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Abstract

To meet the growing demand for rail travel and keep customers
satisfied, disruption to services must be minimised. Currently used
rail inspection techniques require rail access which prevents 24h oper-
ation of rolling stock. The replacement of these disruptive techniques
with passive remote monitoring methods can provide economic bene-
fits to those who use and supply rail travel whilst improving customer
satisfaction.

Acoustic Emission (AE) is an inspection technique that can pas-
sively and continuously collect health degradation data while attached
to the surface of a material. It has previously been identified as capa-
ble of detecting and locating growing defects within rails and crossings
and recent work has focused on its use to quantify fatigue cracks as
they propagate. Active inspection can be used to quantify defects
that have previously propagated whilst AE testing can provide infor-
mation on damage as it occurs. To predict future health degradation,
it is necessary to use modelling. Recent work regarding the modelling
of rails have included improvements to the accuracy of modelling the
material behaviour whilst keeping the processing effort reasonably low
(due to the large number of cycles that rails operate over). Links have
also started to be made between Finite Element Analysis (FEA) and
AE, with a goal of aiding AE data interpretation.

A three-point bending fatigue test was performed on ten notched
and pre-cracked samples of cast manganese steel (otherwise known as
Hadfield steel). AE was measured by two sensors, the outputs of which
were parametric and waveform analysis respectively. The crack length
was measured throughout the test using Direct Current Potential Drop
(DCPD). A similar experiment was performed in recent work on R260
steel samples; data from the experiment was further analysed in this
work. The waveform AE data and recorded force for each event was
used to calibrate the parametric AE data to the true frequency so that
a more accurate cycle number for each event was used and the cycle
stage at which hits were measured could be analysed. For the Hadfield
steel, the parametric AE data was compared to the crack growth rate
to attempt quantification using the AE count rate.

Finite Element Analysis was also performed to simulate a crack
growing through an inclusion in R260 steel and investigate the resul-
tant energy release for comparison with previous work in the literature
that related the location of an inclusion along the surface of a fatigue
crack to the time at which a significant step in cumulative AE energy
was measured.

In both Hadfield steel and R260 steel, AE events that remained
after filtering were determined to primarily be generated by crack
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propagation and friction as the crack opened and closed. Events that
were measured during loading (due to crack propagation and friction
of surfaces during crack opening) occurred earlier in the cycle as the
crack grew, whilst events that were measured during unloading (due to
friction during crack closure) appeared to occur at a consistent cycle
stage.

Contrary to what was previously observed for R260 steel samples,
the Hadfield steel samples showed no relationship between the count
rates or energy rates and the stress intensity factor range (∆K). As
a result, no link could be made between the measured AE parameters
and the crack growth. Therefore, crack length quantification using
AE could not be achieved for the Hadfield steel samples.

The FEA inclusion model showed that soft MnS inclusions can
cause fast crack propagation and a related step in energy released.
This supported the suggestion in previous work that an observed step
in cumulative AE energy was a result of fast crack propagation caused
by an inclusion.

Finally, a digital twin for rail is conceptualised which uses inputs
of measured mechanical loads and AE for a section of track to re-
produce defect growth and material behaviour. Implementation of an
inspection technology such as this, if accurate, would vastly reduce in-
spection and maintenance costs whilst raising confidence in rail health.
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1 INTRODUCTION

Due to a rise in global population and increasing environmental aware-

ness, there is growing demand for environmentally benign public transport

such as rail travel. According to the National Travel Survey, the average

miles over which a citizen of England travelled by rail in a year rose by 43%

between 2002 and 2019 (before dropping in 2020 due to the Coronavirus pan-

demic) which was a larger increase than any other method of public transport

as shown in Figure 1 [1].

Figure 1: Miles travelled by the average person using different types of public
transport in England over a year (self reported) [1].

As the number of rail journeys increases, the demand for 24-hour rail

network access will become more imperative. At the moment, trains do not

run overnight regularly to enable inspection and maintenance activities to be

performed. To minimise disruption and ensure that the demand can be met,
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more sophisticated solutions are required for inspection and maintenance of

rail infrastructures that ensures the safe and reliable operation of passenger

and freight trains.

In the general case for a given component, the prioritisation and per-

formance of maintenance activities are influenced by many different factors,

such as [26]:

• Frequency of failure

• Predictability of degradation and failure

• How easy and similar maintenance activities are

• The likelihood and impact of manufacturing defects

• Risks linked to failure

• Economic and societal impact of failure

In the case of rails, failure frequency due to wear and fatigue is currently

kept at a very low level (it should be eliminated all together in an efficient

high-speed network). Prediction of rail failure is very challenging due to the

variability of operational conditions and stochastic loads that are involved.

Also, the effects of potential interventions due to maintenance and repairs

cannot be ignored in the accurate estimation of the remaining lifetime of rail

infrastructure. The ease of repairs and replacement depends on the complex-

ity of the track in a particular location, e.g. presence of embankments, wet

beds, etc..
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Unexpected rail failures can have very serious consequences since they

can lead to severe train derailments which can result in casualties, environ-

mental damage, economic impact and loss of confidence in rail transport

by the public and businesses. Emergency maintenance and repairs can be

performed to avoid the undesirable effects of potential derailments but can

cause cancellations, disruption and delays. The result is not only higher op-

erational costs and loss of revenue, but also inconvenience to consumers who

may be influenced to preferentially travel by other modes of public transport

in the future.

The safety risks and economic impact associated with rail failure means

that it is an unacceptable outcome. Maintenance must therefore be preven-

tative as a minimum requirement. Maintenance activities must be effective

and cost-efficient, leading to improved reliability and safety of long-term rail

operations. The ideal maintenance solution is one where it is known exactly

when a component will require intervention either in the form of repair or re-

placement. However, it can be difficult to identify that time-frame accurately

and safety critical applications such as rail infrastructure require an element

of acceptable confidence in any estimates made. This means that components

should be repaired or replaced with sufficient time left before failure can actu-

ally become possible. It should never be allowed that any critical structural

component of the rail infrastructure sustains damage which is sufficient to

make final failure imminently possible.

In reality, there are several different approaches to inspection and main-

tenance strategies that have trade-offs with respect to the overall cost of

inspection, cost of maintenance, efficiency, accuracy and reliability. These
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approaches are outlined in Table 1. Current maintenance of rails is typically

performed on a planned basis. It is both corrective and preventative, al-

though performed in a very conservative way due to its safety-critical nature.

At the same time, inspection is active and requires rail access. The imple-

mentation of predictive maintenance supported by passive inspection meth-

ods would improve efficiency, lower costs, and minimise disruption, making it

a very desirable solution. On the other hand, the effectiveness of predictive

maintenance can be significantly limited by underestimates or overestimates

due to uncertainties associated with inspection and remaining lifetime anal-

ysis.

Table 1: Types of preventative maintenance, summarised from [16].

Summary Advantages Disadvantages
Planned
mainte-
nance

Maintenance
is performed
at pre-defined
intervals

Simple Components may
be replaced ear-
lier than needed

Condition-
based main-
tenance

Maintenance is
performed if a
health threshold
is passed by the
component

Components can
be used for longer

High effort
required for mon-
itoring

Predictive
mainte-
nance

The time un-
til failure is
predicted and
maintenance is
planned accord-
ingly

Early intervention
can expand com-
ponent life and
lower costs

Higher uncer-
tainties than
condition-based
monitoring

Acoustic Emission (AE) is a passive, continuous monitoring technique

that can be used to monitor rail infrastructural structural degradation in
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real-time without disrupting operation and leading to optimization of the

availability of rail tracks.

The present study focused on the development of an effective AE analysis

methodology as a tool for detecting, locating, and quantifying health degra-

dation within rails and crossings. This was investigated both physically,

with experimental fatigue crack growth in three-point bending monitored

with AE, and theoretically with Finite Element Analysis (FEA) of a sample

containing a soft sulphide inclusion. An aim for such analyses is to facilitate

the creation of an operational digital twin. The successful application of such

a model would reduce maintenance costs by allowing for early intervention in

defects (by way of predictive maintenance) as well as increasing confidence in

the estimation of the remaining lifetime of key rail infrastructure structural

assets.
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2 LITERATURE REVIEW

2.1 Rail Materials and Application

In a broad sense, the role of a rail is to provide a surface which supports

and guides rolling stock. Rails must therefore have a surface that provides

sufficient traction and a structure that can support the high loads that are

exerted. The geometry of a rail as well as the forces exerted on it by a wheel

are shown in Figure 2.

Figure 2: Left: Labelled rail diagram adapted from [2]. Right: Force at the
contact point between the rail and a wheel adapted from [3].

Rails are attached by fasteners to sleepers (typically concrete, although

in older lines sleepers may be made of wood and less often of steel) which are

placed on top of ballast as shown in Figure 3. Ballast forms the foundation

of the track and is formed of stones of different shapes and sizes. The role

of the ballast is to secure the sleepers whilst allowing any water to drain

without accumulating in the track structure as the occurrence of wet beds

can result in lower track stiffness.
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Figure 3: Labelled diagram of rail attachment. Adapted from [4].

Acording to Network Rail, the UK sees an average of around 100 rail

failures a year [27]. Most of these failures are fixed before causing an accident.

However, there have been a few cases in the past where serious incidents have

occurred due to rail track failure. The most notable of these in the UK was

the Hatfield crash on Sunday the 17th of October 2000 which resulted in 4

deaths and over 70 people injured [28]. The cost for repair of the track was in

the tens of millions [29]. Aside from the immediate high cost of life and health

of many passengers and the repair costs, there were also severe ramifications

within the rail industry. This included major disruption to travel as speed

restrictions were put in place as health checks were performed on other areas

of the rail, as well as a loss of consumer confidence in rail travel [30]. It was

a few years before business returned to the state it had been before the crash

[30].
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2.1.1 Rail Manufacture and Microstructure

Rails are typically made of pearlitic grades of steel although bainitic grades

are also used in areas of high expected wear [17]. Some examples of rail steels

along with their compositions and properties can be seen in Table 2.

Table 2: The composition and properties of a some commonly used rail steels
[17]. The remainder of the composition is iron.

During manufacture, most rails are initially continuously cast, rolled sev-

eral times until the desired dimensions are achieved, and subsequently cut

into the 12-metre long sections. When they are installed on the track they

are flash-butt welded to form a continuous welded track. Joints are typically

found in older lines and in stations where speeds are lower. Inspection is per-

formed on the rails after the manufacturing process to check for conformity

to the required standards with regards to inclusions and any other physical

defects.

Due to the rolling stages of manufacture, there are internal residual

stresses in the longitudinal versus transversal directions [5, 20]. Residual

stresses as the result of different manufacturing stages can be observed in

[5]. Residual stresses near the rail head surface can be altered due to wear
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and plastic deformation from axle loads while the rails are in-service. Fig-

ure 4 shows the internal stresses (produced using neutron diffraction) of a

newly manufactured rail [5]. It can be observed that residual tensile stresses

reach high values in the transverse and longitudinal planes, while compressive

stresses reach high values in the transverse and vertical planes. The com-

pressive stress at the surface of the rail is thought to offer some protection

against fatigue whilst the tensile layer is thought to potentially allow faster

growth if reached by the crack, or if a crack nucleates within this region [31].

Figure 4: Residual stresses in a rail in the transverse, vertical and longitudinal
directions. Reformatted from reference [5].

The fracture toughness, yield stress, ductility, wear resistance and hard-

ness of pearlitic rail steel grades, such as R260, is strongly related to the

pearlite interlamellar spacing, with smaller spacing resulting in a harder ma-

terial [32, 33]. Head-hardening is desirable in rails in order to increase the

resistance to rolling contact fatigue and wear and can be achieved by fast-

cooling the head after hot-rolling, or by heat treating the head after manu-

facturing [34, 35]. The result is an inhomogeneous microstructure where the

interlamellar spacing increases with the distance from the head surface.

