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Sensing instrumentation plays an important role in measuring both the performance and the
condition of the railway track. Data on how the various components of a railway track respond
to a passing train in terms of acceleration, displacement, and loading are necessary for condition
monitoring of the railway track. Measuring these parameters from within a rail pad can enable
a new condition monitoring system for wheel defects and provide information about the wheel

load distribution on the track structure.

In this study, a smart rail pad was fabricated utilising 3D printing technology and instrumented
with low-cost sensing instrumentation. Initial material testing was conducted to determine the
best suited 3D printing material, considering Polylactic Acid (PLA), Polyethylene Terephthalate
modified with Glycol (PETG) and Thermoplastic Polyurethane (TPU), to protect the
instrumentation and to withstand the typical forces of a real rail pad. The material testing results
showed that the best suited material was PETG, and it was subsequently used for the final
design. Various laboratory tests were done using a hydraulic actuator on two different
prototypes to determine the response within a 3D printed rail pad. Similar laboratory tests were
done on the final designed smart rail pad before it was tested in the field on a railway line to

determine its performance in operational conditions.

The developed smart pad system was able to automatically detect an oncoming train and turn
the Razor microcontroller on to start logging the data from the smart rail pad. The smart rail pad
was able to identify more than 60 % of the wheel defects on average. This was not as accurate
as expected because of the major limiting factor being the low sampling rate of the system when

all three instruments are logging data. The strain gauge could also be used to detect wheel
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defects as do the accelerometers. The smart rail pad showed excellent signal response to the
variations in the loading magnitude of the tested trains. The measured wheel loads were in good
agreement with the control wheel load measurements. The smart rail pad can therefore be used

for wheel load sensing measurements and act as an axle counter.
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INTRODUCTION

BACKGROUND

The ballasted track is the most common track structure used worldwide due to its proven
technology and ease of maintenance. With the introduction of concrete sleepers, the track
structure became stiffer compared to track structures with timber sleepers. To combat the stiffer
structure, elastic rail pads are placed between the rail seat and the sleeper. The function of the
rail pad is to provide resiliency for the track structure and damping of wheel-induced vibrations
and noise (Esveld, 2001).

The vertical stiffness of the rail pad is important for track performance and durability. Rail pads
are made of various rubber and plastic materials to create rail pads with different characteristics
and mechanical behaviour. The most used materials for rail pads are HDPE (High-density
Polyethylene), EVA (Ethylene-Vinyl Acetate), TPE (Thermopolymer Polyester Elastomer) and
EPDM (Ethylene Propylene Diene Monomer). The various 3D printing plastics range from
flexible to hard and brittle plastics. With the onset of 3D printing technology, a new and

interesting method of creating rail pads can be introduced.

Sensing instrumentation plays an important role in measuring both the performance and the
condition of the railway track. Data on how the various components of a railway track respond
to a passing train in terms of acceleration, vibration, displacement and loading are necessary for
condition monitoring of the railway track. Various trackside monitoring instrumentation has
been shown to provide these measurements, however, they are primarily research equipment
that are costly and practical deployments are narrow in scope (Milne et al., 2016). To thoroughly
evaluate the structural condition of the railway track, new cost-effective approaches to condition

monitoring are required.

Smart rail pads are a new concept that has only been researched and developed to a limited
extent. Measurements from inside the rail pad can be obtained by the installation of instruments
such as accelerometers, piezoelectric sensors, force sensors and fibre optics. Operational aspects
such as accelerations, vibrations, axle load, frequency and temperature can be measured using
sensing instrumentation installed inside a rail pad. These measurements could enable condition

monitoring of the track structure.

Fabricating a rail pad from 3D printing filament is unexplored and can provide an exciting
avenue for new possibilities. Creating a rail pad from 3D printing material can simplify the

process of embedding instrumentation inside a rail pad to protect said instrumentation.

© University of Pretoria
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Accelerometers inside the rail pad can provide monitoring of wheel defects when wheel flats
(high impact forces) occur. The magnitude and type of forces exerted onto a rail pad can also
be measured. Load sensing capabilities using strain gauges can provide the wheel load at the
rail seat area which provides insight into the wheel load distribution from the rail to the sleepers.
To measure these parameters, the fabrication of a low-cost remote monitoring system that
automatically detects an oncoming train and captures data from instrumentation inside a smart
rail pad is investigated.

OBJECTIVES OF THE STUDY

The objective of this study is to investigate the effectiveness of smart sensing technology, fitted
inside a 3D printed rail pad, to monitor the condition of train wheels. The following sub-

objectives were required to design and test the smart rail pad:
1 Toinvestigate the effectiveness of 3D printing technology for generating a rail pad.

1 Todevelop asmart rail pad using sensing technology, embedded inside in a 3D printed

rail pad, for creating a condition monitoring system.

1 Quantifying the dynamic response of a smart rail pad using, embedded sensing

technology, in both laboratory and field environments

SCOPE OF THE STUDY

The scope of the study entails investigating the effects of a moving train on a rail pad employing
smart sensing instrumentation and determining what transpires with the loading from the rail
through the rail pad to the sleeper. The smart rail pads were fabricated using various 3D printed
filament including PLA, PETG and TPU. The instrumentation was fitted during the fabrication
process by stopping the printing process and installing the instrumentation. The instrumentation
included MEMS accelerometers and strain gauges. Testing of the instrumented rail pad was
done in the laboratory using a hydraulic actuator. The experiment focused on wheel flat/defect
identification and the loading exerted onto the rail pad. Additional field tests were conducted
on an existing railway track after successful laboratory testing. This was done to measure the

response of the rail pad in field conditions and to determine any wheel defects.

METHODOLOGY

The methodology was as follows:

I A literature review was conducted on various sensors and instrumentation that can be

installed into the rail pad, 3D printing and condition monitoring;

© University of Pretoria
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The materials and components needed for the testing were obtained from suppliers and
the rail pad was fabricated using different filaments;

MEMS accelerometers and strain gauges were fitted inside the 3D printed rail pad,;
Testing was conducted using a rail-sleeper system with the instrumented rail pad and
an MTS machine, through the application of cyclic loading. Field tests was conducted
for comparison with the laboratory results and in-practice applications;

Various aspects such as strain, acceleration, displacement and loading amongst others,
was measured with the instrumented rail pad and compared with control measurements;
and

The data was analysed, results will be discussed, and conclusions were drawn.

1.5 ORGANISATION OF THE DISSERTATION

The report consists of the following chapters:

1

Chapter 1 serves as an introduction to the dissertation, outlining the objectives, problem

statement, scope, methodology and organisation of the dissertation.

Chapter 2 contains the literature study which will serve as a technical introduction and

review of past research conducted as guidance for the thesis.

Chapter 3 describes the test materials, equipment used in the experiment and the

laboratory and field-testing procedure.
Chapter 4 presents and discuss the results obtained during the study.

Chapter 5 includes the conclusions that were drawn from the study and provide

recommendations for future studies.
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LITERATURE REVIEW

This chapter provides an overview of the railway track structure and track loading with a focus
on rail pads. A discussion on the background of 3D printing technology and the application
thereof, for the fabrication of a rail pad, is given. Thereafter a comprehensive discussion on the
literature of smart sensing instrumentation utilising MEMS technology, strain gauges and fibre
optics is provided. A review of previous literature is discussed, focusing on the implementation
of sensing instrumentation in track components, especially in rail pads. This chapter concludes
with a discussion of the combination of 3D printing technology and sensing instrumentation for
the fabrication of a smart rail pad.

RAILWAY TRACK STRUCTURE

The ballasted track is the most common track structure used worldwide. This is due to its proven
technology and ease of maintenance. The track structure is divided into two sections: the
superstructure and the substructure. The superstructure comprises the main load-supporting
components of the track structure which transfers the load to the supporting substructure. The
load-supporting components include the rail, sleeper, elastic rail pad and fastening system. The
superstructure supports the train loading. This is achieved by reducing the extremely high forces
at the wheel-rail interface to a level that will be tolerable for the substructure. This is necessary
so that the superstructure can resist the lateral, vertical and longitudinal forces with minimum
elastic and permanent deformation (Li et al., 2015). The substructure consists of the formation
layers that support the superstructure. These formation layers comprise the ballast, subballast
and subgrade. The two structures are separated by the sleeper-ballast interface (Selig & Waters,
1994).

As stated by Li et al. (2015), the rails are longitudinal high-strength steel members which are
the most visible component of the superstructure and directly support passing trains. The
purpose of the rails is to guide the train wheels uniformly and to serve as beams that transfer

wheel forces to the underlying sleepers without excessive deformation.

The rails rest on the sleepers with the assistance of an elastic rail pad. Concrete sleepers have
the advantage that climatic variables have little effect on their durability. Concrete sleepers have
an expected service life that is significantly higher than timber sleepers, however, only under
specific conditions (Selig & Waters, 1994).

The general functions of sleepers are to (Esveld, 2001):
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Serve as the support and fixing component for the fastening system and rail foot;
Support rail forces and uniformly transfer it to the ballast;
Preserve the correct track gauge;

Provide electrical insulation between the two rails; and

o b be b e

Be resistant to mechanical and weathering influences.

