at bending and derives equations 
describing the generalised temperature differentials in the 
rail resulting from elastic hysteresis effects in the rail. The 
paper goes on to establish initial models integrating en-
vironmental effects such as convection and radiation and 
whether the change in flexural rigidity of the beam due to 
a flaw generates further heat due to bending.

1. Existing detection techniques

Review papers considering contact, near-contact and 
non-contact methods (Papaelias et  al. 2008) and more 
recently by team member, Alahakoon et  al. (2018), on 
non-destructive evaluation of rails presents a thorough 
state-of-the-art in defect technology. A summary of non-
destructive techniques applicable to rail foot flaw detec-
tion from that time and recent advancements are shown 
in Table 1. A critique of the techniques follows, and will 
focus on the ability of the methods to detect rail foot flaws.

1.1. Ultrasonics

Ultrasonic inspection is classically a rail head detection 
technique. The transducers are water coupled to the rail 
and installed at differing detection angles to increase the 
probability of detection for defects (Krautkrämer, J., Krau-
tkrämer H. 1990), refer to Figure 5. From the rail foot flaw 
context it is able to detect flaws in the base of the foot that 
are vertically below the rail head (ARTC 2019). This type 
of flaw is usually caused by corrosion and can be masked 
by any minor defects present vertically above it (Hernan-
dez et  al. 2007). As shown in the figure, it is unable to 
detect foot flaws that are initiated on the edge of the foot. 
Given obstructions such as rail fasteners and ballast foul-

ing, a coupled ultrasonic technique would be difficult to 
implement in practice.

1.2. EMAT

EMAT uses electromagnetic coupling between the trans-
ducer and the magnetic object under test to induce ul-
trasound waves. This is achieved by pulsing large current 
through an inductive coil positioned near a strong per-
manent magnet (Petcher et al. 2014). The use of EMAT is 
similar to conventional ultrasonic where it is mounted at 
different angles to the rail and is able to inspect a similar 
region (Figure 5). Although non-contact, the maximum 
lift-off distance between the inspection object and the base 
of the EMAT sensor is restricted to only several millime-
tres (Yi et al. 2010). From the rail foot perspective though, 
it is a closely coupled method in the order of millimetres, 
and would therefore pose practical implementation dif-
ficulties like the other contact or close contact methods.

1.3. LRUT

LRUT, also known as the ultrasonics guided waves tech-
nique, is based on the transmission of ultrasound as volu-
metric waves longitudinally in the rail. The configuration 
normally consists of piezoelectric transducers coupled to 
the rail and excited in the frequency range of 6 to 50 kHz 

Table 1. Defect detection techniques applicable to the rail foot

NDT technique Systems available Performance
Ultrasonics manual and high speed  

system <19 m/s
»» may miss foot faults if other minor defects are present in web or head;
»» manly able to scan central foot area directly below rail web

EMAT low speed hi-rail vehicle <3 m/s »» affected by lift-off variations;
»» may miss some foot defects

LRUT manual systems and low speed  
hi-rail vehicle systems <3 m/s

reliable in detecting transverse defects where overall cross section >5%

Laser ultrasonics manual and low speed hi-rail 
vehicle systems <4 m/s

»» reliable in detecting internal defects; 
»» may be affected by lift-off variations with sensors

AEP experimental limited information – apparent similarities with laser ultrasonics for 
excitation and receiver

Vision systems
Thermography experimental demonstrated for use in detecting RCF defects

Figure 5. Conventional ultrasonics inspection region

Ultrasonic coupling angles

Inspection
region

Foot
flaw
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(Bartoli et  al. 2005; Hayashi et  al. 2003). A coupled re-
ceiver measures the waveform and is analysed for reflec-
tions that can be localised and quantified. LRUT has been 
demonstrated in laboratory conditions to detect transverse 
defects at the outer edge of the rail foot (Campos-Castel-
lanos et al. 2011; Moustakidis et al. 2014). However, from 
a moving vehicle detection perspective it has the same 
constraints as previously discussed methods, specifically 
coupling to the rail.

1.4. Laser ultrasonics

Laser ultrasonics is functionally similar to conventional 
ultrasound, however, uses laser pulses striking the sample 
to induce ultrasound in the rail as a non-contact genera-
tion source. The ultrasound waves are then received by 
an air coupled acoustic transducer. The advantage of this 
method is that both the laser and receiver can be place 
outside the danger zone of the rail foot environment mak-
ing it useful for a higher speed moving vehicle technique. 
However, the distance from foot to acoustic receiver must 
be well controlled as it is susceptible to lift-off variation 
(Cerniglia et al. 2012; Green 2004; Kenderian et al. 2006; 
Scruby, Drain 1990). 

1.5. AEP

AEP as a technique for rail flaw detection is in its infancy. 
It is conceptually similar to laser ultrasonics in that acous-
tic waves are injected into an object and recorded by an 
air coupled receiver. It is the active version of the com-
mon passive AET technique used in NDT (Grosse, Ohtsu 
2008). It has been included in this review based on its 
similarities with laser ultrasonics only.