Virgin rails therefore show varied material properties along the vertical
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and transverse axes. This is further compounded by work hardening as the

rails are stochastically loaded by the wheels of rolling stock. It has been ob-

served that the hardening behaviour of head-hardened pearlitic steel under

cyclic load varies along the material depth from the surface of the head. As

the depth from the head surface increases and the hardness of the material

decreases its plastic response goes from showing hardening behaviour to ex-

hibiting softening behaviour for the same load-case [6, 36–38]. The effect is

shown in Figure 5.

Figure 5: Hardening behaviour exhibited in a head-hardened pearlitic steel
(AS60 HH) removed from different depths from the surface of the rail. a-
d) Cyclic stress-strain behaviour of samples 1-4 respectively, e) positions of
samples in rail prior to extraction [6].

For rail crossings (otherwise known as turnout frogs), as shown in Figure

6, cast manganese steel (also known as Hadfield steel) is used. Its composition

is given in Table 3. The high content of manganese allows the alloy to have

a face-centred cubic austenitic structure by stabilising the austenite phase
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[33]. It has a high propensity to work harden which results in superior

hardness, wear resistance, and fracture toughness which is ideal for coping

with the increased demands such as frequent impact loads [33, 39]. These

properties also make the material difficult to machine, hence, crossings are

manufactured by casting. As they are not rolled, they are more homogeneous

than standard rail sections after initial manufacture. However, after work

hardening (through explosive hardening before operation and/or the impact

of rolling stock during operation) crossings have properties that reduce with

the depth from the head surface [40–43].

Figure 6: An example of a rail turnout where Hadfield steel is typically used
[7].

Inclusions in Rail Steel

During the manufacture of pearlite rail steel, inclusions are not completely

avoidable. These inclusions can be hard and brittle (e.g. Fe3C, Al2O3) or soft
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Table 3: Typical composition of Hadfield steel used in rail crossings [18].
Values are given as a percentage, with the remainder of the composition
being iron.

and ductile (e.g. MnS). Hard inclusions resist deformation during manufac-

ture. If they are allowed to form or added to the steel from contamination,

then the steel may end up containing large, irregular inclusions with poor

deformability which can hinder fatigue resistance by causing stress concen-

trations leading to early crack initiation and subsequent propagation [44, 45].

A way in which their prevalence in rail steel has been reduced is by perform-

ing de-oxygenation using Silicon atoms rather than Aluminium. To reduce

the impact of hard inclusions, manufacturing and testing has improved in

an effort to reduce their occurrence. This is done by careful refining in the

initial stages of manufacture (such as vacuum degassing) and inspection to

ensure that where present, hard inclusions are small and distributed [33].

In contrast, soft inclusions are deformed as the rails undergo rolling dur-

ing manufacture. They are therefore typically long and thin in appearance.

Manganese sulphide is the most common soft inclusion in rail steel and in

some ways its presence is beneficial. MnS inclusions can slow grain growth,

improving the properties of the matrix, improve machinability of the metal,

and also help to prevent hydrogen-induced fractures by trapping hydrogen

atoms [22]. However, these benefits are outweighed by the detrimental effect

they can have. Their deformability results in subsurface cracks and an in-
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creased wear rate [46]. Risks associated with MnS inclusions in rail steel can

be reduced through treatment with elements such as Calcium or titanium

which can cause preferential inclusions to form, resulting in better perfor-

mance [22, 47]. Increasing the cooling rate has also been found to decrease

the final size of the MnS inclusions [47].

Inclusions can also occur in Hadfield rail steel used for crossings. These

are typically complex carbides at grain boundaries which can reduce the

ductility of the steel as well as significantly reducing its impact strength [39].

Such inclusions can be reduced or removed through optimised heat treatment

[39].

2.1.2 Rail Conditions and Failure

Loading Conditions

The loads experienced by rails are often significantly large, but also stochas-

tic. Not only does loading depend upon the axle loads of the vehicle travelling

over it, but also factors such as wheel health. If a wheel has a flat, impact

loading will occur as it travels along a rail. In a FEA (Finite Element Anal-

ysis) study by Bian et al. it was found that a 50 mm flat could result in

a periodic force of almost three times the magnitude of that caused by a

healthy wheel [48]. It can therefore be complex to predict the stresses that

a rail will experience during its life.
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Rail Degradation

The high local stresses exerted on the rail through its contact with the wheel

often exceed the plastic shakedown limit or the ratcheting threshold. Ratch-

eting is the accumulation of plastic deformation over time and occurs when

this threshold is exceeded. When the ratcheting strain reaches ductility, lo-

cal material failure will occur in the form of wear or Rolling Contact Fatigue

(RCF) initiation (as micro-cracks and voids) [49]. Initiated micro-cracks can

grow upwards, connecting to a network of other small cracks and causing ma-

terial loss through pitting or spalling; or downwards resulting in a growing

fatigue crack that can eventually lead to fracture [50–52].

Wear is the removal of material at the surface of a component. It is caused

by factors such as abrasion caused by wheels during standard use as well as

slipping of wheels during braking. On a curved piece of track, side wear can

occur due to the wheels getting into heavy contact with the inner side of the

outer rail as the rolling stock’s direction of travel is forcibly changed. The

result of excessive wear in rails and crossings includes alteration of the track

geometry (e.g. the rail head or crossing nose) which can lead to a change in

force distribution on the surface as well as the train wheel altering adhesion

and possibly leading to derailment even when no rail breakage has occurred

[35].

RCF is a mechanism by which cracks can be initiated and grow in the

rail head. RCF crack growth rate is in competition with wear rate as shown

in Figure 7. Where a rail has a higher wear rate than crack growth rate,

initiated cracks will be worn away before they can propagate. On the other
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Figure 7: An illustration of the competitive progression of RCF crack growth
and wear.

hand, if the crack growth rate surpasses the wear rate then the crack will

continue to propagate, potentially to rail failure if it is not detected in time.

In moderation, wear can therefore increase rail life although it can be its

ultimate limiting factor since when it reaches a predetermined dimensional

threshold the rail needs to be replaced [53].

There are thought to be multiple ways in which a crack can initiate in

pearlitic rail steel. Work by Garnham et al. has indicated that crack initia-

tion in pearlitic steel can occur at the interface of pearlite and pro-eutectoid

ferrite as a result of strain partitioning [54]. It is thought to be for this reason

that RCF cracks initiate faster when there is a larger amount of pro-eutectoid

ferrite present in the rail steel. In Hadfield steel, crack initiation is thought

to occurs due to the growth and combination of voids and to have no relation
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to the austenite grain crystal structure [55].

Crack initiation has also been linked to inclusions. The difference in

material properties between the matrix and a hard inclusion can cause local

failure due to issues such as stress concentrations and debonding (e.g due to

different heat expansion coefficients) [44, 45]. Soft inclusions can also act as

initiation sites if they are flattened into a disc as this can create a plane of

weakness within which cracks or voids can initiate [33].

The direction of crack growth depends on the microstructure as the crack

tip will grow in the path that takes the least amount of energy which is af-

fected by material inhomogeneity and residual stresses in the rail [56, 57].

Other factors that affect the growth direction include crack length and angle,

presence of liquid, and loading direction [51, 58]. Although the microstruc-

tures and deformation of rails and crossings are very different, it has been

observed that the morphologies of cracks that propagate within them due to

RCF are similar [57].

Failure can be accelerated due to the variability of the rail’s hardening

behaviour over its depth. Figure 5 shows the change in hardening over the

depth of a pearlitic rail steel. When connected as part of a rail, some areas

work harden while others soften instead. This effect can become more pro-

nounced as more cycles are applied, resulting in soft sub-surface areas over

time. If this soft layer becomes exposed due to wear and grinding, damage

may occur at an accelerated rate [6, 36].

28



Environmental Conditions

Rail behaviour is impacted by temperature. In high temperatures rails will

expand and might buckle as demonstrated in Figure 8. Buckling is dangerous

as it can cause the derailment of rolling stock. For use in the UK, rails

are pre-stressed to have a stress-free temperature of 27 oC to match the

average temperature during the summer months to reduce this risk. However,

temperatures on the rail can exceed air temperatures by 20oC meaning that

buckling can still occur. The high stress-free temperature also means that

for the majority of the year, when temperatures are lower, rails have residual

tensile stresses [59].

Figure 8: Buckling in a rail [8].

The environmental exposure of rails means that they will often encounter

liquid (rain water). As previously mentioned, if wet beds form the stiffness of

the rail will decrease although this can typically be avoided by using ballast.

Fluid can also penetrate any surface-breaking cracks. This is believed to

influence crack growth through friction reduction, increased pressure on crack

faces, and by causing hydrostatic pressure at the crack tip through fluid

entrapment [51]. The latter is the case where fluid is trapped near the crack

tip as the crack is closed by a passing wheel (see Figure 9). The pressure
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that is transferred to the liquid as a load is applied, the crack is closed at

the surface and the rail is compressed combined with the incompressibility

of water results in opening stresses being applied to the crack faces. Wet

cracks are theorised to grow in a stable and transverse fashion for this reason.

Conversely, dry cracks appear to branch although they can be reverted to a

singular fatigue crack in the right conditions (e.g. if a high braking force is

applied by a wheel) [51].

Figure 9: A two-dimensional demonstration of the theory behind fluid en-
trapment crack propagation [9].

However, fluid entrapment crack propagation theory in rails is challenged

by Garnham et al. who highlight the typically long and branching nature of

RCF cracks which may be expected to allow fluid to escape, thus preventing

the increase in fluid pressure and corresponding opening stress [60]. Never-

theless, the presence of liquid is known to impact crack growth [51, 54, 60].

2.1.3 Rail Inspection

Inspection methods used on rails are typically active and often require rail

closure. Multiple types of test are required to ensure that both internal and

external defects are detected in each of the head, web and foot of the rail (see
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Figure 2). Typical non-destructive test methods (NDT) used include visual

inspection, ultrasonic testing (UT), magnetic flux leakage (MFL), and eddy

current testing (ECT). These inspection techniques are carried out using test

trains, hi-rail vehicles and rail walking sticks. The results of inspection are

the detection, location and quantification of the majority of defects including

cracks, spalling and corrosion. Often the accuracy of results has an inverse

relationship with the speed at which the inspection is performed [61, 62].

In the ideal scenario, rails would be continuously and accurately moni-

tored without causing any disruption (outside of corrective maintenance and

replacement). This can be achieved through passive systems which stay on

the rail and monitor its health over a sustained period of time. Acoustic

emission monitoring is an example of passive inspection which can remotely

provide data on occurring deformation, and is the primary focus of this thesis

as a solution to rail inspection.

The potential economic benefits of constant, accurate, and passive low

cost monitoring are significant. A way this could be achieved is through the

use of acoustic emission which will be discussed in the next chapter.

2.2 Acoustic Emission

2.2.1 Basics of Acoustic Emission Monitoring

Acoustic Emission (AE) is defined as the release of elastic transient waves

in a solid as a mode of energy dissipation due to abrupt changes in local

strain [63]. These waves propagate through the material. Upon reaching

the surface, mechanical displacement occurs. The principle of operation of
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a piezoelectric AE sensor is that when this happens, the displacement is

transferred to a piezoelectric lead zirconate titanate crystal that converts the

displacements caused by elastic waves into an electric signal. This process is

demonstrated in Figure 10.

Figure 10: Process flow for measuring an AE event

The diagram in Figure 11 shows the basic structure of a typical AE sensor.

Once set up, an AE sensor can be left to collect data without intervention

by an operator. After it has been mounted and coupled onto the surface of a

material it can remotely and continuously record data from damage evolution

as it occurs. Because measurements are taken as rolling stock travel over the

rail, inspection performed with a mounted AE sensor does not impact rail

traffic (in contrast to other inspection methods).