The fastening system which includes the fasteners and the rail pad maintains the rail against the
sleepers and withstands the lateral, longitudinal, vertical and overturning moments of the rail
(Selig & Waters, 1994). Figure 2.1 illustrates the components of a typical ballasted track

structure.
/ Pad - Fastening System Rail
Superstructure - pr—. fr— \ fr—
| i U J i e Ty h;
Sleeper | ‘I AL g AL A
Ba”ast : , N (‘;\ *\/,_&l BallaS [ Y i }

131 ‘-' e Jo0ned |
*\ BottomBaIlast _-; ¢ Granular
v || Layer
Subballast L

Placed Soil

" Substructure

Subgrade

Natural Ground

Figure 2.1: Typical ballasted track structure (adapted from Selig & Waters, 1994)

Ballast is the granular top layer of the substructure in which the sleepers are placed. Good ballast
is classified as angular, hard, and uniformly graded rock. The most important ballast functions
are the following (Selig & Waters, 1994):

1 Resist the vertical, lateral and longitudinal forces applied to the sleepers to retain the
required track geometry;

I Provide some resiliency to the track;

1 Provide large voids for fouling material storage;
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1 Provide immediate drainage of any water on the track; and

1 Facilitate maintenance actions by allowing rearranging of the ballast with tamping.

Subballast is the layer between the ballast and subgrade. It has the following functions that are

important for satisfactory track performance (Selig & Waters, 1994; Li et al., 2015):

1 Reduce traffic-induced stresses from the ballast to an acceptable level for the subgrade;

1 Prevent interpenetration of the subgrade and ballast;

I Prevent upward movement of fine material from the subgrade as well as upward flowing
water from the subgrade; and

1 Intercepting water from the ballast and leading it away from the subgrade.

Selig & Waters (1994) stated that the subgrade is the stable foundation upon which the track
structure is positioned. The main function is to provide a stable platform for the subballast and
ballast layers. The traffic-induced stresses can extend up to five metres into the formation which
influences the subgrade. The subgrade should be designed to allow surface water and ground
water to drain away from the track (Li et al., 2015). Therefore, the subgrade is an important

substructure layer for track performance and maintenance.

RAILWAY TRACK LOADING
Dynamic loading

Li et al. (2015) stated that the forces at the wheel-rail interface may be divided into three
components: the static component, which is the weight of the train, the dynamic component,
which is due to movement of the train, and the cyclic component, which is the number of load
applications. The dynamic component would be negligible if both the wheel and rail surfaces
were perfectly smooth. However, there exist imperfections in both the wheel and rail running
surfaces. The magnitude of the dynamic component is influenced by the size and shape of these
imperfections, the condition of the vehicle and the track, as well as the speed of the train. The

train speed affects the dynamic component in three ways:

1 The magnitude of the force increases with the train speed;

1 Particular speeds rouse resonances of the track or train at imperfections of a particular
size and shape; and

1 Large impact forces are generated when the wheel regains contact after losing contact

with the rail at an imperfection.

The dynamic load component can occur in the form of short or long-duration forces. The short

duration forces are high-frequency impact loads associated with wheel defects (e.g., wheel flats)
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or rail irregularities (such as dipped joints and rail corrugations). Long duration forces occur as
a result of track geometry unevenness, probably due to stiffness variations in the track structure
(Jideani, 2018). The dynamic load component is generally estimated by multiplying the static
wheel load with a dynamic impact factor (DIF) (Esveld, 2001).

The dynamic wheel load can be calculated with various empirical formulae. Transnet Freight
Rail, in South Africa, incorporates the statistical approach of Eisenmann to determine the
dynamic impact factor. Eisenmann (1972) proposed that the rail bending stress and rail
deflection are normally distributed and that the mean value can be calculated from the Beam-
on-elastic-foundation (BOEF) model. The normal distribution for both rail stress and deflection
are displayed in Figure 2.2.

Distribution of measured values
about the mean, assumed to be
normally distributed

Maximum

Rail stress or deflection

Minimum

\4

60 200
Speed (km/h)

Figure 2.2: Statistical distribution of measured rail stress or deflection values with speed
effect (adapted from Eisenmann, 1972)

The mean rail stress (k) and the corresponding standard deviation (S) can be expressed by:
s=Xdn (Equation 2.1)

where ¢ = track condition factor and » = vehicle speed factor.
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The value of ¢ is defined by the quality of the track and the following values are suggested: 0.1,
0.2 and 0.3 for track in very good, good, and poor condition, respectively. The value of # is
determined from the vehicle speed, V (km/h), with a proposed value of # = 1 for speeds below
60 km/h. For vehicle speeds between 60 — 200 km/h, the following formula is used:

V-60
140

n=1+ (Equation 2.2)

The product of o - # is referred to as the coefficient of variation. The corresponding maximum

rail stress (or rail deflection) is given by:
X=Xx+st (Equation 2.3)

where t = chosen upper confidence limits (UCL) defining the probability that the maximum rail
stress (or rail deflection) will not be exceeded. The maximum rail stress (X) can be defined by

the following relationship:
X=¢Xx (Equation 2.4)

where ¢ = dynamic impact factor. Combining Equations 2.1 and 2.3 and equating it to
Equation 2.4, the expression for the dynamic impact factor is:

p=1+4+6nt (Equation 2.5)
where values of t can be chosen from the following:

t=0, UCL =50 %;
t=1, UCL = 84.1 %;
t=2,UCL =97.7 %; and
t=3, UCL =99.9 %.
Wheel Flats

The large forces, generated from wheel and rail defects, cause major degradation and failure in
both the train vehicles and the track structure. The most apparent wheel defect is wheel flats.
Wheel flats are caused by the following two circumstances: (1) the wheels of a train vehicle
being locked while braking and sliding along the rail and (2) the reduction of wheel-rail
adhesion that causes the wheel to slide on the rail (Newton & Clark, 1979; Zhou et al., 2020b).
The friction creates a flat spot on the wheel, which in turn, generates high impact forces and
stresses in the track every time the irregularity hits the rail (Newton & Clark, 1979). Kumagai

et al. (1991) classified wheel flats into three modes — a single flat, spot flat and continuous flat.
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A single oval-shaped flat is an area of abrasion caused by the locking of the axle which often
occurs in trailer axles. A spot flat is a collection of little single flats. A continuous flat, which is
thin and elongated, is caused by wheel skids on the rail without the wheel locking. This flat
commonly occurs with locomotive axles. Wheel flats generate noise and vibrations and bring
discomfort to passengers and can cause derailments in extreme cases (Filograno et al., 2013).
Train wheels must be reprofiled regularly as part of the normal maintenance schedule. However,
excessive reprofiling does occur. The latter causes an increase in maintenance cost and shortens
the service life of the wheels since all the wheels are grinded in the process. The damage that
wheel flats create has become more noticeable with the increase in speed and axle loading on
railway lines. Therefore, it is of great interest to monitor the origin and growth of wheel defects
to improve the safety and reliability of railway operations (Zhou et al., 2020). With the
implementation of the right condition monitoring system, early detection of track and rolling
stock irregularities can improve the overall safety of railways.

Wheel load distribution

Russel et al. (2020) found that, when considering a wheel load over five sleepers, an average of
45 % of the wheel load is carried by the sleeper directly below the wheel load. Approximately
22.5 % of the wheel load is carried by the adjacent sleepers and 5 % by each of the outlying
sleepers. These wheel load distributions are displayed in Figure 2.3.

o
AN ANANANA

225% 45 % 22.5% 5%

(b) @
AN ANWANANWA!

23 % 40 % 23%

Figure 2.3: Wheel load distribution: (a) Russel et al. (2020) and (b) Profillidis (2000)
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Profillidis (2000) performed a finite-element analysis showing load distribution to be 40 % of
the total load to the sleeper below the wheel, 23 % to the adjacent sleepers and 7 % to the outer
sleepers. The percentage of the load distributed to the sleepers depends on the sleeper spacing
as well as the magnitude of the load. When the sleeper spacing is greater, the centre sleeper

carries more of the vertical load because the two adjacent sleepers are further apart.

Wheel condition monitoring

The first aspect of any maintenance action is the knowledge of the current condition of assets.
The knowledge of the current condition of rail infrastructure can reduce maintenance costs by
reducing the time needed for maintenance actions and allowing for predictive maintenance.
Condition monitoring of the train wheels can contribute towards predictive maintenance which
will reduce wheel-rail impact forces and the wear on both the rail and the wheel. Esveld (2001)
appropriately stated that condition monitoring is of great importance for maintenance actions

and the reliability and safety of railway traffic.

Bi et al. (2019) noted the various wayside methods used to measure high-frequency wheel-rail
impact forces. The current methods include the shear stress, acceleration and deflection
methods. Ohtani (1995) and Alemi et al. (2017) stated that the use of accelerometers over strain
gauge-based monitoring has the advantage that the magnitude of the response depends, to a
certain extent, on the wheel-rail interface forces that are linked to the unsprung mass. Hence,
the acceleration response is independent of the train speed and mass within the operational
condition. While high-frequency responses can be measured by an accelerometer under the
acceleration method, any change in rail support status will change the inherent characteristics
of the rail vibration modes, resulting in a challenging mode calibration and making it difficult

to accurately correlate the test results with the actual impact force.

A continuous condition monitoring system that measures at regular intervals can provide insight
into the behaviour of the track structure over time (Esveld, 2001). With this knowledge,
condition forecasting and maintenance planning can occur, reducing the overall maintenance

costs required.