1.6. Vision systems

Machine vision systems capture high speed imagery of 
the track and its surrounds and post process the imagery 
through various techniques such as differential compari-
son (DelaCalle et al. 2017) and neural networks to detect 
features such as missing rail clips and rail surface flaws 
(Deutschl et  al. 2004; Chen et  al. 2010). As it is a non-
contact method it is outside the danger zone of potential 
obstructions present in the foot area of the rail. The major 
drawback to the method is that it provides surface only 
detection, and hence any sub-surface flaws are not visible. 
No state-of-the-art or research work currently exists for 
using vision systems to detect rail foot flaws.

1.7. Thermography

There has been very limited research in the area of rail 
foot flaw detection using IRT. A paper by Greene et  al. 
(2007) presented an experimental investigation into the 
use of differential Thermography for discerning transverse 
defects in the rail foot, however, the experiment ended up 
focusing more on head cracks then those in the foot. Of 
particular note, however, was the use of cyclic loading, or 
vertical wheel load, as excitation for the detection meth-

odology. This contrasts with nearly all other techniques 
identified that use variations of electromagnetic excitation 
(eddy current heating) – Abidin et al. (2012), Peng et al. 
(2014), Tian et al. (2016), Wilson et al. (2011), Yang et al. 
(2015). However, Peng and Jones (2013) demonstrated the 
use of optical excitation and lock-in thermography for the 
detection of rail squats.

Although variations of eddy current thermography 
have shown particular promise in laboratory experiments, 
the heating and cooling times required for evaluation and 
detection pose some technical constraints for moving 
vehicles. In nearly all cases heating time ranged from 10 
up to 200 ms (Wilson et al. 2011; Yang et al. 2015), with 
the cooling duration being in the seconds. Another is-
sue related to the performance of eddy current heating is 
variations due to lift-off on moving vehicles, as the defect 
strength is inversely proportional to the cube of the lift-off 
distance (Papaelias et al. 2009).

2. Sources of heat

The development of a rail heat transfer model requires 
identifying the sources of heat either directly or indirectly 
generated by the rolling stock. Figure 6 outlines the differ-
ent interactions between the wheel, rail and sleepers in a 
typical rail–sleeper configuration common in heavy haul 
networks worldwide. These interactions can be catego-
rised into three areas – bending, wheel–rail contact and 
sleeper–rail contact. The fourth factor associated with rail 
heating, but not linked to rolling stock, are environmental 
factors such as solar and wind.

The key instigator for all dynamic interaction in the 
rail–rolling-stock setting and generation of heat is the 
wheel. Bending is the result of the normal and shear 
stresses in the rail caused by the pressure exerted by the 
wheel–rail contact as a result of vehicle body loading. Al-
though an elastic event, the cyclic bending of the rail from 
each passing wheel causes a small temperature change in 
the rail steel due to the dissipated energy generated from 
internal molecular friction. The dissipated energy is a 
small proportion of the strain energy in the rail. While 
bending could be considered part of the wheel–rail con-
tact process, for the purposes of this description it will be 
considered separately.

Figure 6. Sources of heat in a wheel–rail–sleeper interaction
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Heat generation and transfer due to wheel–rail contact 
dynamics is a result of two processes, friction and conduc-
tion. The friction caused by the contacting surfaces can be 
very complex to model and is affected by external train 
handling factors such as traction, braking and VSD. Con-
duction is a result of the change in temperature between 
the rail and wheel. In a typical scenario, the wheel is at a 
higher temperature than the rail and their resulting inter-
action is known as rail chill.

The third dynamic effect is the sleeper–rail contact. In 
this case there is friction between the sleeper, or wear plate 
if one is present, and the rail that may result in a heating 
process in the underneath area of the foot. For concrete 
and steel sleepers, rail fasteners (or clips) are used to hold 
the rail in place unlike timber sleepers that employ the tra-
ditional rail spike. Conduction between the sleeper, wear 
plate and rail is particularly limited in the case of con-
crete and timber sleepers due to the insulating properties 
of sleeper materials. Steel sleepers nearly always employ 
some form of rubber/polymer wear pad that always insu-
lates conduction between rail and sleeper.

The fourth heating process is quasi-static due to the 
natural environment. There is energy transfer through ra-
diative and convective processes due to solar radiation, 
atmospheric conditions and the rail itself. These processes 
are affected by the rails’ emissivity and angle of incidence 
of solar radiation and convection. For example, in early 
morning or late afternoon, only one side of each rail will 
be exposed to the sun; in the middle of the day, the top 
of rail and outer edges of the rail foot will be impacted. 
This will influence and change the way the rail is heated 
during the day. 