Rails can remain in service for years or even decades depending on traf-

fic levels. Obviously this is a long time for continuous monitoring, with a

large amount of data potentially being recorded, especially in an environment
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Figure 11: Internal diagram of an AE sensor [10].

where a lot of noise is generated. However, there are potential solutions to

this. In rails, defect growth is caused by high loads as train wheels pass

over. With the addition of train detection equipment, it is possible to limit

AE measurement to these moments to reduce the amount of data collected.

Each AE event can also be simplified from its waveform to a summary of its

parameters such as those demonstrated in Figure 12. Although some data is

lost in the process, parametric data is much easier to interpret, particularly

with regards to the change in AE over time which can provide valuable data

on health degradation.

Events which generate AE include cracking [64, 65], plastic deformation

(primarily due to dislocation movements) [66–69], and corrosion [70]. The

characteristics of the energy that is acoustically emitted by a deformation

event depend upon:

• The type of damage occurring (in crack nucleation and propagation, the

produced AE is made of pulses/distinct events whereas plastic defor-
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Figure 12: Some parameters that can be used to simplify a measured acoustic
emission event

mation can generate a continuous stream of overlapping, low-amplitude

AE events).

• The loading conditions. For example, shear loading can produce slanted

events [71].

• The severity of the event. For example, a higher crack propagation

rate will result in a signal of higher intensity due to more energy being

released.

The characteristics of the measured voltage waveform (inspection output)

depend upon:

• The characteristics of the deformation event (see above).

• The material, geometry, and relative position of the AE sensor which

all influence the attenuation. This is where the intensity of an AE wave
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is reduced as it travels through a medium. Therefore, the longer the

distance from the AE source to the sensor, the less the surface will be

displaced when the wave reaches it (and subsequently the lower the

measured amplitude will be when the piezoelectric crystal is strained).

• The equipment used (piezoelectric of the sensor crystal, amplification,

resolution, sampling rate, and signal processing).

It was concluded by Eitzen and Wadley that in steel, plasticity cannot

typically be measured using AE. This is because the energy released by a

single dislocation movement is not large enough to surpass surrounding noise.

It will therefore only be measured during mass dislocation movement, such as

when a weld deforms, where the magnitude of the combined AE is sufficiently

large [63].

AE events expected to be produced and measured within a metal under-

going fatigue crack growth are a result of crack propagation, crack closure,

and friction. In rail application, these sources are likely to dominate the

produced AE as other rail deformation is primarily plasticity-related.

The energy measured by AE is not equal to the energy released as the

damage occurs for several reasons:

• It is calculated by integrating the voltage produced as the piezoelectric

crystal is deformed inside the AE sensor. It is therefore dependent on

the piezoelectric properties of the crystal and is given in V 2s.

• The sensor measures the waves propagated to a particular point rather

than the total energy produced. The wave also must travel through the
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material to reach the sensor meaning that the measured wave will be

affected by attenuation and will be a function of the material properties,

component geometry, and distance from the AE source to the sensor.

• As shown in Figure 12, the energy is calculated as the area under

the wave outline but above the voltage threshold. The value therefore

excludes energy produced by the wave below this point.

Interpretation of AE in terms of relating the recorded levels of AE energy

released into damage evolution requires an amount of calibration for a specific

application scenario.

AE can be analysed using its statistical analysis of selected AE parameters

or through waveform analysis. Waveform analysis on in-service rails has

successfully been shown to be capable of identifying areas of low health,

although it is more difficult to interpret than its simplification into parametric

data from a quantification perspective [72–74].

It has also been shown that waveform analysis of an AE sensor attached

to a rail can be used to detect poor wheel and axle bearing health of passing

railway rolling stock [72, 75]. Abnormal AE signals produced by damaged

rolling stock can be distinguished from AE resulting from rail damage using

fused features of Shannon entropy and RMS (Root Mean Square).[75]

2.2.2 Defect Location using Acoustic Emission

A benefit of AE is that very small crack growth can be detected without

having to directly seek out the defect. AE is passive in nature, meaning

that defects can be detected as they occur due to the signals they release
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and their location can be discerned using signal data from multiple sensors.

Localisation is based upon Equation 1 where s is the distance between the

AE source and a sensor, V is the velocity at which the wave propagates

through the material (which is constant for a homogeneous medium), and

TT is the time taken for the AE to be detected by the sensor after it has been

released at the source.

s = V ∗ TT (1)

On its own, one sensor cannot be used to find the time taken for an AE

signal to reach it it because there is no reference point. Multiple sensors

placed a known distance apart must instead be used in order to compare the

time at which a particular signal was measured. Potential source locations

can then be calculated based upon this time difference and the location of

each sensor.

Full location of the source of an AE wave within a three-dimensional space

requires 4 sensors [76]. In the case of a bar (where the length of a monitored

part far exceeds its width or height) it is sufficient to use two sensors as

this can be used to find the longitudinal location. As rails are of bar type

geometry, defects can be detected and sufficiently located by sensors placed

at intervals along the rail.

If the sensors are placed too far apart, attenuation may result in AE

events being missed by one or both sensors either side of where the event is

occurring. The intervals between sensors should therefore be optimised to

avoid this whilst keeping the number of sensors needed along the length of
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track relatively low. It has previously been found that for rail steel attenu-

ation is acceptable where sensors are positioned in the magnitude of tens of

meters away from the AE source, depending on the sensor used [77].

2.2.3 Quantitative Analysis of Crack Size Using AE Signals

Although AE is established as a method of detecting and locating actively

occurring damage, using it to quantify the extent of the damage is not as

straightforward as in other inspection methods such as visual inspection or

magnetic flux leakage (MFL). This is because the data are collected and

output as a function of time rather than, for example, mapping damage as

a function of position on the rail. Nevertheless, research over the last few

decades has been performed to determine the quantification potential of AE.

This has primarily been focused upon calculating the length of a growing

fatigue crack through analysis of the change in AE parameters over time in

signals relating to both crack propagation and crack closure.

Crack Propagation AE Signal Quantification

Crack propagation signals have been found in laboratory testing to relate

to crack growth occurring at the time. Under fatigue loading, the change

in counts and energy measured per cycle have been shown to relate to ∆K

through the empirical relationships shown in Equations 2 and 3 in metals

such as steel [78–80], Incoloy [81], and aluminium [82, 83] alloys. ∆K is

the stress intensity factor range, N is the number of cycles, CP and EP are

respectively the counts and energy measured during crack propagation and
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β0, β1, γ0, and γ1 are experimentally fitted constants. The form of these

equations is very similar to Paris’s Law which is shown in Equation 4 where

a is the crack length, and C and m are material constants.

dCP

dN
= β0 ∗∆Kβ1 (2)

dEP

dN
= γ0 ∗∆Kγ1 (3)

da

dN
= C ∗∆Km (4)

This relationship has also been observed in pearlitic rail steel in laboratory

testing to varying success. While the relationship between Log∆K with

Log dCP

dN
and Log dEP

dN
is often shown to generally be positive, the extent to

which it is linear varies considerably [15, 65, 73, 81, 84, 85]. Different grades

of pearlitic steel also appear to follow Equations 2 and 3 to varying extents.

For example in an experiment by Culwick, these relationships were observed

to be stronger in R220 steel than R260 steel [15]. In some studies, as the

crack reached critical length the trend appeared to plateau. The relationship

was also weaker in all studies than the Paris’s relationship.

In Hadfield steel, Log∆K does not appear to have a simple linear rela-

tionship with Log dCP

dN
and Log dEP

dN
. Previous research has instead indicated

that the AE rates appear to either bear no apparent relationship to ∆K

or show an negative correlation at lower ∆K values followed by a positive

correlation at higher ∆K values [15, 73, 86].
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Combining Equations 2 and 3 with Paris’s relationship through ∆K pro-

vides equations for theoretical relationships between the AE parameter rates

and the crack growth rate as shown in Equations 5 and 6. B0, B1, Γ0 and

Γ1 are constants which combine the constants in Equation 2 and 3 with the

constants in Equation 4.

Log

(
da

dN

)
= Log(B0) +B1 ∗ Log

(
dCP

dN

)
(5)

Log

(
da

dN

)
= Log(Γ0) + Γ1 ∗ Log

(
dEP

dN

)
(6)

Several fatigue AE studies have also shown this relationship to reason-

able success in Incoloy [81], aluminium [82], and steels [83] including pearlitic

grades of rail steel [11]. These studies typically saw a fairly strong linear

relationship between Log∆K and both Log dCP

dN
and Log dEP

dN
making their

conformity to the relationship given in Equations 5 and 6 unsurprising. Typ-

ically, where studies have not found a strong relationship with Log∆K and

Log dCP

dN
or Log dEP

dN
, the relationship between Log dCP

dN
or Log dEP

dN
with Log da

dN

is not shown.

Equations 5 and 6 give a relationship between the AE parameters and

the absolute increase in crack length. Once the constants are known (these

may vary depending on factors such as equipment and section of the rail

being measured), an estimate for absolute crack length can be calculated if

the initial size of the crack at the beginning of AE monitoring is known.

Equations 7 and 8 show a direct calculation of the increase in crack length

using AE parameters.
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∆a =
∫ Nf

N0

B0 ∗
(dCP

dN

)B1

(7)

∆a =
∫ Nf

N0

Γ0 ∗
(dEP

dN

)Γ1

(8)

An assumption made in Equations 5 to 8 is that Paris’s law is followed,

which is only true in the intermediate stage of growth. They are therefore

inaccurate while a crack is very small or approaching failure.

Crack Closure AE Signal Quantification

AE signals are not only produced during crack propagation, but also crack

closure. Crack closure occurs in scenarios where the loading ratio is below

∼0.45. At low loads the sides of the crack meet and rub together, deforming

and releasing energy [87]. In application, rails are subjected to high maxi-

mum and low minimum loads meaning that crack closure can be expected to

occur.

The energy released during crack closure depends upon conditions such

as material properties and load ratio as well as the crack surface area. If the

testing conditions are consistent and known, the energy can be used to cal-

culate the surface area and therefore the crack length. Unlike quantification

using crack propagation related AE, the absolute length of a crack can be

calculated from a short period of monitoring. Based upon this principle, Li

et al. showed that the count and energy rates measured during crack closure

in U71Mn rail steel followed the relationships shown in Equation 9 [11]. δ0,
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δ1 and δ2 are constants, and Cc is the counts measured during crack closure.

a = δ2

(
dCc

dN

)2

+ δ1

(
dCc

dN

)
+ δ0 (9)

Assuming that δ0, δ1 and δ2 are known, the crack length can therefore be

estimated from a short period of AE monitoring.

Comparison of Crack Propagation and Crack Closure Quantifica-

tion

Figure 13 shows a comparison between the use of propagation versus closure

related AE to determine the size of a crack. It can be seen that where crack-

closure related AE is used to find crack length, the estimate fluctuated around

the true value whilst for crack-propagation related AE the error accumulated.

The primary benefit of using crack closure AE is that the calculation can be

performed at any stage of life without prior knowledge of crack length.

However, the empirical crack propagation relationships are better estab-

lished. More research is required to determine the consistency and applica-

bility of the mentioned crack closure relationships.

The constants used to calculate crack size in both methods are dependant

on the material as well as the testing conditions. In order to successfully ap-

ply the equations for a given application, it is therefore necessary to calibrate

these values to the materials and to the scenario.
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Figure 13: Acoustic Emission and its translation into crack length for a
pearlitic rail steel (U71Mn). a) Relationships between dC

dN
and the crack

length for crack propagation and closure related AE (left and right respec-
tively). b) Crack length estimations from the measured acoustic emission for
crack propagation and closure related AE (left and right respectively) [11].

2.2.4 Qualitative Analysis of Cracks Using AE Signals

Observation of cumulative AE parameters can also provide valuable informa-

tion about crack growth. It has been observed that counts and energy follow

a relatively similar trend to the crack length when plotted against cycles

[12, 72, 73, 84]. The graphs typically follow a step-wise motion and previous

work directly associated some of these steps with inclusions along the crack

face which are thought to result in fast crack growth [12]. An example of

this is given in Figure 14.