RAIL PADS
Background

With the introduction of concrete sleepers, the track structure became stiffer compared to track

structures made with timber sleepers. To combat the stiffer structure, rail pads are placed
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between the rail seat and the sleeper to provide a compatible surface. Rhodes et al. (1989)
reported that the first rail pads were made of synthetic rubbers such as Styrene-Butadiene (SBR)
and Neoprene. These rail pads were not very durable or resilient and had to be replaced
frequently. With the introduction of plastic materials in the 1970s, such as High-Density
Polyethylene (HDPE), pads have a much longer service life and durability than rubber pads
(Rhodes et al., 1989). Today, rail pads are made of various rubbers and plastics to create pads
with different characteristics and mechanical behaviour. The material properties of these rail
pads can be controlled to be more resistant to cold temperatures by adding polyvinyl acetate to
HDPE to form Ethylene-Vinyl Acetate (EVA). The most used materials for rail pads are HDPE,
EVA, TPE (Thermopolymer Polyester Elastomer) and EPDM (Ethylene Propylene Diene
Monomer). Figure 2.4 illustrates the different rail pads that are available.

Figure 2.4: Different designs and types of rail pads: HDPE pad (left), Hytrel studded pad
(middle) and a common EVA pad (right)

Rhodes et al. (1989) and Selig & Waters (1994) stated that the predominant function of the rail
pad is to transfer the rail load to the sleeper while providing resiliency for the track structure as
well as reducing wheel vibrations and noise. The rail pad protects the concrete surface from
being worn away by the rail seat. Longer service life is easier to achieve with a non-resilient
pad than with a resilient pad, but the more resilient pad may extend the sleeper service life
(Rhodes et al., 1989). The rail pad is of more significance in ballastless track structures, such as

slab track or bridge structures, to provide resiliency and damping.

Rhodes et al. (1989) suggested that apart from the resiliency of the rail pad, the durability of the
pad should also be considered. High abrasion resistance is typically related to high hardness and
stiffness. High abrasion resistance is a conflicting requirement when the resiliency of the rail

pad is considered. A studded or grooved surface allows a pad with lower inherent abrasion
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resistance to provide a longer service life. This is due to the pad being resilient in the shearing
and vertical aspect and to reduce the possibility of slip between the pad and sleeper surface, or

rail and pad.

Rail pads are extremely important for the resiliency of the track structure and to absorb the high
impact forces from the moving train on the rail. Without the rail pad to provide resiliency,
especially with concrete sleepers, the ballast and underlying formation layers experience high
impact forces that create ballast breakdown under and around the sleeper. Figure 2.5 displays
the consequence of a missing pad on the ballast. From Figure 2.5, it can be seen how the high-
impact force breaks down the ballast. The damaged ballast has rounded edges and a smooth
surface which is not the properties that ballast should have. The high impact moved the sleeper,
on the left-hand side, over to the right. The irregular sleeper spacing, missing rail pad and ballast
breakdown produces an increase in vibrations and therefore, track deterioration. Ballast
breakdown can create fouling material that decreases the drainage and performance of the
ballast and substructure below.

P

L - z '
b Missing rail pad §

Figure 2.5: Ballast breakdown due to missing rail pad

Vertical stiffness of a rail pad

The vertical track stiffness, in ballasted track, is dependent on the stiffness of the rail pads, and,
to a lesser extent, on the stiffness of the ballast layer (Safiudo et al., 2017; Sainz-Aja et al.,
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2020). With the current gravitation towards slab track design, mainly for high-speed lines, the
rail pad exclusively produces adequate stiffhess for the track (Chen & Zhou, 2020).

Sainz-Aja et al. (2020) conducted a study to investigate the influence of the operational
conditions on the static and dynamic stiffness of rail pads. The loading magnitude and frequency
(i.e., rate of loading) of the rail pads are dependent on train speed and axle load when operated
under service conditions. The compressive force exerted onto the rail pad is a combination of
the weight of the train and the toe load. The toe load is the compressive force that the fastening
system applies to hold the rail in position with its standard value of 18 kN. It was noted that the
vertical stiffness of a rail pad is greatly affected by temperature. The authors concluded that the
increase in axle load, toe load and frequency, increased the static and dynamic stiffness of a rail
pad. The vertical stiffness of the rail pad is important for track performance, durability and

maintenance.

Woschitz (2011) stated that the fast deterioration rate in rail pads is due to the horizontal and
vertical forces exerted from the rail as well as the temperature changes experienced. Better
material performance is needed to achieve a longer service life. A smart rail pad can provide
information about the track structure below and above the rail pad itself. Rail irregularities and
poor track foundation can cause high frequencies, high accelerations and high deflections that
can be measured by a smart rail pad. Thompson (2009) stated that the stiffness of a rail pad can
affect the damping of the rail and the connection between the sleepers and the rail, as illustrated

in Figure 2.6.

Soft pads Sleepers isolated
Extended rail vibration
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Limited rail vibration
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Figure 2.6: Effect of rail pad stiffness on the damping of waves in the rail and the

connection between the sleeper and the rail (Thompson, 2009)
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Soft rail pads maintain the sleepers to be fully isolated from the rail vibration, however, the
vibration can travel freely along the rail. In comparison, the rail vibration, for stiff rail pads, is
limited to the connection to the sleepers and damping of the pad, however, the sleeper vibration

is greater

ADDITIVE MANUFACTURING

This section discusses the background, properties and uses of additive manufacturing or 3D
printing and the possibility of fabricating a rail pad from 3D printing material for creating a

smart rail pad.

Background

Horvath (2014) presents a comprehensive overview of the origin and history of 3D printing.
The first 3D printers were stereolithography (SLA) systems which many large commercial
printers still use today. SLA utilises ultraviolet (UV) light to coagulate a resin or liquid with the
use of a laser, or at times digital light projection (DLP) imager, to harden the liquid one layer at
a time. Fused Deposition Modelling (FDM) or Fused Filament Fabrication (FFF) was patented
by Steven and Lisa Crump in 1989. The basis of this technology is that the printer provides
plastic through a heated extruder, which then precisely places the plastic layer by layer (Horvath,
2014). As the extruded layer of plastic is placed one upon another, the layers merge together,
when cooled, to form a solid plastic element (Evans, 2012). The rate of development of 3D
printing is very rapid with the most noticeable being the significant reduction in cost and

availability of 3D printers.

Most personal 3D printers have many similarities although there are some different approaches.
Essential for a 3D printer is movement in the Cartesian coordinates (X-, y- and z-axes) using a
stepper motor to translate millimetres precisely and accurately in any direction (Evans, 2012).
3D printers typically use timing belts and pulleys to position along the x- and y-axes while using

a threaded rod to position in the z-axis (Evans, 2012).

The extruder combines two important elements: the filament drive and the thermal hot end
(Evans, 2012). The filament drive gathers the plastic from the spool using a drive mechanism.
The filament is fed into the stainless-steel tube called the heat break which is situated in the heat
sink. The purpose of the heat sink is to cool down the heat break with aid of a cooling fan. When
the plastic filament reaches the hot end, it is heated to 170 °C — 220 °C, depending on the given
plastic. The plastic is forced, in its semi-liquid state, through the nozzle of the hot end — with an

opening of 0.35 mm - 0.5 mm — before laying down the thin extruded plastic onto the heated
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print bed. The purpose of the heated print bed is to prevent cracking or warping of the print as
well as to create greater adhesion between the layers as it cools down. Figure 2.7 illustrates the

various components of a typical Cartesian 3D printer.

EXTRUDER

STEPPER MOTOR

— LINEAR MOTION

ENDSTOP

Figure 2.7: 3D printer anatomy (Hodgson & Prisa, 2011)

Fused Deposition Modelling (FDM) process

The important first step in the printing process is finding or creating a 3D model. 3D models
can be designed in various programs such as Adobe Fusion360, AutoCAD, or TinkerCAD. 3D
scanners can scan any object for 3D printing, eliminating the design process. Once the model is
designed or scanned, it must be exported as an STL file. STL stands for STereoLithography or
Surface Tessellation Language. After the STL file is created the next step is to slice the file into
layers that the printer can understand and execute. The slicing program considers the physical
dimensions of the printer as well as the geometry of the model being printed. In the slicing
program, the user must configure various settings to create the best print possible. The various
settings include the temperature of the extruder nozzle and print bed, print speed, infill
percentage and pattern, amongst others. The filament is the reason for the choice of the

temperature of the nozzle and print bed as well as print speed. A printer places down filament
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at a particular flow rate which is controlled by how fast the extruder is moving while printing
(Horvath, 2014). Slicing programs such as CURA or Slic3r allow the users to set various print
speeds depending on the printing parameters, infill percentage and patterns. Once the input
settings are done, the slicing program creates a G-code file (commands that drive the printer
movement). The software on the printer interprets the G-code, one command at a time, and

sends it to the printer to execute (Horvath, 2014).

Creating solid objects is not feasible because it uses a lot of filament, however, the objects
cannot be hollow either. The slicing program automatically creates internal support called infill.
The purpose of infill is to control shrinkage and to minimise filament use resulting in faster
printing. The infill pattern is thin enough to stretch axially as it shrinks radially therefore it does
not pull the perimeters inward as it cools and harden. Infill can have various patterns to create
numerous types of internal support. Infill is typically quantified as a percentage fill. An infill
percentage of 20 % means that 20 % of the interior volume is filled while 80% is left open. The
pattern of the infill is also specified, and this is illustrated in Figure 2.8. The choice of infill and
pattern depends on how strong the printed object should be. The size of the object also affects
the infill as a small model can have a high percentage compared to a larger object where the
amount of filament starts to play a role. The final step before printing the 3D model is the
material consideration. Filament selection is based on the decision of material availability, the

purpose of the object, strength and cost (Horvath, 2014).