The final heating process is by the foot flaw itself. 
There are two potential processes at work here, crack rub-
bing and crack growth. Under certain circumstances there 
will be internal frictional surface rubbing generating heat, 
although it is postulated that, in most cases, the crack will 
microscopically open and breath due to the shear force 
in the rail when the wheel rolls by. The last process is the 
tip itself undergoing plastic deformation as it grows, also 
generating highly concentrated heat in the tip.

3. Modelling approaches

Of the heat processes described, this paper shall focus on 
simplified approaches for modelling bending, environ-
mental and crack defect effects. The other energy transfer 
processes such as wheel–rail contact and sleeper–rail con-
tact shall be explored in greater depth in future work. As 

explained earlier the simplified approach is being adopted 
to enable simulation and evaluation of long heavy haul 
routes. The flowchart in Figure 7 outlines the general 
methodology that the paper will present.

3.1. Heat from bending

The first modelling approach to be evaluated is heat gener-
ated due to bending. As each wheel in a train rolls along 
the track there is a bending moment applied from the 
wheel-rail contact region. The length of the bending mo-
ment is dependent on the vertical stiffness of the sleeper 
and sub-track. Although the rail only undergoes elastic 
deformation during bending, there are internal frictional 
processes at the crystalline level due to non-homogeneities 
that dissipate heat. The effect of this is that a small propor-
tion of the strain energy per bending cycle is converted 
to heat that may result in a change in temperature of the 
rail after many bending cycles. In modern heavy haul net-
works this may be anywhere between 400 to 1000 wheels 
per train in contact with the track.

The modelling approaches presented for bending shall 
consider the rail as a beam with the following assump-
tions:

»» the rail is fully insulated, i.e., no loss or gain of heat 
due to convection, conduction or radiation;

»» no frictional heat generated in the surface condi-
tions by the application of the concentrated load, i.e., 
it is effectively a frictionless point mass; 

»» the beam is uniform with no major defects, besides 
normal crystalline deformities, resulting in a small 
proportion of strain energy being converted to heat.

When a beam undergoes bending there is a tensile ef-
fect beneath the neutral axis and compressive effect above 
it. During elastic deformation, the tensile and compres-
sive regions heat and cool respectively. When the beam 
returns to steady state, each region reverses in process 
and the beam returns to its original temperature, exclud-
ing the aforementioned internal friction and associated 
heat dissipation. The strain energy in a beam is a func-
tion of its bending moment and flexural rigidity as shown 
in Equation (1) (Jindal 2012). It describes the energy in 
the beam, i.e., it does not delineate between tension and 
compression, however it can be used in conjunction with 
the assumption of elastic strain hysteresis as a reasonable 
approximation of average temperature as a function of dis-
placement in the beam due to bending. 

The symbols for various parameters and their common 
values used throughout the remainder of the document 

Figure 7. Outline of process presented by paper
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are detailed in Table 2. The Young’s modulus (Yu, Jeong 
2012) and specific heat use the accepted value for steel. The 
second moment of inertia and 1 m length mass of rail are 
based on AS68 [kg/m] rail (Nippon Steel 2019). The con-
centrated load is equal to a single wheel load for a 42.5 t  
axle load and the beam length is equal to the standard 
sleeper spacing used by heavy haul rail networks.

2

2
MU dx
E I

=
⋅ ⋅∫ .  (1)

Integrating for the total strain energy in the beam ag-
gregates the energy function and resultant temperature 
information that is useful for understanding heating due 
to elastic hysteresis resulting from the bending moment. 
The integrand is a function of load and displacement, or 
the work done by the bending moment. The specific heat 
formula in Equation (2) can be used to generate a tem-
perature function of displacement. If we consider a short 
length dx of the beam, the specific heat equation becomes 
Equation (3) and re-arranging for Dt the temperature 
function is Equation (4).

Q m c t= ⋅ ⋅D ;  (2)

( )Q Work x dx= ⋅ , /kg mm m dx= ⋅ ;  (3)

/kg m

Workt
m c

D =
⋅

.  (4) 

3.1.1. Simply supported beam
The first approach considers the static problem of a sim-
ply supported beam with a concentrated load as shown 
in Figure 8 whose parameters are detailed in Table 3. In 
this method the sleepers are considered as infinitely stiff 
in the vertical direction, resulting in a bending moment 
that can at maximum be l/2. In practice this scenario is 
unlikely as the sub-track is never so stiff, however, as this 
is the shortest bending moment possible in sleeper-rail 
track configuration, it serves to inform on the minimum 
average temperature possible in the rail due to bending.

The strain energy integral in Equation (1) requires a 
continuous expression for the bending moment, resulting 
in separate work functions for sections AB (Equation (5)) 
and BC (Equation (6)). Substituting the bending moment 
of Equations (5) and (6) into Equation (1) produces in-

tegrals for solving the total strain energy in sections AB 
(Equation (7)) and BC (Equation (8)). Substituting the 
integrands from Equations (7) and (8) into Equation (4), 
our resultant temperature functions for sections AB and 
BC are shown in Equations (9) and (10). Equations (9) 
and (10) also introduce the proportional variable Pint that 
defines the component of strain energy that is dissipated 
as heat due to internal friction in the beam. 