This shows that not only does AE have the capability to detect, locate
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Figure 14: Cumulative AE energy and crack length plotted against cycles.
The top micrograph corresponds to the step seen at (f) and the bottom
micrograph corresponds to the region (e) [12].

and quantify cracking, but also to provide information on the microstructure

that the crack tip has reached.

2.2.5 Other Analysis of Acoustic Emission

AE has also previously been related to cyclic hardening and internal friction.

In copper single crystal samples, a strong linear relationship was found be-

tween the average power of measured AE and the cyclic hardening rate as

shown in Figure 15 [13]. An equation defining this relationship is given in

[13].

In marble specimens under low cycle fatigue, AE energy parameters have

been related to cumulative damage under tensile load to failure by Equation

10. This equation relates the damage to the proportion of energy that has

already been measured to the cumulative energy value at which failure oc-
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Figure 15: Relationship between AE power and the cyclic hardening rate of
copper single crystal samples [13].

curred. σeq is theoretical stress, E is Young’s modulus, ϵ is strain, n is the

current AE event number, i is a count of the event number, ei is the event

energy, and Ef is cumulative AE energy at failure [88].

σeq = Eϵ(1−
∑n

i=1 ei
Ef

) (10)

Using Equation 10, the AE provided stress estimations of reasonable ac-

curacy, although it did not reproduce the observed softening [88]. Although

this relationship has only been observed in marble, it shows how cumulative

parameters can be used to aid quantification of structural damage.

2.2.6 Limitations of Acoustic Emission as a Monitoring Tool

Although numerous relationships between AE and damage have been ob-

served during laboratory testing, it is important to consider that during ap-

plication in rail and crossing monitoring the measurement conditions would

be less favourable. For example, there is significantly more noise as a rail is

loaded by a train axle compared to a sample in three point bending loaded

by a pin. If noise is prevalent and is not sufficiently filtered, the damage may
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be overestimated. In contrast, if filters are set too high then valuable damage

propagation related data may be lost and damage may be underestimated.

This means that in application conditions, effective signal processing is even

more imperative.

In addition, the way in which damage propagates through the material

is also likely to be different than in the tests that provided these relation-

ships. For example, in previous laboratory tests loading was applied cyclically

meaning that Paris’s law was followed for crack growth. During use, how-

ever, rails are exposed to stochastic loads where crack growth behaviour is

more complex. Therefore Equations 5 to 8 could not be used in their current

format. As well as this, cracks that are seen in rails often branch and are

of more complex geometry than the straight cracks that are tested during

bending fatigue tests. Nevertheless, it is important to identify and define

these simpler relationships before moving into more complex quantification.

All mentioned relationships are purely empirical and have been reached

through observing the relationships in experimental data. It is argued by

Nazarchuk, Skalskyi and Serhiyenko that many studies relating AE to dam-

age do not classify the signal into its constitutive parts, rendering their sci-

entific value low or insignificant [89]. However, if empirical relationships are

found to consistently provide accurate information for the state of a given

material, regardless of fully understanding the mechanisms by which it works,

they provide valuable tools for assessing consistent behaviour and can be used

as inputs for models. In other words, if an input (AE) is known to consis-

tently produce a particular output (e.g. crack growth, plastic deformation)

then it can be very useful even without fully understanding why it occurs.
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2.3 Modelling of Rail Steel

2.3.1 Background to Modelling Rails

Whilst periodic monitoring of rail tracks can provide information of its present

health in the instant that inspection is performed, the health of the rail be-

tween inspections is unknown. Modelling is a method that can be used to

lower the uncertainties within these gaps. The development of models to

a maturity where there is a high confidence in the results could vastly re-

duce the frequency at which inspections are required and thus reduce the

associated costs and disruption to services. The addition of continuous mon-

itoring such as AE could additionally facilitate the development of digital

twins which represent a best estimate of current rail health.

In order to build this confidence, it is important to understand the con-

ditions that rails are exposed to and how they deform in response. These

conditions and their resulting influence on the material must both be trans-

lated into a model which should reproduce the behaviour to an acceptable

accuracy.

For the highest confidence, accuracy must be prioritised. However, this

comes at the price of computational effort. For a long lifetime component

such as rails, efficiency is a requirement in order to keep the time and asso-

ciated costs at a manageable level.

There are currently no functional real-time digital twins for rail track

health monitoring. To achieve this a model must use an input of measured

data from the physical component that is being modelled to determine con-

ditions for the simulation. This input could be information on the loading
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that is being applied to the rail, where the same loading can then be applied

to the model. It could also be an inspection output such as AE data, where

the degradation information could be translated into the model (e.g. crack

propagation or material softening). The output would then be an estimated

current state of the rail.

Aside from being developed to reproduce expected behaviour, models

can also be used to identify and explain particular behaviours that might be

observed in different scenarios. Benefits of modelling compared to experi-

mental testing include the ability to: recreate severe conditions that must be

avoided in application, analyse the internal stresses throughout the test, and

to observe how the behaviour is altered as individual variables are changed.

However, the accuracy and usefulness of analyses such as these depends upon

the setup of the model, including any assumptions and simplifications that

are made.

2.3.2 Modelling Rolling Contact Fatigue (RCF) crack growth in

rail steels

Several models have previously been created to predict crack growth from

the surface of a rail due to RCF. Set-ups have included simplified rail and

wheel [51, 52, 90, 91] and twin disk [92] geometries, and have modelled the

growth of a cracks in their intermediate stage of growth. Some models used

purely elastic behaviour [51, 52, 90–92] while others included plastic defor-

mation [93]. By nature, the formation of head checks during RCF is a plastic

process, and the directional growth is known to be heavily influenced by resid-

ual stresses [94]. It is therefore arguable how accurate models that assume

48



isotropic elastic behaviour can be. For example, in a model by Brouzoulis et

al. simulated cracks only grew upwards, which is known to not always be the

case [52]. It was noted that the inclusion of plasticity and anisotropy would

provide a truer representation of crack behaviour at the expense of signifi-

cant extra computational effort [52]. RCF cracks that grow downwards are

more serious than those that grow upwards and therefore it is important to

correctly determine the direction of growth in a given scenario [50].

Work has also been done to investigate pressure-driven crack propagation

due to the presence of fluid. 2D and 3D FEA models of simplified rail and

wheel geometries were used to simulate crack growth in dry and wet con-

ditions. These studies showed that the occurrence of fluid entrapment can

cause mixed-mode shear dominated growth. They also demonstrated that

the correct conditions of braking force, residual stresses and initial angle can

cause a crack to grow in the mode I direction [51, 90, 91]. The presence of

fluid was shown by Bogdanski to cause a KI 8 times greater than that ob-

served without fluid as a wheel passes over the rail [90]. When analysing the

stress intensity factor components for cracks in both dry and wet conditions,

analysis parameters such as co-efficient of friction and inclusion of tractive

force were observed to produce significantly different values for KI and KII

[50, 90].

There are limitations to the present research, including the common

assumption of Paris’s Law (where the loads applied to rails are typically

stochastic), elastic isotropic behaviour (rails undergo work hardening), and

the consideration of single cracks in isolation (the reality for RCF cracks in

rails is typically a network of many small cracks). These works are valuable
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for understanding the growth mechanisms behind theoretical cracks but for

the application of a digital twin it would be important to also understand

the overall degradation of the microstructure.

2.3.3 Modelling the cyclic response of rail steel

For the majority of rail life, no cracks are present/evident. However, the

high loads that are applied to the rails by passing wheels cause local plastic-

ity and deformation. Research into modelling the cyclic response of rail steel

has primarily been based on small plate/disk samples. A model that is com-

monly used for rail steel is the Ohno-Wang (OW) model [95] for kinematic

hardening along with the Abdel-Karem-Ohno (AKO) model [96] which com-

bines OW with the Armstrong-Frederick (AF) model [97] to simulate steady

state ratcheting under cyclic load [49, 98–100]. It has been found that for

rail steel, the AKO model performs better than its constitutive parts, with

the OW model unable to predict uniaxial ratcheting without other ratcheting

present and the AF model providing less accuracy for plasticity [99].

In 2020, Meyer performed an analysis on four models (Meyer - based upon

AF and Burlet-Cailletaud (BC) [97], Shi [101], Qin [102], and Crystal Plas-

ticity [103]) to compare their performance when modelling a rail steel sample

under cyclic loading. The model by Shi provided the lowest fitting error to

experimental results. However, it also overestimated softening in the load-

ing direction and did not accurately reproduce the rotation and translation

of the yield surface (which was better captured by the Qin model). It was

concluded that no single model was accurate in all aspects [100]. In later

work, Meyer et al. developed a new stress-driven model, MM2021, which
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was shown to fit the plastic anisotropy of the rail steel samples even better

without an increase in computational effort [104].

Modelling has also previously included thermal affects due to friction

at the rail-wheel interface. In 2021, Esmaeili et al. used the Armstrong-

Frederick model whilst also incorporating thermal expansion strain and trans-

formation expansion strain [105].

Surface plasticity has also been directly modelled as wheel-rail interac-

tion. The added complexity of more complex geometry and contact mod-

elling means that the computational effort required for such simulations is

significantly higher. El-Sayed et al. used a small section of simplified rail

and wheel geometries to investigate crack initiation. The Chaboche and

Lemaitre (CL) model [106] was used, which performs less accurately for rail

steel than models such as AKO and MM2021 but is also less complex with

fewer material parameters used. CL behaviour was also confined to a small

region while the rest of the model assumed elasticity to increase efficiency.

The model provided a crack initiation estimate of 1.3 million cycles and was

shown to reproduce contact conditions reasonably accurately whilst minimis-

ing computation effort [106–109]. The same model was also able to predict

the angle of crack initiation on the railhead which was validated by physical

rail analysis [107]. In another approach, Meyer et al. used periodic boundary

conditions and the MM2021 model to achieve a wheel-rail interaction model

with efficiency around 25 times that of other models of similar accuracy

[104, 110]. This model was shown to be capable of including discontinuities

and capturing plastic accumulation.

Difficulties in modelling and validating material models for rail steel in-
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clude the anisotropy and behaviour gradient from the surface of the head

downwards [6, 20, 34, 35]. Not only does the hardness and strength change

with the interlamellar spacing of pearlite, but so too does the hardening be-

haviour (see Figure 5) [6]. To the author’s knowledge, no rail model exists

that takes this varying hardening behaviour into account.

2.3.4 Modelling and AE

There are not yet any FEA models that translate AE into damage or crack

growth. However, the reverse of producing AE events from modelled crack

growth has been applied. These models are used to gather information on

the magnitude of AE waveforms, the types of waves that are produced, and

how these waves propagate through a material [111–116]. The potential

benefits of such models include sensor placement and spacing optimisation,

better information on how structural features cause scattering, and to aid

development of advanced signal filtering (i.e. to remove noise) [117, 118].

A difficulty encountered when investigating these waveforms, however, is

that the models cannot be fully validated. The AE wave produced at the

source may be very different to the one that is read from the AE sensor due

to influences from both the material that the wave must travel through as

well as how it is translated to, and processed by, the sensing equipment as

previously discussed. In the context of rail application, it is unlikely that the

use of waveforms on this scale is applicable due to the noise experienced as

well as the large time-frame over which deformation occurs.

Parametric AE data has also been compared to FEA models. Yeh et

al. compared the AE counts released by Inconel samples containing differ-
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ent crack lengths for the same applied force. It was found that due to the

dependence of energy emission on crack-tip plastic volume, the calculated

J-Integral values showed an almost linear relationship with the AE counts

released when the force was applied [119]. This technique, however, would

be difficult to reverse engineer into a digital twin.

2.4 Literature Summary

Rails stay in service for a matter of years or even decades. The exact lifetime

of rails and crossings is based on the conditions such as loading, environmen-

tal aspects, and the health of the rolling stock which uses it. Rail tracks are

safety-critical and rail or crossing failure can result in high economic cost due

to both the damage caused and the resulting disruption to travel.