Figure 2.8: Examples of typical infill patterns (Evans, 2012)
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Type of filaments

The different filament materials can introduce a new promising method of creating rail pads.
Filament comes in a variety of materials such as plastic, nylon and elastomers that range from
flexible to hard and brittle material. The most common 3D printing filaments are ABS
(Acrylonitrile Butadiene Styrene), PLA (Polylactic Acid) and PETG (Polyethylene
Terephthalate modified with Glycol). It is recommended not to use PLA for prints that might
get warm because PLA becomes soft at temperatures above 60 °C, which is the glass transition
temperature. The glass transition temperature is the temperature of polymers at which increased
molecular movement results in significant changes in the thermal properties (Campo, 2008).
The glass transition temperature for PLA, PETG and TPU are 55 °C - 60 °C, 80 °C - 85 °C and
55 °C - 60 °C, respectively (lannace et al., 2014; Maries et al., 2008). ABS is a very durable

thermoplastic that is impact resistant and has relatively high heat resistance.

TPE (Thermoplastic Elastomer) and TPU (Thermoplastic Polyurethane) are flexible and
abrasion-resistant thermoplastics that can withstand impacts (3Dnatives, 2021). TPU has a
linear polymer structure with flexible and rigid chains connected through covalent bonding.
Therefore, it demonstrates high flexibility and elasticity as well as impact resistance (Lee et al.,
2019). PETG s less elastic, however, it could provide better structural support for embedded

instrumentation.

Mechanical properties

The American Society for Testing and Materials (ASTM) standards specify tensile and
compressive strength tests to determine the Young’s Modulus, Poisson’s ratio, tensile and
compressive strength of thermoplastics. ASTM D412 and D638 are the tensile strength test
standards for thermoplastic elastomers and plastics, respectively (ASTM, 2021; ASTM, 2014).
The ASTM D638 (ASTM, 2014) standard can be used for PLA, PETG and TPU even though
ASTM D412 is for thermoplastics such as TPU. The D638 standard (rigid plastics) specifies
dimensions for a specimen of non-rigid plastics according to the D412 standard. ASTM D695
is the compressive strength test of rigid plastics that can be used for PLA and PETG (ASTM,

2015). No compressive standard for testing non-rigid plastics is available.

Wang et al. (2020) and Lee et al. (2019) have studied the mechanical properties of TPU and
found that the tensile strength ranges from 21 — 36 MPa. Farah et al. (2016) stated that for
commercial PLA the tensile strength and elastic modulus are 59 MPa and 3.5 GPa, respectively.
Johnson & French (2018) found that the tensile strength of PLA at 100 % infill percentage tested
with the ASTM D638 standard was 32.9 MPa. Srinivasan et al. (2020) found that the tensile
strength of PETG at 80 % infill percentage, tested with the ASTM D638 standard, was between
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24 and 28 MPa. Kumar et al. (2020) investigated the effect of infill percentage on mechanical
properties including hardness, tensile and flexural strength. The main conclusion from the study
was that the increase in infill percentage significantly improved the strength and mechanical

properties of the printed specimens.

SENSING INSTRUMENTATION

Sensing instrumentation plays an important role in measuring both the performance and the
condition of the railway track. Data on how the various components of a railway track respond
to a passing train in terms of acceleration, vibration, displacement and loading are necessary for
condition monitoring of the railway track. Different sensing instrumentation is available to
obtain the above-mentioned information about the track. Various trackside monitoring
instrumentation has been shown to provide these measurements, however, they are primarily
research equipment that is costly and practical deployments are narrow in scope (Milne et al.,
2016). To thoroughly evaluate the structural condition of the railway track, new cost-effective

approaches to condition monitoring are required.

Structural Health Monitoring (SHM) is the process of detecting damages to any engineering
structures such as buildings, bridges and railway track (Imdad, 2015). With continuous
monitoring of the structure through instrumentation, the current condition can be determined.
The knowledge of the current condition of railway structures can decrease the cost of
maintenance by providing warning signs before any major accidents or faults occur. Current
methods of manually inspecting and monitoring the railway are costly, time consuming and
prone to human error. Employing small and cost-effective sensing instrumentation for SHM can

provide new and promising technologies.

A brief overview of various sensing instrumentation that can be installed inside a rail pad, to

monitor track condition and loading, is given in this section of the literature review.

MEMS technology

Micro-Electro-Mechanical System (MEMS) is the fabrication of micro-electrical sensors and
mechanical parts with integrated signal circuits on a single piece of silicon. Nathanson &
Wickstrom (1965) invented and patented the first idea of a MEMS-based device for frequency
selection. The working principle of the device is a vibratory member, such as a cantilever, used
to control a responsive element, such as a surface potential transistor, to create a “resonant gate

transistor.”
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Only in recent years have MEMS technology been adopted and implemented in instrumentation.
Applications that demand low-cost sensors for acceleration and angular motion measurements
have demanded the development of MEMS sensors. MEMS-based sensors are implemented in
applications where cost, size and power consumption are the driving forces (Titterton & Weston,
2004). There are two types of MEMS technology: capacitive and ohmic. Capacitive-based
MEMS sensors measure acceleration based on a change in capacitance due to a moving
component or sensing element (Beliveau et al., 1999). Ohmic-based sensors are structured with
electrostatically controlled cantilevers (lannacci, 2017). MEMS-based sensors operate similarly
to strain gauges, Linear Variable Differential Transducers (LVDT) and piezoelectric transducers
(Nathanson & Wickstrom, 1965). Modern sensing instrumentation utilising this technology
includes oscillators, accelerometers, gyroscopes and pressure Sensors.

MEMS accelerometers

As stated by Lemkin & Boser (1999), the capacitive-based accelerometer measures the
displacement of a suspended proof mass in response to an input acceleration. In a typical
capacitive accelerometer, the spring-suspended proof mass displaces in the opposite direction
of the acceleration and creates an imbalance in the capacitive half-bridge. Two equally sized
capacitors are formed between the electrically conductive proof mass and fixed electrodes
shown in Figure 2.9. Force balancing is applied to the proof mass through a negative feedback
loop. The loop measures the displacement of the proof mass from the original position and
applies a force to retain the proof mass centred. The accelerometer output is the force needed to

zero the proof mass position.

Spring\ Proof-Mass Proof-Mass
“3 Input Axis
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Figure 2.9: Schematic of sensing element and equivalent electrical model (Lemkin &
Boser, 1999)
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Various MEMS and acceleration sensors available today were developed based on this
technology, which was first applied in the MEMS-based 50 G accelerometer used in airbag

ignition devices (Analog Devices, 1993; Kempe, 2011).

Titterton & Weston (2004) and Castillo-Mingorance et al. (2020) underline the advantages that

MEMS accelerometers provide:

Small size;

Low maintenance;

Rugged construction (can withstand shock);
Low power consumption;

Good frequency response with little signal noise;

High volume production results in low-cost units; and

S T A T T

High reliability and operational in hostile environments.

The evolution of MEMS technology has created devices that range from micrometres to
millimetres, in size. MEMS devices can sense and actuate on a micro-scale. Accelerometers,
commercially available, are low-power and high-performance three-axis accelerometers.
Accelerations ranging from 1 G (gravity acceleration in the vertical direction) up to 400 G are
measurable. The cost of these accelerometers has decreased due to the growth of smartphones,

gaming devices and personal cameras utilising this technology.

The LIS331HH is a MEMS digital output 3-axis accelerometer, displayed in Figure 2.10. It has
a user-selectable full-scale measurement range of +6 g/+12 g/+24 g. It is capable of measuring
accelerations with an output data rate of up to 1 kHz. The standard output is with a digital

I2C/SPI serial interface.

Qwiic Power LED I2C address
connectors

“GC-2x94V-0

LIS331HH

High-range Accel.
@ *6g9/%*12q9/+249g

12C addr Bxie E
COOOION )
ULoqic/Ucc: 3-5VDC

Voltage pin Axis orientation

Figure 2.10: The LIS331 accelerometer (adapted from Adafruit, 2020)
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The Inter-Integrated Circuit (1°C) interface allows the connection of two LIS331HH
accelerometers on a single cable. Each accelerometer has a digital address (0x18) and can be
changed so that the interface can differentiate between the two accelerometers. The LIS331HH
accelerometer is a small, low-power and robust sensor that can be implemented in track

components.

Milne et al. (2016) conducted a study to prove the effectiveness of MEMS technologies for
smarter railway infrastructure. An inexpensive commercially available MEMS accelerometer
was compared to a geophone for determining acceleration and displacements in laboratory and
field experiments. The authors noted that in the past, MEMS sensors have had the weakness of
accuracy and reliability. Commonly, piezoelectric accelerometers are used for research
purposes due to their high precision, however, these are costly compared to MEMS
accelerometers. The authors stated that accurate and comparable data from MEMS
accelerometers could enable a low-cost and environmentally robust small deployment package
for providing data to assess track behaviour. The data captured from the MEMS accelerometer
and the geophone, in the performed experiments, was in close agreement. The authors concluded
that the results proved that MEMS accelerometers are capable of presenting data of acceptable
quality that are comparable to existing trackside monitoring methods. The low cost, robustness
and increasing assurance in the quality of measured data, in turn, prove that long-term
deployments are attainable. The authors showed the potential of long-term deployment by
measuring sleeper displacements over six weeks. The results showed clear changes in the track
performance over time as well as the potential of continuous condition monitoring to evaluate
the track performance. The study by Milne et al. (2016) demonstrated the robustness and
feasibility of MEMS accelerometers for railway condition monitoring. It further proves the

concept of creating smart track components for condition monitoring.