AB AB
W bM x

l
⋅ = ⋅ 

 
;  (5)

BC BC
W aM x

l
⋅ = ⋅ 

 
;  (6)

2 2 2

2
0

2

a
AB

AB AB
W b x

U dx
E I l
⋅ ⋅

= ⋅
⋅ ⋅ ⋅∫ ;  (7)

2 2 2

2
0

2

b
BC

BC BC
W a x

U dx
E I l
⋅ ⋅

= ⋅
⋅ ⋅ ⋅∫ ;  (8)

( )
2 2 2

2
/2

AB
AB AB int

kg m

W b x
t x P

E I l m c
⋅ ⋅

D = ⋅
⋅ ⋅ ⋅ ⋅ ⋅

;  (9)

( )
2 2 2

2
/2

BC
BC BC int

kg m

W a x
t x P

E I l m c
⋅ ⋅

D = ⋅
⋅ ⋅ ⋅ ⋅ ⋅

.  (10)

Temperature distributions for three different positions 
of the concentrated load on the simply supported beam 
are shown in Figure 9. Table 4 shows those three differ-
ent position parameters. The average temperature genera-
tion in the beam for a single cycle is quite small, around 
1.011⋅10–4 K, however, extrapolating for many wheelsets, 
there is potential for a measurable accumulation of heat. 

Table 2. Temperature/strain parameters, symbols  
and common values

Symbol Parameter Unit Value
U total strain energy J
M bending moment N⋅m
Dt change in temperature °C
Work work done J
E Young’s modulus Pa 2⋅1011

I second moment of inertia m4 3.94⋅10–5

mkg/m mass of 1 m length of beam kg 67.5
c specific heat capacity J/(kg⋅K) 450

Figure 8. Vertical bending block diagram

Table 3. Additional simply supported beam parameters, 
symbols and values

Symbol Parameter Unit Value
a section AB distance m
b section BC distance m
xAB dependant variable for section AB m
xBC dependant variable for section BC m
l total length of beam m 0.6
W concentrated load N 208462.5
Pint proportion of strain dissipated  

as heat
0.05

w

xAB xBC
a b

l

A B C
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Due to the infinite vertical stiffness of the end points of 
the beam, the maximum average temperature will occur in 
the middle of the beam, with no change in temperature at 
the end points as no bending ever occurs there.

3.1.2. Continuous elastic beam
The second approach considers a continuous elastic beam 
as described by Hay (1953) and shown in Figure 10. Un-
like the simply supported beam whose coordinate system 
origin is located at the point of bending, this model’s ori-
gin is at the point of maximum deflection in the beam. 
In the continuous elastic beam, the sleepers have a finite 
stiffness that is determined by the track modulus. This 
has a twofold effect, the length of the bending moment 
is significantly longer and all points on the track undergo 
the same maximum bending displacement for a constant 
wheel load as the wheels roll along. The resultant effect of 
this is that the track is uniformly heated. In practice this 
would not be entirely true as the effect of VSD may pro-
duce varying wheel loads on each of the wheelsets in the 
vehicle, and the track modulus is also not guaranteed to 
be consistent across an entire track network. To maintain 
consistency with the simply supported beam, we will as-
sume 100% wheel loading, i.e., no under loading or over-
loading case due to VSD and constant track modulus. 

The bending moment function is shown in Equation (11)  
and the new parameters introduced are detailed in Table 5. 
Like the simply supported beam, the moment function 
(Equation (11)) is substituted into the strain energy func-
tion (Equation (1)) that is substituted into (Equation (4))  
to provide the temperature Equation (12). Substituting the 
bending moment function of Equation (11) into Equation (1)  
results in a work function:

( ) ( )( )
1
4

cos sin
64

xE IM W e x x
k

−λ⋅⋅ = ⋅ ⋅ ⋅ λ ⋅ − λ ⋅ ⋅ 
,  (11)

where:
1
4

4
k
E I

 
λ =  ⋅ ⋅ 

;

( )
/2int

kg m

ft x P
E I m c

D = ⋅
⋅ ⋅ ⋅ ⋅

,  (12)

where:

( ) ( )( )
21

4
cos sin

64
xE If W e x x

k
−λ⋅

 
⋅  = ⋅ ⋅ λ ⋅ − λ ⋅  ⋅  

 

.

This temperature distribution for the continuous 
elastic beam model is shown in Figure 11. The effect of 
the longer bending moment and subsequent increase in 
strain energy is quite clear with an average temperature 
in the beam at the point of maximum displacement being 
4.0⋅10–4 K. Like the simply supported beam, continuous 
wheelsets passing will potentially produce a cumulative 
temperature rise that will be discussed in greater detail 
later in the paper.