Rail steel and Hadfield steel (used at crossings) are inhomogenous due

to both manufacture and work hardening during application. The loading

conditions are stochastic and the force distribution can change over time,

depending on factors such as the rail and wheel geometry (which can change

with wear), and how safely the rail is attached to the sleepers and the ballast.

Hadfield steel is used at crossings due to its better resistance to wear and

impact loads. It has a strong propensity to work harden.

Inspection of rails is currently performed on a periodic basis using a vari-

ety of methods that can accurately quantify defects. However, they require

access to the rails which can result in disruption to rail services, particularly

as demand for rail is increasing. Acoustic emission is a passive, continu-

ous monitoring technique that can be remotely assessed. It has been shown
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to have excellent detection and location capabilities as well as reasonable

quantification abilities for crack growth, hardening and damage.

Failure in rails is complex and its prediction is difficult. Currently used

quantification inspection techniques provide a snapshot of health each time

they are used. Without implementing some type of predictive aspect for rail

life, the condition of rails between inspections is unknown and the uncertainty

of current health is a function of time since the last inspection. There are

several approaches that could be used to combat this:

1. Inspecting tracks at a conservative frequency results in reasonably high

confidence as the degradation between inspections is minimised. How-

ever, it is expensive and more disruptive to travel.

2. Application of a continuous monitoring system such as AE inspection

would reduce the uncertainty between inspections by providing data on

degradation as it occurs. However, with the technology in its current

maturity, the confidence in quantification is much lower than that which

is provided by other inspection methods.

3. Modelling anticipated degradation from the state the rail was in at the

time of the previous inspection could be used to estimate the current

and future state of the rail based upon anticipated loading scenarios.

However, the loads applied to rails are hard to predict and stochas-

tic meaning that any unexpected loading events (e.g. an impact load

caused by a severe wheel flat) would not be accounted for; a conserva-

tive approach would have to be taken.
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4. Creating a digital twin which takes continuous data and uses it to

update a model. This combines points 2 and 3 where a model of the

rail (in the state it was most recently assessed to be in) uses monitoring

data to continuously or periodically update, reflecting an estimate of

current health.
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3 METHODOLOGY

3.1 Acoustic Emission Analysis of Three-Point Bend-

ing Fatigue Crack Growth

Three-point bending (TPB) fatigue tests were carried out on samples of cast

manganese steel and R260 rail steel to measure AE during crack propagation.

Each sample was notched using spark wire erosion. Precracks were initiated

using an Amsler vibrophore cyclically loading between 0.65 and 6.5 kN at

the resonant frequency of approximately 100 Hz. Figure 16 shows a typical

notch with a pre-crack, demonstrating the initial state of each sample.

Figure 16: Annotated notch and pre-crack. Taken from [14] which was
adapted from [15].

The experimental setup is shown in Figure 17. The bottom pins were

displaced to apply a sinusoidal load between Pmin and Pmax at a constant

frequency allowing the fatigue crack to grow until final failure. The AE

sensors were attached using Araldite (an epoxy adhesive).
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Figure 17: Annotated diagram of the three point bend experimental setup
with simplified geometry, not to scale.

DCPD was used to continuously output the crack length. A current was

passed through the sample using clamps, and spot-welded probes around the

notch were linked to a strip chart recorder. These charts were later scanned

and data was read using WebPlotDigitizer, a digital data extraction tool

[120]. These values were then translated into crack length using Johnson’s

formula as shown in Equation 11. Symbol definitions and values are given in

Table 4.

a =
2W

π
cos−1


cosh

(
πy
2W

)
cosh

(
U(a)
U(a0)

cosh−1

[
cosh

(
πy
2W

)
Cos

(
πa0
2W

)])
 (11)

The stress intensity factor range was calculated for comparison with the

AE data. Equation 12 (which is relevant to the TPB conditions) was used

to calculate KMin and KMax using PMin and PMax respectively for each data
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point of crack length [121]. ∆K was then found using Equation 13. The

definitions and values of each symbol are given in Table 4.

Table 4: Symbol definitions and values for crack growth and stress intensity
factor calculations

K =
4P

B

√
π

W

1.6( a

W

) 1
2

− 2.6

(
a

W

) 1
2

+ 12.3

(
a

W

) 5
2

−21.2

(
a

W

) 7
2

+ 21.8

(
a

W

) 9
2

 (12)

∆K = KMax −KMin (13)

In order to investigate the stage of each loading cycle at which hits were

measured, the time data was translated into cycles (using the frequency) and
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calibrated by associating the time at which the hits were measured to the

force that was measured at the time (for the Hadfield samples this was also

validated using identifiable peaks in the waveform data). The loading cycle

is demonstrated in Figure 18 (using the example of the Hadfield steel loads).

Therefore in the analysis 0 to π was defined as loading while π to 2π was

defined as unloading.

Figure 18: The three point bending test loading cycle for the Hadfield steel
samples in radians.

In the results, energy is defined as the output voltage integrated over time

and therefore has units of V 2s. For simplicity (and in line with convention)

arbitrary units (a.u.) are used instead. Any AE event with an energy of

0 a.u. was excluded from all analyses due to such events being considered

insignificant.

3.1.1 Cast Manganese Steel Samples

Ten samples were cut from a cast manganese steel (also known as Hadfield

steel) plate to the geometry shown in Figure 19. As the material had not been
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loaded prior to precracking, the samples were not initially work hardened.

Figure 19: The sample geometry used for the Hadfield steel samples. a0 is
the total length of the pre-crack. The angle of the notch was 30o. Prior to
pre-cracking the notch tips were rounded with a radius of 0.12 mm.

PMin and PMax were 0.5 kN and 5 kN respectively and the input frequency

was 5 Hz. However, during calibration to find the cycle stage it was found

that a more precise value for the frequency was 5.00337 Hz. This value was

used to calculate cycles and cycle stage with better precision, which was

necessary due to the high number of cycles to final failure (NF ).

AE was measured by two R50a resonant piezoelectric sensors. From one

the full waveform data was recorded while from the other events were sim-

plified into parametric data. The sensor used for each task remained the

same throughout the test. The AE sampling rate used for both sensors was

1 MHz. The waveform sensor took 5 second recordings at 5 second intervals.
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3.1.2 R260 Rail Steel Samples

Data from an AE monitored three point bending test of R260 steel had

already been obtained and the data analysed in [14] with regards to the

cumulative counts and energy as well as the count rates and energy rates. In

this project some additional analysis has been performed into the cycle stage

of detected AE as well as the amplitudes measured throughout the test.

Ten samples were cut from a rail that had been removed from use and

had therefore been work-hardened. Details on their geometry along with the

filtering used are given in [14]. PMin and PMax were 0.65 kN and 6.5 kN

respectively and the input frequency was 1 Hz. However, during calibration

to find the cycle stage it was found that a more precise value for the frequency

was 1.000674 Hz. This value was used to calculate cycles and cycle stage with

better precision (which was necessary due to the high number of cycles to

reach NF ). Due to the high number of cycles to failure and the low frequency

used, most samples were tested over several days with pauses in between due

to experimental restrictions related to safety measures in place.

3.2 Model of Crack Propagation through Rail Steel

containing an Inclusion

The experimental observation of links between steps in cumulative energy

and the point at which a crack grows through a soft sulphide inclusion in

rail steel [12] was investigated using Finite Element Analysis (FEA). Three

point bending of a cracked R260 sample that contained an inclusion was

simulated in order to compare the calculated energy release to the AE which
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was measured experimentally. Where relevant and possible, the model was

based upon the conditions in [12]. This work is also reported in [19].

As previously mentioned, the energy recorded from AE measurement has

the units V 2s and is calculated as an integration of the measured voltage.

The energy output by ABAQUS is given in J and is a theoretical value of the

actual energy released. Because of this, the two values cannot be directly

related with regards to magnitude. However, the change in the values of

both over time can be compared and related. In addition, it is possible

that in future work these values could be calibrated to allow a translation of

magnitude between the two.

Geometry and Setup

The sample geometry and setup is shown in Figure 20. To simplify the model,

it was simulated in two dimensions. Values were therefore calculated relative

to the section (i.e. per 1 µm thickness). The inclusion was placed centrally

within the sample and at a depth of 5 mm from the bottom surface of the

rail. Its dimensions and geometry were simplified from micrographs of MnS

inclusions in the literature [122, 123]. A separate version of the model that

did not have an inclusion but used the same mesh was also performed for

comparison.

The model was created in ABAQUS and was performed as a static struc-

tural analysis. All pins were defined as rigid. The bottom two pins were fixed

in position. Horizontal shifting of the sample was prevented by constraining

the center of the sample in the horizontal direction.
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Figure 20: The setup of the three-point bending FEA model detailed in this
report. The green square shows a detail view of the sample geometry.

A ramp displacement of 0.15 mm was applied to the top pin, forcing it

down onto the sample. This was done over a time period of 1 second, which

was arbitrarily chosen. The contact between each pin and the sample was

defined as hard and frictionless.

The in-built extended finite element method (XFEM) was used for crack

growth. It was chosen in order to avoid the requirement to re-mesh through-

out the simulation and so that the crack was free to grow in any direction.

The maximum time increment was set as 0.01 s to ensure that the analysis

could converge.

Mesh

The mesh was comprised of around 27500 CPS4 linear quadrilateral elements

which is shown in Figure 21. This included a finer mesh around the antic-

ipated crack growth path, particularly near to and inside the inclusion as

shown in Figure 22.

This mesh was considered suitable to provide a proof of concept for linking
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Figure 21: The FEA mesh created in ABAQUS.

Figure 22: The fine FEA mesh around the inclusion (outlined).

experimental AE data to FEA-calculated energy. In future work this mesh

could be further refined and created in three dimensions to ensure optimum

accuracy of the calculated outputs. However, this falls beyond the scope of

this thesis.

Material Definitions

The matrix material was defined as R260 rail steel, as this was the material

in which a step in AE was linked to the location of an inclusion in [12].

ABAQUS’s inbuilt Johnson Cook Hardening was used to model its plasticity
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[124]. This behaviour is shown in Equation 14 where σeq is the equivalent

stress, D1 is the initial yield strength, D2 is the strain-hardening coefficient,

ϵ̇ is the strain rate, ϵ̇0 is the reference strain rate, ϵpl is the plastic strain, n

is the strain hardening exponent, D3 is the strain rate sensitivity, and T ∗ is

a temperature function ( ϵ̇
ϵ̇0

and T ∗ were taken as 1 and 0 respectively) [124].

σeq =
[
D1 +D2ϵ

n
pl

][
1 +D3Ln

(
ϵ̇

ϵ̇0

)]
[1− T ∗] (14)

The properties of the soft sulphide inclusion were based upon MnS which

is a common inclusion seen in R260 rail steel. Where specific properties of

MnS could not be found in the literature, they were based upon ZnS instead

(another soft sulphide). The properties used for R260 steel and the inclusion

are summarised in Table 5. Both were defined as homogeneous. The values

for fracture energy (GIC) were calculated using Equation 15 after finding

values in the literature for fracture toughness (KIC) and Young’s modulus

(E) of each material [125].

GIC =
KIC

2

E
(15)
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Table 5: Material properties used in the inclusion model. Table taken from
[19] which used values found in references [20–25].

Property Model
Units

R260
Steel

Sulphide
Inclusion

Young’s modulus MPa 202 x 103 27.3 x 103

Poisson’s ratio - 0.3 0.38
Tensile strength MPa 951 50

Fracture toughness MPam
1
2 38.56 1

Fracture energy mJmm−2 7.53 36.6 x 10−3

Initial yield strength MPa 528 -
Strain-hardening coefficient MPa 1662.8 -
Strain-hardening exponent - 0.54 -

Output Requests

To enable XFEM crack growth, the field outputs PHILSM and PSILSM were

requested. In order to record the energy change within the model, the history

outputs relating to energy released during crack growth (ALLDMD) and the

energy dissipated during plastic deformation (ALLPD) were also requested.