Stenstrom et al. (2019) conducted a condition monitoring study using MEMS accelerometers.
The authors designed a prototype accelerometer system that utilises a secondary accelerometer
as a wake-up unit that turns the system on with train vibrations. This approach utilises a
secondary accelerometer for automatic triggering which can allow remote monitoring of track
conditions. The accelerometer is connected to an Arduino MEGA 2560 with an analog-to-digital
converter (ADC) connection. The results from the study were in line with those from Milne et
al. (2016).

Strain Gauges

The term “strain” is used to describe the contraction or elongation of a material due to an applied

force or temperature effect. In turn, the two cases of strain that can occur are called mechanical
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or thermal strain. Strain gauges are utilised to measure the absolute change in the length of a
section. There are various types of strain gauges including metal, semiconductor, vapor-
deposited (thin-film), capacitive, piezoelectric, photoelastic and mechanical strain gauges
(Hoffmann, 1989).

The working principle of electrically resistive metal strain gauges is that the strain transferred
to the strain gauge from the measurement section causes a change in the electrical resistance of
the strain gauge (Hoffmann, 1989). This principle is based on the strain/resistance relationship
of electrical conductors which was discovered by Wheatstone and Thomson (Wheatstone, 1843;
Hoffmann, 1989). The resistance of any electrical conductor is changed with mechanical stress
through compression or tension forces. According to Hoffmann (1989), the resistance change is
partially due to two aspects: the conductor’s deformation and the change in the resistivity Q of
the conductor material. The strain gauge is connected to a Wheatstone bridge to accurately
measure the small changes in electrical resistance and to mitigate any resistance changes due to
temperature variation. The relationship is represented by the following equation (Hoffmann,
1989):

AR/R0 =e(1+2v)+ AQ/Q (Equation 2.6)
geometrical m
portion structural
portion

where R = electrical resistance, € = strain, v = Poisson’s ratio and Q = resistivity. It is assumed
that the strain from the object is transferred to the strain gauge without any loss in strain. This

assumption requires a very close bond between the object and the strain gauge.

The supply voltage (V) applied to the circuit is divided into the two halves of the bridge R1, Rz
and R4, R3 as a ratio of the relating bridge resistances. Each half of the bridge forms a voltage

divider. The simplified ratio in the circuit is given by:

Vo Kk .

7" =3 (61— &, + &3 —&4) (Equation 2.7)
N

where Vo = bridge output voltage, k = k-factor of the strain gauge and € = strain associated with

each resistance. When strain measurements are taken with a measuring instrument, the

following effects occur (Hoffmann, 1989):

Y Positive indication if €1 > &, and/or &3 > €4; and

I Negative indication if € < €, and/or €3 < &4.
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It is noted by Hoffman (1989) that the inequality symbols “<” and “>” apply in the algebraic
sense and not in the magnitudes. An ADC is needed to measure the output voltage from the
strain gauge using the Razor. Figure 2.11 displays various configurations of the XY (T Rosette)
strain gauges from HBM (2021).

Figure 2.11: XY (T Rosette) strain gauges with 2 measuring grids for analysing Biaxial
Stress States (HBM, 2021)

As mentioned by Hoffmann (1989), a Wheatstone bridge circuit is used to determine the relative
changes in electrical resistance in strain gauge measuring techniques. The output from an
electrically resistive strain gauge is usually measured with a Wheatstone bridge circuit. The
amount and the position of the strain gauges in the Wheatstone bridge circuit determine the
sensitivity of the circuit. The flexibility of the circuit allows it to be used in a wide range of
applications. Figure 2.12 provides a schematic layout of the main types of circuits. The resistors
with a diagonal line represent the active strain gauges while the rest act as the completion

resistors of the same resistance.
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Figure 2.12: Wheatstone bridge configurations for strain gauge techniques: a) Quarter
bridge, b) Half-bridge and c) Full bridge (adapted from Hoffmann, 1989)

Fibre Bragg Grating (FBG)

Hill et al. (1978) discovered the photosensitivity of optical fibre and the permanent formation
of gratings. It was observed that light sent through the fibre was being reflected as a function of

time. This was due to light-induced refractive index changes in the core of the optical fibre.

In 1997, Hill & Meltz created a fundamental overview of Fibre Bragg grating (FBG) technology.
In an FBG sensor, a periodic change of the refractive index occurs when the fibre core is exposed
to a severe optical intrusion pattern. The first fabrication method for Bragg gratings was internal
writing (Hill et al., 1978) and the holographic technique (Meltz et al., 1989). The phase mask
technique is the current widely used method of fabricating Bragg gratings in the optical fibre
core. The core region has a greater refractive index than the silica cladding surrounding the core.

Light is trapped inside the core because of total internal reflection at the core-cladding boundary
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(Kashyap, 1999). The value of the refractive index (An) depends on factors such as intensity,
wavelength, amount of exposed light and the composition of the glass fibre core (Hill & Meltz,
1997). The periodic structure formed in the core allows an opposite propagating wave,

producing a reflected light to couple the incident signal illustrated in Figure 2.13.

Strain and temperature
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Figure 2.13: Schematic of the principle of an FBG sensor (redrawn from Hill & Meltz,
1997; Ramakrishnan, 2016)

Hill et al. (1978) provided the resonance equation where the reflected light from the grating

occurs at the Bragg wavelength (1) given by:
Ap = 2ngpplA (Equation 2.8)

where n. s is the effective refractive index and A is the grating period or spacing. Both these
terms are dependent on strain and temperature (Kersey et al., 1997). In practical applications,
any wavelength shift is due to a combined effect of strain and temperature perturbations (Qi,
2011). When the FBG is used as a direct sensing element for strain and temperature, the

combined effect of these two aspects provides a variation in the grating period and refractive
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index (Du et al., 2020). Thus, provision should be made to compensate for the cross-sensitivity
between strain and temperature when the FBG is used as a strain sensor. Two FBGs with the
same central wavelength can be used where one is for the strain measurement and the other for
temperature (Chiang et al., 2001). Temperature can be compensated for by placing two FBGs
close to each other to make the wavelengths shift by the same amount in response to temperature
(Dong & Tam, 2008).

Lépez-Higuera (2002) stated that fibre optics have two disadvantages namely: (1) the cross-
sensitivity between temperature and strain of Bragg gratings and (2) the cost of optical sensors
(which has declined in the last two decades). The disadvantage that Lopez-Higuera (2002) did
not mention is the interrogation methods required to measure the reflected wavelength.
Interrogation of the FBG utilises an expensive and bulky optical spectrum analyser (OSA)
(Sahota et al., 2020).

Hong et al. (2019) designed and tested a 3D printed FBG pressure sensor. The pressure sensor
was fabricated from PLA filament utilising the material extrusion additive manufacturing
(MEAM) process. No glue or epoxy was used as adhesive to adhere to the FBG inside the
pressure sensor. The authors concluded that an FBG sensor can be successfully embedded inside
fused PLA material. This study forms a good proof of concept for a 3D printed rail pad with the
PLA structure carrying 2000 kPa.

FBG sensors can be placed inside a 3D printed rail pad to measure strain and or wheel load. The
main disadvantage of FBG sensors is the expensive interrogator that must be used whenever a

measurement is taken. It is therefore not suitable for a low-cost remote monitoring solution.

Microcontroller/Microcomputer

Microcontrollers are typically used in control applications where a single task or a single group
of tasks needs to be performed. A microcontroller is a microcomputer that has its memory and
input/output (1/0O) interface integrated on a single chip. A microcomputer is a computer built
with a microprocessor (CPU) and other external components for the memory and the 1/O
interface. Microcomputers can also contain microcontrollers such as those used on the
Raspberry Pi. Microcontrollers and microcomputers are built for different purposes.
Microcontrollers perform more basic tasks and require fewer components whereas

microcomputers perform difficult computations and require more power to do so (Cady, 2009).

The Arduino microcontroller is based on the Atmel 8-bit microcontroller family. It was
developed in 2005 as a project for students at the Design Institute of Ivrea in Italy. The goal was

to develop an easy-to-use open-source hardware and software platform. Arduino IDE is the

© University of Pretoria



2-24

software program, paired with the hardware, which is written in Java and based on the
programming language C. The microcontroller has analog inputs and digital 1/O pins for
connecting instrumentation and modules. It features onboard memory, time, various ports and
processor systems as well as a 10-bit ADC (Barrett, 2013; Abdukarimov, 2019). Figure 2.14

displays the Arduino MEGA microcontroller with the various inputs and systems built in.

USB-to-serial serial ISP programming
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Figure 2.14: Arduino MEGA 2560 with inputs and built-in systems (Barrett, 2013)

The advantage of the Arduino microcontroller is code efficiency and simplicity. The open-
source aspect of the Arduino allows anyone to publish and create code for any application.
Important factors to consider about microcontrollers include power consumption, flash memory,
clock speed, analog or digital input/outputs, reference voltage, SRAM (Static random-access
memory) and EEPROM (electrically erasable programmable read-only memory). SRAM is
where the coded sketch creates and manipulates variables as it runs the code.