Figure 9. Change in temperature for a concentrated  
load on a beam

Table 4. Concentrated load W positions for temperature 
distribution demonstration

Name a [m] b [m]
T1 0.1 0.5
T2 0.2 0.4
T3 0.225 0.375
T4 0.3 0.3
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Figure 10. Continuous elastic beam model

Figure 11. Continuous elastic beam temperature distribution
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Table 5. Additional elastic beam parameters,  
symbols and values

Symbol Parameter Unit Value
λ damping factor
k track modulus Pa 20.7⋅106
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3.2. Heat from natural environment

The second approach to modelling presented by this paper 
is due to heat generated from the natural environment. 
As theoretical heat modelling shall be used to inform the 
development of a practical thermography based technique 
for a moving vehicle, it is important to understand the ef-
fect, if any, that weather will play in emissivity of the rail. 
The heating due to bending in the previous sections as-
sumed no convection or radiation losses. The introduction 
of this model enables these energy loss components to be 
captured and will present a better representation of what 
average temperatures would be expected under practical 
conditions.

The patented work by Kesler, Zhang (2007) and Zhang, 
Lee (2008) details an energy equilibrium model for a 
beam floating in space. The model considers radiation, 
convection and stored energy of the rail and uses weather 
information (current and predicted), to calculate future 
track temperature. A block diagram of the model is shown 
in Figure 12 and its energy equilibrium relationship is ex-
pressed by Equation (13) for which the new parameters 
introduced are detailed in Table 6. 

cosr
s s s

dT
c V k A G

dt
ρ⋅ ⋅ ⋅ = ⋅a ⋅ ⋅ ⋅ θ −

( )conv c rh A T T∞⋅ ⋅ − +

( )4 4
r t otherskyA T T Eε ⋅σ ⋅ ⋅ − +  .  (13)

To introduce the energy component generated by the 
internal friction, it is simply added through the Eother vari-
able. The energy input is applied to the entire beam, there-
fore, to evaluate the beam under bending where the work 
done is a function of displacement, many beam slices are 
required to capture this effect. A case study is presented 
later in the paper to explore the heating effect of a train 
passage, demonstrating the premise and the role that en-
vironmental factors contribute. The energy component is 
added as a periodic impulse for each wheel. 

3.3. Crack modelling

The introduction presented two types of rail foot defects 
that occur, longitudinal and transverse. This paper shall 
focus on transverse defects and present two approaches to 
modelling this type of defect through functions of vary-
ing flexural rigidity. The premise of this model is that a 
decrease in the flexural rigidity at the crack location will 
increase the strain energy at that point, due to the increase 
in bending, that in turn will produce a greater internal 
friction and resultant dissipated heat. The general observ-
able phenomenon in the region would be a hot spot. This 
is not considering the plastic deformation that the crack 
tip itself generates or potential crack edge rubbing.

Both approximations assume the crack region is 
breathing, that is, the crack planes do not touch resulting 
in the flexural rigidity function not changing with time. 
This assumption is reasonable given the rail foot is un-
der tension while there is a load applied from the wheel, 
therefore, for the majority of time it is open. The first ap-
proach by Christides and Barr (1984) approximates the 
crack region as an exponential function as shown in Equa-
tion (14): 

( ) 0
2

1
jx x

d

E I
EI x

C e
− ⋅a⋅ −

⋅
=

+ ⋅

,  (14)

where: 0 c

c

I I
C

I
−

= ;

I0, Ic are the second moments of inertia for the undam-
aged and cracked sections of the beam respectively; d is 
the depth of the crack; xj is the distance of the crack from 
the origin. 

The a parameter can be used to control crack width. 
Examples of the function are shown in Figure 13, dem-
onstrating two instantiations of the crack function with 
a configured as 0.667 and 4.0 respectively. For a standard 
beam, the inertia values can be calculated directly using 
the width and depth of the beam.

The second approach considers the crack as a trian-
gular area. This is proposed by Sinha et  al. (2002) as a 

Figure 12. Transient heat transfer of a beam

Table 6. Energy equilibrium parameters and symbols

Symbol Parameter Unit
p density kg/m3

c specific heat capacity J/(kg⋅K)
V volume m3

Tr rail temperature K
k atmospheric filtering factor
as solar absorptivity factor
As area of rail surface exposed to the sun m2

Gs solar constant W/m2

θ solar angle °
hcovn convection coefficient
Ac area of rail subject to convection m2

T∞ ambient air temperature K
ε emissivity of rail
σ Stefan–Boltzmann constant

Ar 
area of rail subject to radiation heat 
transfer m2

Tsky
atmospheric sky temperature above cloud 
level K



otherE term to account for heat exchange from 
rail–tie and rail–ballast

Solar and 
atmospheric radiation

Convection 
and radiationReflection

Beam
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simplification of the exponential function proposed in 
the first approach. The piece-wise linear functions for this 
crack model are shown in Equation (15) and the diagram 
in Figure 14. A benefit of this piece-wise approach is the 
ability to create asymmetry in the crack. To introduce 
crack flexural rigidity functions into the beam modelling 
only requires the constant EI to be replaced with the pre-
ferred EI(x). Case study 1 presented in the next section 
demonstrates the average change in temperature around 
the crack region when applied to the beam model.