A small region was defined which encompassed all crack growth and plastic

deformation related to crack growth and the energy data was obtained from

this area. This was done so as to avoid any additional plastic deformation

energy resulting from the contact between the sample and the pins from being

included in the results. This can be justified by the ability of AE inspection

as a location tool. AE data recorded can similarly be used to distinguish

between sources of AE.
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4 RESULTS AND DISCUSSION

4.1 Acoustic Emission Fatigue Test in Three-Point Bend-

ing

4.1.1 Cast Manganese Steel

General Experimental Observations

All samples were successfully tested to final failure. A summary of initial

and final crack length in each sample along with the number of cycles before

failure are shown in Table 6.

Table 6: The pre-crack length (a0), length at failure (af ) and cycles to failure
(Nf ) for ten Hadfield steel samples.

Sample a0 (mm) af (mm) Nf

1 4.916 14.363 63558
2 3.336 11.519 115459
3 3.442 10.988 68612
4 2.906 9.876 86749
5 2.872 10.188 91165
6 2.998 10.720 72032
7 3.062 9.780 61367
8 2.960 10.230 62651
9 3.221 11.461 82407
10 2.623 8.867 66169

The initial crack length (a0) in each sample has been plotted against cycles

to failure (Nf ) and crack length at failure (af ) in Figure 23. It can be ob-

served that a0 appeared to have a positive correlation with af whilst seeming

to be independent of Nf . This suggests that the crack growth rate and criti-

cal crack length was influenced by material deformation during pre-cracking
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where the maximum load and frequency were both larger than during the

fatigue test. Due to the inherent ability of Hadfield steel to work-harden,

it is possible that the more severe conditions of pre-cracking hardened the

material and increased its toughness, therefore increasing the critical crack

length.

Figure 23: Relationships between the initial crack length (a0) in each sample
with cycles to failure (Nf ) (left) and final crack length (af ) (right).

In contrast to the other samples, Sample 1 fractured into two parts as

shown in Figure 24. It can be seen in Table 6 that sample 1 had the longest

pre-crack (a0) as well as the longest crack at failure (af ), longer than the

next longest a0 and af by 43% and 25% respectively. The maximum stress

intensity factor (KMax) at af was 76.91 MPam
1
2 .

For most samples complete AE data was recorded over the test. The

exception was sample 4 where data was lost for a period of the test due to

a large amount of data being produced without enough memory to record

it. This was because a lot of noise was measured. As a result, data between

42124 and 72914 cycles is not included in this analysis and a higher amplitude

filter of 52 dB was used to remove additional noise.
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Figure 24: The surface of sample 1 which was the only sample to fracture
into two parts. Fatigue crack growth can be clearly distinguished from the
fast fracture zone which shows characteristics of ductility.

Cyclic Analysis

The stage of the loading cycle that each hit was measured was translated

into the cycle stage (in radians) as demonstrated in Figure 18. This cycle

stage value along with the energy measured were used to plot scatter points

on polar graphs for each sample as shown in Figure 25. The cycle stage

determined the angular value (axis on outer edge) of each point and the hit

energy (ei) determined its radial value (yellow axis). The colour of each

scatter point demonstrates the cycle number at which it was measured as a

percentage of Nf .

The individual events in Figure 25 were also grouped into 200 bins based

upon their cycle stage in order to produce histogram data (shown by the bars

in the polar graph). The frequency (F) of hits falling within each band is

quantified by the black radial axis.

Comparison between the individual hit data and the histogram data al-

lows easy visual identification of moments in the loading cycle that typically

showed many low intensity AE events or few high intensity events.
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Figure 25: Polar scatter plots (ei is hit energy) and histogram bars (F is
frequency) of the cycle stage at which events were measured as Hadfield steel
samples underwent fatigue loading.
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It can be observed from the histogram data in Figure 25 that in most

samples events were most frequently measured between π
3
and π

2
which cor-

responded to 33% and 55% of the maximum applied force (PMax) in the

loading stage. Due to the similar times at which this large amount of hits

was measured it is likely that they occurred due to a similar source or mech-

anism. As they were detected during loading it is likely that these frequently

measured events were related to crack propagation and/or friction of crack

faces during crack opening.

The scatter points on the graphs allow for the cycle stage at which high

energy AE events were measured to be easily seen. It can be observed that

this is less consistent across the samples than the histogram data. Clusters of

high energy hits did not always coincide with the time in the cycle at which

the most events were measured. For example, looking at the polar graph for

sample 1 in Figure 25 it can be observed that between π
3
and π

2
radians, many

events were measured but the energy of each individual event was relatively

low. Above π
2
radians, however, the recorded events were higher in energy

but measured less frequently. It can be determined from the colour of the

scatter points that as the test progressed, events were measured later in the

cycle. This suggests that for the majority of the test, small deformation

events were routinely occurring at a cycle stage of between π
3
and π

2
radians.

Once the crack became more severe the nature of the measured AE changed

due to either a change in the crack growth mechanism or a change in the

type of AE being measured. The higher energy being released as AE can be

explained by larger deformation events occurring as the crack grew (along

with ∆K).
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It can be observed that samples 3 and 5 frequently produced AE events

between a cycle stage of 5π
3
and 11π

6
radians which corresponded to 33% and

16% of PMax during unloading. As these frequently measured events occurred

during unloading it is likely that they were caused by crack closure. These

events can be observed to have occurred near to failure and were of high

energy.

A benefit of plotting polar graphs is that abnormal measurements are

easier to identify within a sample. As previously mentioned, the data for

sample 4 contained a lot of noise. This can be observed in the polar graph

where high energy events appear at each stage of the loading cycle including

stages where no hits were measured in other samples. The histogram data,

however, shows that a large amount of hits were measured at similar cycle

stages to the other samples which related to crack propagation and crack

closure, demonstrating the presence of valuable AE data. In order to im-

prove the quality of the data, and therefore quality of quantification, noise

removal should be optimised. Future work could involve the use of an algo-

rithm to filter the measured hits based upon the cycle stage. This could be

incorporated into a digital twin by measuring the load at which each hit was

measured.

To better observe the change in AE over time, the hits were plotted

against cycles. The hits versus cycles graphs for all ten Hadfield steel samples

are shown in Figure 26. Events that had an energy of 5 a.u. or less are shown

in grey; these were considered insignificant and were not included in the AE

rate or cumulative analyses below.

Linear trends can be observed at various points in Figure 26 for all sam-
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Figure 26: The cycle stage at which hits were measured throughout the
fatigue test of each sample. Low energy events are shown in grey. Note that
sample 4 is missing data between 42124 and 72914 cycles due to equipment
failure.
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ples, revealing that hits were often measured at similar times from one cycle

to the next. This suggests that AE hits within a trend were produced by a

similar, repeating source. Trend lines that appeared during loading (cycle

stages below π) can be seen to typically follow a negative correlation with

the cycle number meaning that AE hits were measured incrementally earlier

each cycle. It can therefore be inferred that the AE source mechanism (crack

propagation or friction during crack opening) occurred in an earlier stage of

loading as the test progressed and the crack grew.

In a few samples there are also noticeable changes in when AE was pri-

marily measured during the loading stage. For example, after sample 2 was

tested to around 53000 cycles, the AE began to be measured at around 0.5

radians later than the trend it had previously been following. There was also

a significant decrease in AE hit density after this point with a move from

an average of 3.93 hits/second to 1.35 hits/second. The test was performed

without any breaks and no factors are known to have changed during the test

excluding the crack growth (and ∆K as a result). This suggests that the na-

ture of the measured AE changed as a result of the crack length which could

indicate that the crack growth was altered due to a change in microstructure

at the crack tip or a change in crack growth mechanism.

For sample 1, AE was observed to initially occur on loading following a

downward trend. After around 52000 cycles, however, this abruptly changed

to most events occurring on unloading. It is therefore indicated that up until

52000 cycles, AE was primarily produced as a result of crack propagation,

whereas after this point it appears to have primarily been related to crack

closure.
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Figure 27 shows a detail view of the hits measured during loading between

0 and 60000 cycles for sample 2. There appear to be three distinct trends

which have been indicated by coloured circles. The bottom two AE trends

(highlighted in green and yellow) have a negative gradient meaning that

they occurred at an earlier cycle stage as the test progresses. The top trend

(highlighted in pink) was measured only between 20000 and 30000 cycles

and had a positive gradient meaning that the AE occurred at a later point

in each cycle as the test progressed. Due to the distinct separation of the AE

into these trends, it is likely that they were a result of separate events. For

example, the bottom (green) trend could be a result of friction or unsticking

as the crack opens and the middle trend (yellow) could be a result of crack

propagation.

Figure 27: Apparent trends in AE hits in cycles 0 to 52000 of Hadfield sample
2. AE was measured at the same point over many cycles in three clustered
lines (highlighted).

Figure 28 shows a sample of four waveforms measured during the fatigue
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testing of sample 7. The x axis shows the time relative to the start of the

waveform measurement (each waveform sample shown is over 1 s). The first

was taken from the start of the test at around 1000 cycles. At this point

there were no significant peaks in the signal, suggesting that damage was

progressing at a slow rate. This is reflected in Figure 26 which showed very

few measured events at the start of the test.

Figure 28: Samples of AE waveforms measured during fatigue crack growth
near the start, middle and end of fatigue cracking in sample 7.

Two waveforms are shown from around the midpoint of the test at 30000

and 31000 cycles. Although both signals show peaks, they are significantly

larger at 30000 cycles as opposed to 1000 cycles later. These peaks occur on
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loading which suggests that they are due to crack propagation. The difference

in signal intensity could be explained by a difference in the microstructure

through which the crack was propagating, such as propagation through an

inclusion (which may increase the speed of crack growth or release a different

amount of energy when cracked) or areas that differ in elastic vs plastic

crack growth. A detail view of hits measured for sample 7 between 30000

and 40000 cycles is shown in in Figure 29. It can be seen that the signal

peaks correspond to the cycle stage at which hits were primarily measured

in Figure 28. It can also be seen that the AE appears to follow a pattern of

being released over a few hundred cycles followed by a few hundred cycles of

no AE activity being measured.

Figure 29: Hits measured between 30000 and 40000 cycles (detail from Figure
28).

The final waveform in Figure 28 was taken at around 61000 cycles, shortly

before sample failure. Peaks in the AE signal can be observed on loading and
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unloading. The biggest peaks were measured on unloading which is likely to

have been a result of crack closure.

da
dN

, dCP

dN
and dEP

dN
Relationship with ∆K

An analysis into the relationship between the stress intensity factor range

(∆K) with the crack growth rate ( da
dN

), the count rate (dCP

dN
) and energy rate

(dEP

dN
) was performed for all ten Hadfield samples.

In order to reduce the influence of crack closure related AE signals, events

which occurred during unloading (at a cycle stage of more than π radians)

were excluded. A filter was also applied to remove events that were measured

to have less than 5 a.u. energy (the grey plots from Figure 26 which were

deemed likely to be related to friction as opposed to crack propagation).

Figure 30 shows the observed relationships for the ten samples.

Clear linear behaviour can be observed between Log( da
dN

) and Log(∆K)

showing that the sample fatigue crack growth followed Paris’s Law (see Equa-

tion 4). The plotted linear trend lines have been summarised in Table 7 for

reference.

It can be observed that as expected from the literature, there is no clear

linear relationship of Log(∆K) with Log(dCP

dN
) and Log(dEP

dN
), although there

appears to be some element of a positive relationship, particularly for higher

Log(∆K) values.