The 9DoF Razor IMU combines an SAMD21 microprocessor with an MPU-9250 (9 degrees of
freedom) sensor to create a 3 mm x 3 mm x 1 mm (width x length x thickness) sized inertia
measurement unit (IMU), shown in Figure 2.15. The MPU-9250 features three 3-axis sensors
namely an accelerometer, gyroscope and magnetometer. This gives it the ability to measure
linear acceleration and angular rotation velocity. The onboard microprocessor, Atmel’s
SAMD21, is an Arduino compatible, 32-bit ARM Cortex MO+ microcontroller.
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Figure 2.15: Razor 9DoF Schematic (Adapted from SparkFun, 2016)

Due to its small size, the Razor can be placed inside an enclosure, with a battery, that can be
mounted onto the rail. A triggering system can be added via code that monitors the built-in
accelerations from the MPU-9520 and triggers the Razor to start logging the external
instrumentation. The trigger system monitors accelerations and starts logging when the
accelerations are above a user-defined threshold and returns to monitoring when below the
threshold. This configuration allows the measurement of trains without manual triggering or
human interaction; thus, trains can be measured remotely. Accelerations from the rail and smart
rail pad can be measured at the same time from the Razor when mounted to the rail. This

provides enough information to measure any wheel defects that are present.

SMART RAIL PADS

Smart rail pads are a new concept that has only been researched and developed to a limited
extent. Measurements from inside the rail pad can be obtained by the installation of instruments
such as accelerometers, piezoelectric sensors, force sensors and fibre optics. Operational aspects
such as accelerations, vibrations, axle load, frequency and temperature can be measured using
sensing instrumentation installed inside a rail pad. The measurements will enable condition
monitoring of the track structure. Zhang et al. (2018) suggested that because the rail pad is the
component connecting the rail and the sleeper, it could provide useful information such as
details on the load transmitted to the substructure when instrumented with load sensing
capabilities. Instrumenting the rail pad with load sensing capabilities can enable the replacement
of expensive weighbridges. Measuring accelerations in the rail pad can provide a better

understanding of the acceleration and vibration dissipation of the track superstructure. This
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understanding is crucial for the minimising of vibrations propagating through to the

substructure.

Woschitz (2011) proposed the development of a rail-strain-pad (RASP) using FBG sensors.
Newly developed pads are tested in test tracks over several years with no information about the
stress and strain behaviour inside the pad. Woschitz (2011) suggested investigating the strain
measurement inside a rail pad for material optimisation. Several FBG sensors were installed on
a single fibre inside the rail pad. The fibre optic sensors were integrated into the rail pad during
manufacturing to minimise the risk of damaging the sensors. Figure 2.16 shows the schematic
of the RASP and its realisation.

(a) FBG on (b)

optical fibre

elastic pad lead-in fibres

4— armoured hose

K%Q % FO-connectors

Figure 2.16: (a) Schematic of the rail-strain-pad and (b) its realisation (Woschitz, 2011)

Woschitz (2011) stated that the behaviour of negative strain present in the middle of the rail pad
was previously unknown, and it suggests a non-linear Poisson’s ratio for the rail pad. Field tests
were carried out on a narrow curve section of track. A large wavelength difference between the
field and the laboratory results was observed. Woschitz (2011) noted that the conditions in the
laboratory and the field are different and that the knowledge about strain in the rail pad in real
conditions is important for material optimisation. The author concluded that FBG sensors of the
recoating type did not withstand the large strain values applied during dynamic loading. Draw-
tower-gratings were found to be more suitable sensors for the application. The high elasticity of

the rail pad makes sensing solutions a complicated task.

Prefabricated Fibre Optic Rail Pad Sensors (FORPS) are commercially available from a
company based in Germany. The SL FORPS UIC 60 is, for example, designed to measure
vertical wheel loads, vibrations and shocks in a wide frequency range for train and track

maintenance diagnostics purposes. When a load is applied to the FORPS, it causes a decrease
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of light transmitted through the fibre optic structure and with help from an optoelectronic

interface it analyses the amount of light arriving at the opposite end (Sensorline, 2009).

Zhang et al. (2014) researched the effectiveness of a FORPS in monitoring and identifying
wheel flats. Two methods were used in the study to identify the wheel flats. The first method
was by impact load estimation where the wheel-rail interaction force is predicted after receiving
the force-time history from the sensor. The second method comprises a genetic algorithm to
identify the shape, length and depth of the wheel defect as well as the position where the impact
occured. The authors concluded that the first method cannot recover the whole impact force as
well as the estimation of wheel flat size. The advantage of the first method is the fast
computational time making it suitable for real-time monitoring. The disadvantage of the second
method is the computation time which makes it more applicable for offline applications.

Zhang et al. (2018) proposed a rail pad sensor for wheel-rail contact force monitoring. The
proposed rail pad sensor consists of thin piezoelectric PVDF (polyvinylidene fluoride) sensing
strips that are placed on top of an existing rail pad. The PVDF sensing strips have metalized
electrodes on the top and the bottom and they are wrapped in an insulation layer. A sliding layer
was placed inside the shielding layer to prevent excessive stretching of the PVDF film. The total
thickness of the sensor is approximately 0.65 mm. The rail pad sensor was tested in both the

laboratory and the field.

Zhang et al. (2018) concluded that the low-cost sensor displayed good linearity within the load
scheme tested and functioned well under dynamic loading in both laboratory and field
conditions. The rail pad sensor can be used to monitor the rail seat load; therefore, it can be used
as a weigh-in-motion system as well as for the monitoring of surface defects. The authors noted
that the system does not have a “blind” zone problem which the conventional strain gauge-based

wheel load monitoring system has.

The results from the study showed that the PVDF rail pad sensor can accurately measure the
rail seat load and detect any surface defects on train wheels. The low-cost aspect is relative to
the location of the study and expensive data acquisition equipment was used to measure with
the PVDF rail pad sensor. The data acquisition equipment cannot be left on site for remote
monitoring of the track and rolling stock conditions. Thus, a solution where a system can
automatically trigger to log the data from a smart rail pad and store it for post-processing is

needed. A cross-section diagram of the rail pad sensor is shown in Figure 2.17.
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Figure 2.17: (a) Cross-section of the rail pad sensor and (b) cross-section of one active

sensing strip (Zhang et al., 2018)

Sol-Sanchez et al. (2021a) studied the ability of a smart rail pad made from recycled polymers
equipped with a conventional and low-cost piezoelectric device to monitor both rolling stock
and track conditions. The rail pad and capsules comprised 50 % recycled HDPE (from recycled
industrial plastic boxes) and 50 % rubber from discarded tyres. Both materials were melted and
mixed before being poured into a mould. The piezoelectric sensor had a circular quartz sheet
with a diameter of 24 mm placed on top of a metallic base (with 35 mm diameter). The total
thickness of the sensor was 0.35 mm. A hole was drilled deep enough to protect the sensor from
any damage from direct contact with the rail. Full-scale laboratory tests were conducted to
determine three key aspects: (a) assessment of the piezoelectric sensors in the track components;
(b) ability of smart components to measure traffic load; and (c) ability of smart components to

monitor superstructure performance.

Sol-Sanchez et al. (2021a) observed from the results that lower signal values were recorded on
the softer support, suggesting that the smart rail pads need calibration according to field
conditions when absolute values are required since the boundary conditions could influence the
rail pads. The authors concluded that both smart components demonstrated the capacity to detect
traffic load changes. The authors also concluded that the smart rail pad provides a suitable
solution for measuring traffic conditions and surface defects in the wheel-rail contact as well as
the potential to be used for monitoring track functionality through changes in load distribution

of the superstructure. The design and placement of the rail pad are shown in Figure 2.18.
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Figure 2.18: Design of the smart rail pad and pads (Sol-Sanchez et al., 2021a)

FUTURE OF RAILWAYS

According to the International Transport Forum (2011), passenger movement will increase by
200 - 300 % and freight supply by 150 — 200 %, in the next 30 years. To combat the rapid
increase in transport demand, smart solutions will be required to accomplish adequate capacity.
More intelligent and integrated systems are required for moving passengers and freight.
Machine-to-machine (M2M) and Information Communication Technology (ICT) will increase
efficiency by embedding sensors into a wide variety of objects to provide real-time analysis and
continuous monitoring of assets (ARUP, 2019). Embedding accelerometers and strain gauges
inside a 3D printed casing to create a smart rail pad will offer insight into the operation of a rail
pad under in-service conditions. The accelerations and forces from a smart rail pad can provide
conditional information about the train wheels as well as the rail. This information will be

advantageous for predictive and preventative maintenance actions of train wheels and the rail.