( ) 1
2

, if ;
, if ,

s c
c e

f x x xEI x f x x x
≤ ≤=  ≤ ≤

  (15)
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−
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4. Case study 1 – vertical bending and cracking

This section shall investigate the effect of a crack on the av-
erage temperature generated in a rail due to vertical bend-
ing as a result of the change in flexural rigidity at the crack 
location. It shall use the equidistantly spaced concentrated 
load on a simply supported beam, with the Christides and 
Barr (1984) exponential crack model with the crack centre 
located at three different locations of section AB (Figure 7),  
namely xj = 0.0, 0.15 and 0.30. All parameters required for 
this investigation are summarised in Table 7. 

A H-beam rail approximation is selected as it has simi-
lar physical shape characteristics to those of rail. The crack 
model needs the second moment of inertia in x (Ixx) for 

the un-cracked and cracked regions. AS68 rail (AS 1085.1-
2002), used in heavy haul iron ore operations in Australia, 
has an approximate foot width w of 0.15 m and an Ixx of 
3.94⋅10–5 m4. By rearranging the inertia Equation (16) for 
d, the depth of our H-beam approximation can be cal-
culated. After substitution and solving, the depth of the 
beam is 0.1466  m and, in comparison, an AS68 rail is 
0.17 m high, so it can be concluded that the approxima-
tion is a reasonable fit. To solve the inertia of the crack 
region, a crack depth must be selected. This has been arbi-
trarily chosen as 0.01 m based on qualitative observations 
from Figures 1 and 2. Further sensitivity around the crack 
depth may be the topic of future work. The relationship for 
solving the inertia of the crack is shown in Equation (17) 
and solving for the crack inertia results in a value of 
3.19⋅10–5 m4.

⋅
= 3 12 cI

d
w

;  (16)

( )3
12
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w d d
I

⋅ −
= .  (17)

Figure 15 shows the change in temperature for the 
three different crack locations tested. It can be seen that, 
as the crack is located further from the origin, the result-
ant temperature rise increases significantly. This is as a 
result of the squared complexity of the functions in Equa-
tions (9) and (10) and the reduction in flexural rigidity at 
the crack centre. At its largest the average temperature at 
the crack region is 1.252⋅10–4 K, which is a 23.9% higher 
temperature than just the temperature change due to un-
cracked bending.

The result for the simply supported beam raises some 
interesting questions for a thermography based detection 

Figure 13. Christides and Barr (1984) crack modelling  
using exponential function

Figure 14. Crack region modelling using a triangular section
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Table 7. Additional parameters for vertical bending  
with crack model

Symbol Parameter Unit Value
w beam width m 0.15
d beam depth m 0.1466
dc crack depth m 0.01
Ic crack inertia m4 3.19⋅10–5

xj crack centre from origin m 0.0, 0.15, 0.30
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Figure 15. Change in temperature due to cracks and bending



Transport, 2021, 36(2): 134–146 143

algorithm as it demonstrates that, for the same crack in 
different locations, the temperature differential is signifi-
cantly different. While it’s been discussed that sleepers are 
not infinitely stiff in practice, it should be noted that sleep-
ers are also not all equivalent stiffness. This is important 
when attempting to quantify the severity of the crack, or 
in the worst case, even seeing the crack at all. In the case 
where the crack is located close to the support, there is 
no temperature differential due to bending generated at 
all and a thermography based technique will need to rely 
on another form of excitation to identify the presence of 
a crack in this case.

5. Case study 2 – bending and environment

The final case study investigates the cooling effect of the 
environmental model undergoing bending. It considers 
the time-series problem of a train with many wheel load-
ing impulses. Meta-data for the simulation is shown in Ta-
ble 8. The parameters have been derived for a 250 wagon 
train with approximately 1000 wheels per left and right rail. 
This long train configuration is common for Heavy Haul 
iron ore operators in Australia. Each wagon is comprised 
of two three-piece bogies with 2 wheelsets per bogie. Due 
to the density of iron ore, the wagon lengths are shorter 
than typical freight wagons and are only 10…12 m long 
resulting in a train length of 3000 m. The wheel spacings 
are averaged based on this length and number of wheels 
on each side of the train. In practice the wheelset spacing 
per bogie, wagon and inter-wagon are irregular, however, 
an average approximation is considered reasonable for this 
analysis. The train speed of 15 m/s is reasonable for heavy 
haul operations with typical trip speeds varying between 
11.11 and 22.22 m/s.

As described in Section 3.2, the rail must be split into 
many finite slices to capture the change in energy over 
time of the internal friction work done in the rail. Table 
9 shows the beam parameters. The beam length has been 
selected based on standard sleeper spacing, whilst the rail 
parameters, circumference, surface area and mass are all 
calculated from AS68 rail standards.