Figure 31 shows a combined graph of count rate and crack growth rate

for all samples. The Paris’s law behaviour can be observed to be reason-
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Figure 30: Observed relationships between ∆K, da
dN

, dCP

dN
, and dEP

dN
for ten

Hadfield steel samples. Note that AE data is missing for sample 4 between
Log(∆K) = 1.18 to 1.27.
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Table 7: Summary of the Paris’s Law constants (see Equation 4)

Sample m C
1 2.97 -10.84
2 3.96 -11.99
3 3.53 -11.50
4 4.01 -12.06
5 4.14 -12.26
6 3.55 -11.50
7 3.51 -11.37
8 4.40 -12.60
9 3.16 -11.08
10 4.00 -11.92

Average 3.72 -11.71

ably consistent across all samples, with similar stage II (linear) relationships.

However, the combined count rates do not provide a clear resultant relation-

ship. It can therefore be inferred that Equation 2 does not hold true for the

Hadfield steel samples in the conditions in which they were tested.

The additional growth of sample 1 can clearly be seen. It can be ob-

served that at a Log(∆K) value of around 1.63 (∆K of 42.7), the crack

growth behaviour appears to become slightly more erratic. Crack growth

then continued until a ∆K of 76.91 was reached at which point the sample

failed in a brittle fashion.

For further comparison, dCP

dN
was plotted against da

dN
in Figure 32. If

Log(dCP

dN
) had shown a linear relationship with Log(∆K) then this relation-

ship would similarly be reasonably linear (due to the Paris’s law behaviour of

growth - see Equation 5). The count rate could then be used to estimate the

crack growth and therefore the total crack length (assuming a0 was known).

However, no clear relationship was observed between dCP

dN
and Log(∆K); it
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Figure 31: Crack growth rate ( da
dN

) and count rate (dCP

dN
) relationship with

∆K for ten Hadfield steel samples.

is therefore unsurprising that when plotted against da
dN

there is no apparent

relationship. The empirical relationship given in Equation 5 was therefore

not observed.

The lack of linear relationship between Log(dCP

dN
) and Log( da

dN
) meant that

Equation 7 could not be used to calculate an estimation for the crack length.

Cumulative Counts and Energy

Cumulative counts and energy measured whilst cracking the Hadfield steel

samples are plotted alongside crack length in Figure 33. In the majority of

samples, a step-wise increase in cumulative counts and energy was observed.

An exception to this is sample 4. This is likely to be due to the noise that

was encountered for this sample.

The cumulative counts and cumulative energy both closely mirrored each
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Figure 32: Count rate (dCP

dN
) plotted against crack growth rate ( da

dN
) for ten

Hadfield samples.

other. The ratio of counts to energy is reasonably large in all samples exclud-

ing sample 8 in which the values were similar. There is also only 1 significant

step in the plot at 32000 cycles which corresponds to the cluster of hits seen

in Figure 26.

It can be noted that in several samples (1,3 and 7) the cumulative counts

and energy are a similar shape to the crack length. In sample 9, the cumula-

tive counts after around 50000 cycles appear to follow the crack length plot

closely. To an extent, cumulative graphs can provide another way of gauging

the severity of fatigue crack growth.

Amplitude

The amplitude of each hit over the test for each Hadfield steel sample is shown

in Figure 34. No common theme was observed between all ten samples. In
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Figure 33: Cumulative AE counts and energy plotted against cycles alongside
crack length. The grey plateau in sample 4 identifies missing data.
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samples 1 and 2 there were hits of very high amplitude immediately prior to

failure. This is similar to what has previously been observed in Hadfield steel

in similar experimental conditions [73, 86]. However, this was not observed in

any other samples which instead had higher amplitude hits at various points

throughout the test. Previous work has referred to these high amplitude hits

as ”alarms” hinting at imminent failure. However, their absence in most

of these results highlights that this should not be relied upon. In multiple

samples it can be observed that the measured amplitudes seem to decrease

soon before failure (most noticeably in sample 1). This is most likely due

to increased plasticity at the crack tip which results in lower amounts of

measurable AE [63].
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Figure 34: Amplitude of the AE signal for ten Hadfield samples with the
crack length also shown. Sample 4 is missing data below 52 dB due to
necessary noise removal.
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4.1.2 R260 Steel

Cyclic Analysis

The cycle stage at which AE events were measured throughout the testing

of the R260 samples was analysed and polar graphs were produced to show

both individual events and histogram data. These polar graphs were created

in the same way as previously described in the Hadfield steel samples analysis

section.

The amplitude measurement threshold for sample 1 was initially set too

low at 45 dB which resulted in a lot of noise within the data. The AE before

and after applying an additional amplitude filter was used to look at the cycle

stages at which noise was measured and to see if plotting the cycle stage can

help to validate noise removal. Figure 35 shows cycle stage that hits were

measured before and after an additional amplitude filter was applied.

The histogram data shows that at low amplitude filtering, the vast ma-

jority of hits were measured between π
2
and 3π

2
radians. This makes sense, as

it was when the machine exerted the highest loads on the sample. Not only

were the noise-related hits measured often, but they also were high in energy.

If left in, this noise would dominate the data. In contrast, after the data was

filtered below 52 dB, it can be seen that there are very few hits within the

previously noise filled region. This shows that filtering was successful, and

how using the visual aid of the cycle stage can help to identify and validate

noise removal in cyclic testing. However, it would not reveal the extent to

which true AE signals were lost within the noise during filtering.

Figure 36 shows the polar cycle stage and histogram data for all ten
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Figure 35: The cycle stage of hits measured during fatigue crack growth of
Sample 1 presented as a polar graph (above) and against cycles (below) with
an amplitude filter of 45 dB and 52 dB (left and right respectively).

R260 samples. In all samples, most hits occurred between π
6
and π

2
radians

corresponding to 16% and 55% of PMax on loading. This was similar to

the timing of hits measured during the testing of the Hadfield steel samples,

although it is a larger range. As these hits occurred during loading, it is

likely that they were related to crack propagation or friction of the crack

surfaces as it opened.

In half of the samples (4, 6, 8, 9 and 10) relatively high energy hits were

consistently measured at around 5π
3

radians (33% of PMax on unloading).

It is likely that these events were related to crack closure. This suggests

that the fatigue cracks were closing at a very consistent force value (during

unloading) across these samples.
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Figure 36: Polar scatter plots (ei is hit energy) and histogram bars (F is
frequency) of the cycle stage at which events were measured as R260 rail
steel samples underwent fatigue loading.
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Figure 37 shows how the cycle stage that hits were measured changed

as the cracks grew. Energy values below 5 a.u. have been coloured grey

for better comparison with the Hadfield steel data in Figure 26. In some

samples, there are sudden changes in the hit timing which can be explained

by the test being paused and resumed. For example, in sample 3 there was

less noise measured at π radians after around 21,000 cycles. Generally, the

majority of AE activity was measured during loading. Lines can be observed

for AE hits which were measured at a very similar cycle stage over many

cycles, typically trending downwards. This suggests that the events causing

these hits occurred at a slightly earlier time each cycle as the crack grew.

For AE hits measured on unloading (therefore likely to be caused by

crack closure) the stage in the cycle at which they occurred did not appear

to change, with any trend lines being horizontal. These lines appear as peaks

in the unloading stage of the polar histograms in Figure 36.

Amplitude

The amplitude of the AE throughout the test on each R260 steel sample is

shown in Figure 38. It can be observed that the measured amplitude typically

showed a general increase as the crack progressed, and that immediately prior

to failure there were some very high amplitude hits in all samples, which

acted as alarms of imminent failure. However, there were also a few high

amplitude hits measured earlier, often when the crack had grown to around

half of its final length (samples 3, 4, 6, 8, 9 and 10). For samples 3, 9 and 10,

the time at which these high amplitude hits were measured (22,000, 49,500
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Figure 37: Hit graphs of ten R260 steel samples. The color of each data
point represents the energy.
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and 29,500 respectively) matched the change in crack growth to its region

2 (Paris’s Law) growth phase identified in [14] (at respective ∆K values of

17.93, 19.53, and 19.06). This can most clearly be seen in sample 3 by the

clear change in the gradient of crack growth that occurred at 22,000 cycles

in Figure (38).

The most sudden change in crack growth was seen at around 70,000 cycles

in sample 7. However, there was no significant corresponding change in the

AE amplitudes measured at this point. The AE amplitude can therefore

be used to give an indication of changes to the crack growth, but it cannot

necessarily be relied upon.

Similarly to the Hadfield samples, a decrease in the amplitude of measured

AE can be seen leading up to the failure of multiple R260 samples. This is

likely to be due to plasticity at the crack tip.

Analysis of da
dN

, dCP

dN
, dEP

dN
, with ∆K and Cumulative Counts and

Energy with Crack Length

Analysis of the relationships between da
dN

, dCP

dN
and dEP

dN
with ∆K along with

cumulative counts and energy with the crack length for these samples can be

found in reference [14].

4.2 Model of Crack Propagation through Rail Steel

containing an Inclusion

The stress within the model before and after the crack severed the inclusion

can be seen in Figure 39. Prior to being reached by the crack tip, the
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Figure 38: Amplitude of the AE signal for ten R260 samples with the crack
length also shown.
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inclusion can be seen to experience a much higher stress than the surrounding

matrix. This is because of the difference between the plastic properties of

the matrix (which resulted in plastic deformation) and the elastic properties

of the inclusion (where the stress could continue to increase as the elastic

strain increased).

Figure 39: The Von Mises plot of the area around the inclusion (outlined) as
the crack approached at 0.48 s (above) and after it had been severed by the
crack (below).

The crack grew straight as shown in Figure 39 which was expected due to

the symmetry in the model. The length of the modelled crack as a function

of time is shown in Figure 40. It can be seen that when the crack reached

the inclusion its growth rapidly increased. The step increase in crack length

also continued past the inclusion.

The energy that was released throughout the simulation can be seen in

Figure 41. There was a significant step in ALLDMD at the same point that

there was a step in the crack length (see Figure 40). This makes sense as

ALLDMD is proportional to crack length for a given material and although
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Figure 40: The crack length over the simulation with and without an inclu-
sion present. The location of the inclusion along the crack front has been
highlighted.

the fracture energy was much smaller for the soft sulphide inclusion than the

R260 matrix, the fast crack propagation extended past the inclusion into the

matrix. After this point, the crack continued to grow at a faster rate than

the crack in the matrix without the inclusion. This is because the crack was

longer, resulting in a higher stress intensity factor for each given point in

time.

In contrast, ALLPD was very similar for both simulations. A small step

can be observed at the point where the rapid crack growth occurred, but

it is insignificant in magnitude. This suggests that the plastic response of

the matrix was influenced by the applied bending (as a result of the ramp

displacement) to the extent that any influence from the crack length was

almost insignificant.

The graph of ALLDMD and ALLPD combined (see Figure 41) appears
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Figure 41: Energy released due to crack growth (ALLDMD) and plastic
deformation (ALLPD) as a simulated crack grew through a sample with
and without a soft sulphide inclusion present. Energy values are per 1 µm
thickness.

very similar to the ALLPD graph. This is because of the much larger mag-

nitude of ALLPD values than ALLDMD values. In theory, this might mean

that measurement of energy during a similar practical experiment could eas-

ily miss such a step in energy. However, in the case of AE inspection the

technique is thought to be incapable of measuring typical plasticity in steel

[63]. The ALLDMD plot is therefore more likely to represent what would be

measured during AE inspection than the ALLPD plot or their combination.

Data from around the point marked ”(f)” in [12] is shown in Figure
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42. The crack was measured with DCPD which resulted in a much lower

resolution than could be achieved in the simulation. For this reason it could

not be used to confirm whether there was a rapid increase in the crack length

at the time that the step in cumulative energy was measured.

Figure 42: Crack length and AE energy (normalised) as a fatigue crack
propagated near to and through an inclusion [12].