GUIDANCE FROM THE LITERATURE

This chapter gives a brief overview of the track structure focusing on the rail pad. It provides
background and application of 3D printing technology to fabricate a rail pad. Various types of
instrumentation that can be installed inside a rail pad were discussed including MEMS
accelerometers, strain gauges and FBG sensors. Previous research on smart rail pads was

provided and discussed.
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The previous literature and research on smart rail pads provided evidence that it is possible to
produce a condition monitoring system by installing sensing instrumentation inside a track
component. To date, no smart rail pad has been created that incorporates accelerometer and
strain gauge technology. Previous research did not consider the possibility of fabricating a low-
cost remote monitoring system that automatically detects an oncoming train and captures data
from instrumentation inside a smart rail pad. Fabricating a rail pad from 3D printing filament is
unexplored and can provide an exciting avenue for new possibilities. Creating a rail pad from
3D printing material can simplify the process of embedding instrumentation inside a rail pad to
protect said instrumentation. Accelerometers inside the rail pad can provide monitoring of wheel
defects when high impact forces occur. The magnitude and type of forces exerted on a rail pad
can also be measured. Load sensing capabilities using strain gauges can provide the wheel load
at the rail seat area which provides an insight into the wheel load distribution from the rail to
the sleepers. Calibrating the smart rail pad to field conditions allows for direct wheel load

measurement.
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EXPERIMENTAL SETUP AND METHODOLOGY

This chapter provides a detailed description of the experimental setup and methodology
followed during the research. The majority of the testing was performed at the University of
Pretoria in the Engineering 4.0 Concrete Laboratory Gauteng as well as on an existing railway

line near the South African town of Vryheid in KwaZulu-Natal.

The main experiment was to test the use of a 3D printing filament as a rail pad and the
implementation of instrumentation embedded inside for condition monitoring in the laboratory
and the field. Additional tests were conducted to determine material properties and prototyping
of the smart rail pad.

MATERIAL TESTING

This section covers the material testing that was conducted on the three chosen 3D printing
filaments namely PLA, PETG and TPU. The mechanical properties such as Young’s modulus,
compressive and tensile yield strength, were determined for each filament. The material testing
was done according to the ASTM standards D638 and D695 for tensile and compressive plastic
material testing, respectively (ASTM, 2014; ASTM, 2015).

Tensile Strength

According to the ASTM D638, a dog bone-shaped specimen is used to test the tensile strength
of plastics (ASTM, 2014). The dimensions of the dog bone specimens differ for the rigid and
non-rigid plastics. The specified specimen shapes are the following: Type | for rigid plastics
and Type IV for nonrigid plastics and these are displayed in Figure 3.1. The dimensions
displayed in Figure 3.1 include the width and length of the narrow section, the overall width
and length and the thickness. As specified by ASTM D638 (2014), the minimum number of
specimens needed for repeatability is five specimens. For testing purposes, five specimens of
each of the three filaments at four different infill percentages (25 %, 50 %, 75 % and 100 %),
with the “line” infill pattern, were tested. A total of 60 specimens were tested. An extensometer
was only used on PLA and PETG and not on TPU because of its maximum extension of 5 mm.
The TPU specimens were smaller in size due to the elasticity of the material and thus would

extend further than the maximum limit of the extensometer.
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Figure 3.1: Dimensions (in mm) according to ASTM D638. (a) Type | and (b) Type IV
specimen (ASTM, 2014)

The speed of testing is measured in millimetre per minute (mm/minute). The speed of testing
for rigid and nonrigid plastics were 5 mm/min and 50 mm/min, respectively. Tensile testing was
conducted on a Lloyd LRX-Plus testing machine with a force range of 5 kN, as illustrated in

Figure 3.2.
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Figure 3.2: Tensile strength setup

Compressive Strength

According to ASTM D695, a standard-sized prism of 12.7 x 12.7 x 25.4 mm is used to test the
compressive strength of rigid plastics (ASTM, 2015). For testing purposes, five specimens of
the PLA and PETG filament at four different infill percentages (25 %, 50 %, 75 % and 100 %),
with the “line” infill pattern, were tested. A total of 40 specimens were tested. The speed of
testing for compression was 1.3 mm/min. A Lloyd testing machine with a force range of 50 kN

was used, shown in Figure 3.3
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Figure 3.3: Compressive strength setup

3.2  PRINTING PROCESS

This section covers the printing process of the test prints, prototypes and the final smart pad.
The printing was done on two different 3D printers: CReality CR-6 and CR-10 MAX.

3.2.1 Small scale test prints

Small-scale rail pads were printed to test various printing settings such as infill percentage, infill
pattern, print temperature and speed. The “line” infill pattern was preferred because it uses less
material compared to other infill patterns and it provides the best infill coverage from corner to
corner. The techniques used by Hong et al. (2019) of stopping the printing process at 50 % and
embedding the instrumentation inside before covering it with further printing and only using
epoxy or glue where necessary, was used for all the 3D printed pads in this study. The small-
scale test prints were used to test this procedure of stopping the printer at 50 % and then placing
an object inside such as an instrument. Figure 3.4 displays the small-scale test prints at a 50 %

printing percentage.
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Figure 3.4: Small scale test prints with a small circuit board to represent an instrument

FULL-SCALE TEST PRINTS

Various rail pad designs can be used for a 3D printed rail pad. The optimal design must be at a
height, high enough to accommaodate all the instrumentation required inside while still providing
enough structural support. The standard Hytrel studded rail pad design is only 3 mm thick in the
middle section with 2 mm high studs on each side. Even though this design provides the best
resiliency, there is not enough space for the planned instrumentation. The rail pad thickness was
chosen as 10 mm to provide enough support above and below the instrumentation. This
thickness is similar to an HDPE pad that was replaced in the field experiment. For
simplification, the 3D printed rail pad was a rectangular shape of 168 mm x 175 mm x 10 mm
(width x length x thickness). The width of 168 mm is the distance between the fastening
supports of the sleeper in the laboratory. The width of 168 mm is small enough to conform to
the field conditions. A simple rectangular design provides the most space for the instrumentation
as well as shortens the printing time required.

Full-scale test pads were printed using the acquired information from the half-scale prints. Three
different 3D printing filaments were tested namely PLA, PETG and TPU. All three test prints
had a 50 % infill percentage with the “line” infill pattern. Figure 3.5 displays a full-scale test
pad in the CURA software.
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Figure 3.5: (a) Infill pattern and density of 50 % and (b) preview of the rail pad in the
CURA slicing software

Table 3.1 provides the print settings for each test print that was entered in CURA to generate
the G-code for the CReality CR-6 3D printer. The 3D printed pads were printed using a 0.4 mm
nozzle in the extruder. The use of a 0.8 mm nozzle can decrease the print time because it needs
to place fewer layers due to the increase of material flow through the extruder. The printing time
for the final rail pad design was decreased to six and seven hours for PLA and PETG from 10

and 15 hours, respectively, with the use of a 0.8 mm nozzle on the CReality CR-10 MAX printer.

Table 3.1: Printing settings for each test print

. . Print speed Layer Height VEIEEITETE 6] Print time
Filament | Infill [%0] / q h
[T SEEmms) [ Extruder | Print bed IeuE
PLA 50 100 0.2 215 60 10.3
PETG 50 60 0.2 235 70 14.8
TPU 50 35 0.15 230 70 384

The printing speeds vary greatly due to the different levels of difficulty in printing each filament
and in particular TPU. TPU is flexible and requires a slower printing speed to allow for the
elastic filament to extrude through the nozzle. It must be printed on the CReality CR6 printer
due to the length of the Bowden tube feeding the filament to the extruder being short enough to
not cause problems. A direct-drive printer is recommended for TPU filaments because TPU can
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clog the extruder of a Bowden tube printer. The overall print time for TPU was not feasible for
printing prototypes or even for a small amount of TPU rail pads. PLA and PETG are rigid and
are easy to print therefore the print speed can be increased. PLA and PETG have a short enough
printing time such that it can be printed overnight. Using a 0.8 mm nozzle can allow the printing

of two rail pads in one day.

Cyclic loading test procedure

The material testing was conducted on 6 — 14 April 2021 at the Engineering 4.0 laboratory on
the Hillcrest Campus of the University of Pretoria. Cyclic testing was performed to determine
whether the 3D printed rail pads can withstand the dynamic forces of an existing railway line.
The rail pads tested under cyclic loading were the 3D printed pads as well as an HDPE and a

Hytrel pad. Figure 3.6 displays the various pads that were tested with the sizing of each.

175 mm

168 mm

N
N\

Figure 3.6: Top left to right: HDPE; Hytrel. Bottom left to right: PLA; PETG; TPU

The cyclic tests were performed on a hydraulic actuator that forms part of a load frame to create
a load unit referred to as the Materials Testing System (MTS). The hydraulic actuator has a

force capacity of 500 kN for both compression and tension. The maximum displacement length
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of the piston is 150 mm. The hydraulic actuator can apply loads at a maximum frequency of
30 Hz granted that the piston displacement is small enough (Van Niekerk, 2021). The
experimental setup consisted of a half-track structure that can be used in this way due to its
longitudinal track symmetry. The rail was placed on top of the pad and fastened down with e-
clips. The track structure was not placed inside a ballast box to mitigate the damping that the
ballast would provide. This decision was taken to simulate higher forces than that on an existing
track structure. This provided superior data on whether the 3D printed rail pads could withstand
the forces exerted by a moving train. The experimental setup is displayed in Figure 3.7.