The environmental energy equilibrium function in 
Equation (14) is simplified to remove the effect of solar 
radiation and atmospheric black body radiation, and only 
considers the radiation of its surrounds. This simplifica-
tion is justified in that, during train passage, neither solar 
nor black body radiation will be applied to the rail as the 
train itself physically restricts both these phenomena. Giv-
en the intention of mounting the instrumentation on the 
train, what happens after the train has passed is not ap-
plicable to the problem. The resulting differential relation-
ship is shown in Equation (18). The specific heat assumes 
a standard value for steel whilst the surface areas for con-
vection and radiation are calculated for the rail slice and 
assume that the longitudinal ends and foot of the slice are 
not exposed to either radiation or convection. In practice 
the longitudinal ends would only be subject to convec-
tion. The emissivity is based on rusted steel that varies 
between 0.75 and 0.85. The polished running band of the 

rail, which has low emissivity has not been considered and 
is small in comparison to the remaining surface area.

( )r
conv c r

dT
c V h A T T

dt ∞ρ⋅ ⋅ ⋅ = ⋅ ⋅ − +

( )4 4
r r otherA T T E∞ε ⋅σ ⋅ ⋅ − +  .  (18)

A comparison of the resultant temperature of the beam 
both with and without the environmental model is shown 
in Table 11. In this particular scenario the loss of energy in 
the beams slices is very low in comparison to the theoreti-
cal case where no environmental model is applied. Given 
the small change in temperature, the radiation and con-
vection components are extremely small for all coefficient 
of cooling parameters selected. Obviously, for a larger 
temperature differential between rail and ambient, there 
will be a faster cooling effect given the inverse exponential 
function.

Table 8. Meta-data for time-series bending  
and environmental model

Parameter Unit Value
Train length m 3000
Number of wheels (left or right rail) 1000
Average wheel spacing m 3
Train speed m/s 15
Time between wheel loads s 0.2
Convection coefficient 10

Table 9. Parameters for the beam model

Parameter Unit Value
Beam length m 0.6
Number of slices 100
Slice width m 0.006
AS68 circumference m 0.67
Slice surface area m2 0.0042
Slice mass kg 0.408

Table 10. Values for the environmental model

Symbol Parameter Unit Value
c Specific heat capacity J/(kg⋅K) 450
Tr rail temperature K
hconv convection coefficient 0, 10, 20, 30
Ac area of rail subject to 

convection
m2 0.0042

T∞ ambient air temperature K 303
ε emissivity of rail 0.75
σ Stefan–Boltzmann constant 5.67031⋅10–8

Ar area of rail subject to 
radiation heat transfer

m2 0.0042



otherE a term to account for heat 
exchange from rail-tie and 
rail-ballast

0



144 C. Bosomworth et al. Modelling rail thermal differentials due to bending and defects

Table 11. Resultant beam temperature after train and 
environmental model

Convection coefficient Max temperature [K]
0 303.101375

10 303.101204
20 303.101089
30 303.100974

6. Discussion

To use thermography for rail foot flaw detection requires 
that sufficient temperature differential can be generated 
around the source of the defect. This heat flux across the 
higher resistance of the crack is what generates localised 
heat spots detectable by Infrared. Readily available com-
mercial uncooled micro bolometer type infrared sensors 
have temperature sensitivities of < 0.06 K (FLIR 2016) so 
theoretically the temperature differential requirements are 
quite low. In practise, the variations in emissivity on the 
rail foot due to contamination or corrosion will elevate the 
temperature differential noise floor requirement for posi-
tively identifying a flaw in the region. A practical evalua-
tion of this noise floor value has yet to be studied in detail.

Figure 9 shows that, for the simply supported beam 
model the change in average temperature at the maximum 
bending displacement for a single cycle is approximately 
1.011⋅10–4  K and occurs when the concentrated load is 
equidistantly spaced between the two supporting ends 
of the beam that are vertically infinitely stiff. In con-
trast, the model in Section 3.1.2 assumes a beam that is 
a continuously supported elastic beam. Its bending mo-
ment function is derived based on knowledge of the rail, 
sleeper and ballast track structure. Figure 10 shows the 
maximum temperature at the maximum deflection point 
is 4.0⋅10–4 K, which is nearly 4 times greater than for the 
simply supported beam model. This is not unexpected 
given the strain energy has squared complexity and the 
point of bending begins much further away in the contin-
uous elastic beam model. This result provides some useful 
knowledge of expectations of sensitivity of heat dissipation 
in the rail due to bending. 

Case study 1 investigated the changes in heat due to 
bending by varying the flexural rigidity in the rail as a 
result of a crack. A H-beam was chosen due to its similar-
ity to rail and parameters calculated to match the inertia 
in the longitudinal direction of an AS68 piece of rail. A 
10 mm transverse crack was assumed and the modified 
flexural rigidity calculated. Applying the simply supported 
beam model demonstrated an increase in temperature at 
the maximum displacement point of just under 24% with 
a crack present, and, taking into account the conserva-
tism of this approach, the percentage will be higher for a 
longer bending moment such as that used in the continu-
ous elastic model. Laboratory validation and further work 
is required to determine if this approach is reasonable as 
practical characterisation of a rail foot flaw.