Over the 2000 cycles shown, fatigue crack growth was occurring in the

sample (using linear interpolation the average growth per cycle can be esti-

mated at around 0.082 µm). If the AE consisted only of signals relating to

crack growth and no data was lost (e.g. through filtering or attenuation),

steady crack growth through a homogeneous medium would be expected to

result in a proportional increase in the energy measured through GIC . Over

the range shown in Figure 42, this would equate to an energy release of

around 6.1 µJ/cycle (0.61 µJ/cycle per mm thickness). However, it can be

observed that very little energy was measured by the AE sensor aside from
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the step increase. This suggests that the incremental fatigue crack growth

did not produce enough energy to be measured, and that something differ-

ent occurred at the point at which the step was measured. This could have

been due to more severe crack growth occurring, or a sudden AE event of a

different type being measured (e.g. friction, crack closure or noise). As an

inclusion was found on the surface at the location that the location corre-

sponding to the step, it is likely that similarly to the model the step in energy

was a result of instantaneous acceleration in crack propagation caused by the

presence of some kind of inclusion.

In the physical experiment performed in this project and analysed earlier

in this chapter and in reference [14], it was observed that cumulative AE

energy increased in a step-wise motion in both Hadfield steel and R260 steel.

These modelling results suggest that some of the step increases in cumula-

tive energy could have been the result of fast crack propagation due to the

presence of an inclusion at those points.

Limitations

The following limitations should be considered when interpreting the results

and comparing them to the conditions that resulted in a step in cumulative

AE in [12]:

• In the physical experiment, cyclic loading was applied and the crack

grew due to fatigue. In the FEA, crack growth occurred as a result

of a linear displacement of the top pin. The crack growth mechanisms

would therefore differ.
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• A two-dimensional model was used meaning that the results were given

per 1 µm thickness. In three dimensions the crack growth would likely

vary along the thickness of the crack front as the crack met an inclusion

as inclusions in rail steel are not through-thickness. As a result, the

proportional energy release as an inclusion causes fast crack propaga-

tion may be less distinctive than the step seen in Figure 41.
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5 CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

The increasing demand for rail travel means that it is valuable to come

up with new solutions for inspection and maintenance that are less disrup-

tive and raise lifecycle efficiency. The environmental conditions, loading and

material inhomogeneity of rails can make defects difficult to predict. It is

therefore important to monitor rail health and to develop models to further

understand how, why, and when they fail.

Acoustic emission (AE) is an established technology for passive inspec-

tion. It has previously been shown to be capable of assessing structural

health as well as detection, location and quantification of fatigue crack ini-

tiation and growth. Previous work has shown that cracks can be quantified

within rail steel using AE, albeit for a simple crack in laboratory testing

conditions where noise is much lower than in rail application.

Cast manganese steel (otherwise known as Hadfield steel) is used at rail

crossings where its excellent properties and propensity to work harden make

it ideal for handling the tougher conditions such as frequent impact loads.

The quantification of cracks in Hadfield steel using AE has not previously

been achieved. In this work, quantification of cracks in Hadfield steel using

the count rate was investigated. The findings were the same as those in

similar works and the count rate and energy rate of AE showed no apparent

relationship to the stress intensity factor. Therefore, although the cracks

adhered to Paris’s growth behaviour, the count rate and energy rate could

not be linked to the crack growth rate. This suggests that techniques that
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have previously been used to quantify crack growth within pearlitic rail steel

(used for the majority of sections of rail) cannot be applied to quantify cracks

within Hadfield steel (used for rail crossings).

In a three-point bending fatigue test of steel where R< 0.45, the measured

AE is expected to be a result of crack propagation and friction between the

crack surfaces as they open and close. This work looked at the cycle stage

at which hits were measured, investigating times at which higher energy

hits were measured, times that hits were most frequently measured, and

trends in how the cycle stage at which hits were measured changed over

time. Additionally, a demonstration was given on how analysing visually the

cycle stage can aid in noise removal and its validation.

It was found that for both Hadfield steel and R260 steel, hits were most

frequently measured during the loading stage at between 33% and 55% of the

maximum force. This suggests that the AE passing the filters was primarily

a result of crack propagation and/or friction during crack opening. It was

also observed that the hits were measured at a similar time from cycle-to-

cycle but slightly earlier each time in both steels, suggesting that the event

causing the AE release occurred at an earlier point as the crack grew. This

could be due to larger cracks requiring less force to propagate, and the crack

opening at an earlier stage. In contrast, crack closure events were identified

to typically occur at the same time each cycle when measured suggesting

that the crack closed at the same point in each cycle regardless of the crack

length.

Cycle stage analysis was only possible because the frequency of the test

was constant and known. During use, rails are exposed to stochastic loads
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and the time of AE measurement with regards to maximum load would be

difficult to pinpoint. Therefore, to characterise event types requires different

approaches such as looking at the AE waveform (e.g. Figure 28) or by using

the frequency domain as demonstrated by Li et al. [11].

High amplitude hits immediately prior to failure were observed in all

R260 steel samples, but only 20% of the Hadfield steel samples. In some

R260 steel samples this additionally occurred immediately before the crack

began to enter its Paris’s law behaviour of growth. This suggests that in

the main part of the rail, high amplitude hits can be used as an indication

of change in crack growth behaviour or an alarm of imminent failure. In

crossings this warning might not be possible to rely upon as a final warning

before failure. However, for safety reasons it is imperative to avoid damage

to this point in rails so the application of this knowledge is limited.

Analysis of cumulative counts and energy showed similar step-wise type

trends in the data to those observed in the literature. These can be used to

help assess the length of the crack, but the variety of magnitudes that these

values reached before failure makes this difficult.

Previously, steps in cumulative energy have been associated with the point

at which an inclusion was cracked within the matrix. It was shown using

Finite Element Analysis (FEA) that as a crack reached a soft manganese

sulphide inclusion, rapid crack growth was caused along with a resultant

sudden increase in energy released. This supported the previous suggestion

that these steps in AE energy can be a result of present inclusions causing

fast crack propagation.

Modelling of rails has advanced significantly in the past decade, with
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research being done on both the general response of the material to cyclic

loading as well as full geometrical models which incorporate the wheel-rail

interaction. However, there are some limitations to these models such as the

missing consideration of residual stresses introduced through manufacture

and use as well as the different hardening behaviours exhibited at different

head depths [6]. Although links have been made between FEA and AE (in-

cluding in this work), a model does not yet exist, to the author’s knowledge,

that translates AE data into damage or crack growth.

5.2 Future Work

The AE-monitored TPB test should be repeated with work-hardened Had-

field steel samples, as this would reduce plastic deformation during pre-

cracking and fatigue crack growth. The crack would grow and release AE

signals in a fashion closer to what would be expected in application, as the

surface of crossings are work hardened for most (if not all) of their life. The

count rate and energy rate should then be compared with the stress inten-

sity factor range and, if a relationship is observed, quantification of the crack

growth should be attempted. The amplitude should also be compared with

time and crack length to see if high amplitude hits occur immediately prior

to failure across all samples.

Further work should also be done into modelling rails. The behaviour

of rail steel is complex due to its inhomogeneities. Further material models

should be developed to better represent the difference in properties and hard-

ening behaviour that has been observed along the depth from the surface of
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the rail head.

The creation of an accurate, fully functional digital twin for rail using

inputs from AE sensors is very desirable as an economic solution to the

challenges faced by rail inspection. It would mean that the active inspection

methods that are currently used would only be required for validation, vastly

reducing the amount of time over which the rails must be closed. The de-

tection capability of AE would also mean that defects could be caught early

and simple corrective maintenance (such as grinding) could be performed to

avoid more disruptive maintenance being required at a later point.

To achieve this, the material behaviour of rail steel must be fully under-

stood and reproduced in a model. AE cannot provide information on steel

plasticity, so to include this within the model it must be reproduced using

mechanical based FEA. The model must then be able to take AE data and

translate it into crack data. If a single crack was present this could be a case

of relating the AE parameter rates to the stress intensity factor range and

translating into estimated crack growth. The direction of crack growth could

in part be determined by the location data of the AE, but also informed by

the distribution of stresses within the model as a load is applied. This load

could also be an accurate reproduction of the loads exerted by passing rolling

stock if they were measured near to the sensor.

In rails, the most common type of crack is caused by Rolling Contact

Fatigue (RCF). These are typically initiated in clusters. Research should

therefore also be performed into the location and quantification of cracks

within these clusters.

Models of specific events (such as the cracking of the soft sulphide inclu-
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sion which was presented in this work) could also be developed so that the

relationship between AE and FEA can be better defined. Pattern recogni-

tion between physical deformation with AE and simulated deformation with

theoretical energy release could provide better representation of deformation

during particular scenarios. It would also reduce the processing required by

enabling interpretation of AE as an input rather than each individual AE

event.

For this form of inspection to be feasible over the long lifetime of rails,

the AE data must be handled appropriately. Similarly to this report, para-

metric data should be used and events that do not contain significant AE

(such as low energy events) should be discarded in order to reduce the size

of the data. In addition, a sensor could be used to detect the approach of

rolling stock and AE could be exclusively measured as it is loaded to reduce

processing requirements and noise. Systems should also be set up to wire-

lessly transmit the data so that the simulations could be performed remotely

without requiring rail access.
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[91] S. Bogdański and M. W. Brown. Modelling the three-dimensional be-
haviour of shallow rolling contact fatigue cracks in rails. Wear, 253(1):
17–25, July 2002. doi: 10.1016/S0043-1648(02)00078-9.

[92] D. Floros, A. Ekberg, and F. Larsson. Evaluation of mixed-mode crack
growth direction criteria under rolling contact conditions. Wear, 448-
449:203184, May 2020. doi: 10.1016/j.wear.2020.203184.

[93] D. Canadinc, H. Sehitoglu, and K. Verzal. Analysis of surface crack
growth under rolling contact fatigue. International Journal of Fatigue,
30(9):1678–1689, September 2008. doi: 10.1016/j.ijfatigue.2007.11.002.

[94] J. E. Garnham and C. L. Davis. The role of deformed rail microstruc-
ture on rolling contact fatigue initiation. Wear, 265(9):1363–1372, Oc-
tober 2008. doi: 10.1016/j.wear.2008.02.042.

[95] N. Ohno and J-D. Wang. Kinematic hardening rules with critical state
of dynamic recovery, part I: formulation and basic features for ratch-
etting behavior. International Journal of Plasticity, 9(3):375–390, Au-
gust 1993. doi: 10.1016/0749-6419(93)90042-O.

[96] M. Abdel-Karim and N. Ohno. Kinematic hardening model suitable
for ratcheting with steady-state. International Journal of Plasticity,
16:225–240, December 2000. doi: 10.1016/S0749-6419(99)00052-2.

114



[97] C. O. Frederick and P. J. Armstrong. A mathematical representation
of the multiaxial bauschinger effect. Materials at High Temperatures,
24(1):1–26, January 2007. doi: 10.1179/096034007X207589.

[98] G. Kang and Q. Gao. Uniaxial and non-proportionally multiaxial ratch-
eting of U71Mn rail steel: experiments and simulations. Mechanics of
Materials, 34(12):809–820, August 2002. doi: 10.1016/S0167-6636(02
)00198-9.

[99] G. Kang. A visco-plastic constitutive model for ratcheting of cyclically
stable materials and its finite element implementation. Mechanics of
Materials, 36(4):299–312, April 2004. doi: 10.1016/S0167-6636(03)000
24-3.

[100] K. A. Meyer. Evaluation of material models describing the evolution
of plastic anisotropy in pearlitic steel. International Journal of Solids
and Structures, 200:266–285, September 2020. doi: 10.1016/j.ijsolstr.2
020.04.037.

[101] B. Shi, A. Bartels, and J. Mosler. On the thermodynamically consistent
modeling of distortional hardening: A novel generalized framework.
International Journal of Plasticity, 63:170–182, December 2014. doi:
10.1016/j.ijplas.2014.05.008.

[102] J. Qin, B. Holmedal, and O. S. Hopperstad. A combined isotropic,
kinematic and distortional hardening model for aluminum and steels
under complex strain-path changes. International Journal of Plasticity,
101:156–169, February 2018. doi: 10.1016/j.ijplas.2017.10.013.
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