Although the individual temperature rise in both beam 
models are well below the sensitivities of commercial in-
frared sensors, case study 2 quantifies the effect of a train 
passage for a modern heavy haul train. Table 11 shows 
the effect of multiple wheel loads of excitation using the 
simply supported beam model with the convection and 
radiation environmental effects introduced in Section 3.2.  
In the theoretical case, a 250 wagons train with approxi-
mately 1000 wheels travelling at 15  m/s would create a 
temperature rise of 100 mK in the rail. This small rise re-
sulted in very little influence from environmental effects. 
Noting that the simply supported beam produced about 
4 times less average temperature in the rail then the con-
tinuous elastic model, we can assume that the change in 
temperature may be as high as 400 mK for this scenario.

The results presented have all assumed a constant 
wheel load and therefore do not take into account the ef-
fect of VSD. In a tangent running case, the assumption 
of a static wheel load is reasonable for normal operation 
without significant track irregularities and defects. In the 
case of track defects and irregularities, there may be lo-
calised areas of moderate to large changes in wheel load 
that may significantly influence heat generation. For the 
curving cases, it is common in heavy haul train operations 
that trains run in a cant deficient state. Cant is defined as 
the change in vertical elevation between the high and low 
rail in a curve. The result of cant deficiency is that the high 
rail is under greater load than the low rail. The result of 
this in the context of bending is the high rail would have 
larger bending moments than the low rail and larger in-
ternal temperature generation. The models presented can 
be incorporated into multibody simulation to evaluate this 
effect, which is planned for future work.

For the proposed problem of detection of rail foot 
flaws from a moving vehicle using rolling stock excitation, 
it has been discussed that there is a heat energy compo-
nent present due to bending that will vary according to the 
state of the train. What is clear is that bending by itself in 
small numbers of cycles, or individual cycles, will not be 
measurable by conventional uncooled micro bolometers, 
however, for large heavy haul trains with many wheelsets, 
there is a measurable change in rail temperature. Consid-
ering bending in isolation, it is clear that the most appro-
priate location for installation of the Infrared camera is 
at the rear of the train to optimise the heating potential. 
Future work needs to consider the heat flux in the rail and 
also how it interacts with the crack, as the current models 
only consider the average temperature at a location in the 
beam.

The results thus far do demonstrate that thermogra-
phy may be a suitable methodology for the detection of 
rail foot flaws. With other sources of heat such as friction 
and conduction to be considered, and further exploration 
around crack self heating, the number of vehicles required 
for excitation capable of generating suitable temperature 
differentiation is hoped to drop considerably. 
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Conclusions

This paper commenced by describing the proposed meth-
od of moving vehicle rail foot flaw detection via a ther-
mographic method. The method aims to use the rolling 
stock as excitation for rail heating, and the paper present-
ed the different sources possible through this interface. 
The main focus of the paper then concentrated on heat-
ing due to bending, with the authors deriving equations 
based on bending strain energy in a beam and specific 
heat, in conjunction with elastic hysteresis to quantify the 
resultant energy and temperature differential. An existing 
energy equilibrium beam model capturing environmen-
tal effects such as radiation and convection was presented 
and the authors presented how this could be integrated 
with the derived beam energy equations to enable a more 
practically informative analysis. The modelling concluded 
with the presentation of existing work on flexural rigidity 
change due to a crack in a beam and how this could also 
be considered in the beam modelling.

Two case studies were presented, the first of which 
used the crack and bending model to investigate the 
changes in heat generated by the crack for different loca-
tions of the wheel load along the simply supported beam. 
The key lesson learnt from the case study is that while the 
simply supported beam may not be practically representa-
tive it did raise an interesting question that in practice 
the bending moment of the rail is not guaranteed to be 
constant and therefore the strain energy may change sig-
nificantly, resulting in different temperature changes for 
the same crack. This is an important consideration for all 
heating processes in future work, and attempted charac-
terisation of defects.

The second example considered the effect of whole of 
train wheel load excitation on temperature in the rail and 
the amount of energy lost due to environmental factors. 
It was shown that the temperature rise under the constant 
conditions of the simulation may result in a rail heating 
effect of 100 to 400 mK. Due to the small rise in tempera-
ture, convection and radiation effects had a negligible in-
fluence. The key lesson learnt from this simulation is that 
there may be sufficient contribution of heat generation 
solely due to bending in the rail under certain circum-
stances and that further work integrating into Multibody 
Simulation may be beneficial if other sources of heat do 
not make a significant contribution. From the perspective 
of the proposed moving vehicle rail foot flaw detection 
technique, the results of the initial modelling approaches 
are very promising for the continued development of fur-
ther modelling. 
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