 Hydraulic
| actuator

|
|
i

Figure 3.7: Hydraulic actuator and experimental components

The magnitude for the cyclic and static loading was the maximum rail seat load of 60 kN for
general freight and passenger trains. The chosen load distribution percentage of 45 % of the
wheel load was based on the findings of Russel et al. (2020) and Profillidis (2000). Although
only one sleeper was used on the hydraulic actuator, the loading magnitude was chosen for field
conditions. The maximum rail seat load includes a dynamic impact factor according to the
Eisenmann (1972) approach given in Table 3.2.
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Table 3.2: Summary of variables for the maximum load calculation (from Broekman,
2018)

Parameter Value Unit
A;‘\r/: irgar?teail);: ep:;ZS nf(;])er rqtigier:sa | 18 tonnes
Static wheel load, Pstatic 88.3 kN
Vehicle speed, V 90 km/h
n 1.214
Track condition, & 0.2
t 2
Dynamic impact factor, ¢ 1.486
Dynamic wheel load, Payn 131.2 kN
Load dlstr:et;uatlllc,)r; gz;(é)t)or (Russell 45 %
Maximum rail seat load, qr 60 kN

The cyclic testing frequency was determined using the equation below in a sinusoidal pattern.
A sinusoidal vibration wave is generated with a frequency f when a wavelength A is present on

the rail and travels at a speed V written as (Thompson, 2009):

f= (Equation 3.1)

> <

The frequency is in Hz where A is given in m and V in m/s. The cyclic loading was applied at a
frequency of 25 Hz. This frequency was determined using Equation 3.1. The vehicle speed of
165 km/h corresponds to the frequency of 25 Hz that is experienced by the rail. A wavelength
of 1.83 m was used which is the axle distance of a CR-13 or CCR-11 coal wagon on the heavy
haul line in South Africa. Heavy haul lines operate at low speeds (typically on average of 50
km/h). The frequency of 25 Hz corresponds to speeds above the upper limit for heavy haul lines
in South Africa. Thus, the testing frequency is greater than that on a normal heavy haul line.
According to Aursudkij et al. (2009), the typical loading frequency is between 8 - 10 Hz
(assuming a train speed of 75 - 94 km/h and an axle spacing of 2.6 m) and up to 30 Hz for high-
speed trains. The testing frequency of 25 Hz simulates high frequencies that can occur on an

existing railway line due to wheel flats and vehicle or track irregularities. The high frequency
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was chosen to test the 3D printed rail pad through more rigorous conditions to ensure that the
3D printed pad can operate as an existing rail pad and be able to protect the instrumentation
contained within the rail pad. A cyclic test procedure was set up on the MTS testing software to
control how the actuator performs. The cyclic test procedure is illustrated in Figure 3.8. A pre-
load of 2 kN was applied from which the static test started to evenly apply 60 kN on the rail.
The clamping force of 18 kN was already applied on the test track structure using e-clips (Sainz-
Aja et al., 2020). After the static test, the cyclic testing of 100,000 cycles was repeated five
times for a total of 500,000 cycles.

‘ Ramp up to 2 kN ‘

Y

Ramp from 2 kN — 60 kN in 60
seconds and back from 60 kN — 2 kN
in 60 seconds. Sampled @ 100 Hz

¥

Repeat cycle loop 5 times

v

1000 cycles @ 25 Hz
Between 2 kN — 60 kN
Sampled @ 500 Hz

y

99000 cycles @ 25 Hz
Between 2 kN — 60 kN
Sampled @ 1 Hz and 100 Hz

y

Rest period of 5 minutes

Cemem]

1000 cycles @ 25 Hz
Between 2 kN — 60 kN
Sampled @ 500 Hz

!

Ramp down to 2 kN

}

Ramp from 2 kN — 60 kN in 60
seconds and back from 60 kN — 2 kN
in 60 seconds. Sampled @ 100 Hz

Figure 3.8: Cyclic testing procedure
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The dynamic stiffness, kgynamic, Was calculated with a similar formula as Sainz-Aja et al.
(2020). The formula determines kg namic as the ratio between the average load range and the

average displacement range from the first 1000 cycles of each 100,000-cycle stage, as well as
the final 1000 cycles written as:

Fmax — F .

kaynamic = ———— (Equation 3.2)
Dmax Dmm

Where E,4, and E,,, correspond to the average maximum and minimum applied force and

Dinax @and Dy, correspond to the average measured maximum and minimum deflection.

Static test procedure

Two static tests were conducted before and after each cyclic test. The purpose of the first static
test was for initial loading and unloading while the second static test was for comparison to the
first. The second static test also provided insight into the stiffening of the test pads after cyclic
loading. The static loading consisted of a pre-load of 2 kN with an increasing load from 2 —
60 KN in 60 seconds and unloading back to 2 kN in another 60 seconds.

Five individual static tests were also conducted on each test pad. This was done to confirm the
initial static tests as well as for the calculation of the static stiffness of each pad. The static
stiffness, kgtqric, Was calculated using a similar method presented by Sainz-Aja et al. (2020).
The formula determines kg;,¢;c from, the ratio of the difference between the load range and the

displacement range, from the last loading ramp written as:

F . - F iy A
kstatic — final initial (Equatlon 33)
Dfinai— Dinitial

Where Ffinq; and Fineiq; cOrrespond to the initial and final applied force in the static test and
Dfinar and Dipjtiq; COrrespond to the initial and final measured deflection associated with the

previously mentioned applied force. The dynamic and static stiffness for each tested rail pad is

presented and evaluated in Section 4.2.

PROTOTYPE TESTING

This section gives an overview of the experimental setup of the two prototype pads: the

Accelerometer prototype and the Strain prototype.
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Introduction

The initial prototype testing was done with an inexpensive accelerometer (ADXL 335) to
determine whether the PETG rail pad can protect an accelerometer embedded inside the rail pad
while cyclic loading is applied. The final design would incorporate two accelerometers that can
measure greater accelerations experienced inside a rail pad. The strain prototype included an
XY-1 Rosette strain gauge that was configured as a Wheatstone half-bridge. The calibration of
the ADXL 335 accelerometer and the HBM WI1/10 mm LVDT is given in Appendix Al.

Experimental setup of the Accelerometer prototype

The prototype was printed from PETG filament with the same printing settings as the full-scale
test prints, which was 50 % infill percentage and “line” infill pattern. Figure 3.9 illustrates the
embedding process of the accelerometer from interrupting the printer at 50 % to the
encapsulating of the accelerometer. The accessibility of embedding the accelerometer in the rail
pad was enhanced by the ability to pause the printer. The printer retained the temperature of the
extruder and the print bed at the correct temperature and can continue printing at any moment.
Once the printer was paused, the extruder moved to the edge of the print bed which allowed for
the installation of the accelerometer.

168 mm
(@) (b)

(d) (e) @

Figure 3.9: Embedding process of accelerometer — (a) Printer paused at 50 % printing
process, (b) layer of silicon for adhesion, (c) accelerometer placed, (d) layer of nail polish
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to protect the accelerometer from moisture, (e) printed first top layer and (f) printed

second top layer

The prototype was tested on a hydraulic actuator for 1000 cycles at eight different frequencies
with an applied maximum rail seat load, gr of 86 kN. The maximum load was updated for heavy
haul freight with an axle load of 26 ton/axle and included the dynamic load factor according to

the Eisenmann (1972) approach. The dynamic impact factor calculation is given in Table 3.3.

Table 3.3: Summary of variables for the maximum load calculation (from Broekman,
2018)

Parameter Value Unit
Axle load 26 tonnes
Static wheel load, Pstatic 127.53 kN
Vehicle speed, V 90 km/h
n 1.214
Track condition, & 0.2
t 2
Dynamic impact factor, ¢ 1.486
Dynamic wheel load, Payn 189.47 kN
et B
Maximum rail seat load, qr 86 kN

A wide range of frequencies that exist on a railway was tested with the applicable train speed
that the frequency corresponds to, which is summarised in Table 3.4. Equation 3.1 was used
with the wavelength of 1.83 m to calculate the effective train speed. Priest et al. (2010) stated
that the following loading frequencies by pairs of bogies at the ends of adjacent wagons (1 Hz),
individual bogies (2 Hz) and axles (6 Hz) are apparent on a railway line. The other frequencies
(8 — 25 Hz) were included to simulate the higher frequencies that could occur on a railway line

due to wheel flats or rail and wagon irregularities.

© University of Pretoria



3-14

Table 3.4: Tested frequencies and the respective train speed

Frequency [Hz] Effective Train speed [km/h]

1 7

2 14
6 40
8 53
10 66
15 99
20 135
25 165

The prototype was placed in the same half-track structure with a 60 kg/m rail and e-clips as the
fasteners, illustrated in Figure 3.10. An external HBM WI1/10 mm LVDT was placed on the rail
with the reference to the sleeper to measure the rail pad deflection. The external LVDT measures
the pad deflection more accurately than the internal LVDT of the hydraulic actuator. A bracket
was specially built to hold the LVDT in place on the foot of the rail displayed in Figure 3.11.
The LVDT was placed parallel to the load path of the hydraulic actuator. Supports were attached
to the loading frame to hold the sleeper in place and reduce any unnecessary movement. Keeping
the half-track structure as motionless as possible allowed for a more accurate measurement of
the acceleration and deflection that the rail pad experienced. The Arduino Mega, running the
code to measure the accelerations, was placed next to a laptop that was used as a data acquisition
system. Due to the ADXL335 being an analog accelerometer, the sampling rate was not
programmable, and it was affected by the speed of the microcontroller and the data acquisition

software. The sampling frequency range from the data acquisition laptop was 480 — 500 Hz.
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LVDT
bracket

| Hydraulic _ =% w B
” actuator

Acceleration
prototype

Figure 3.10: Experimental setup for acceleration prototype testing

Figure 3.11: LVDT placement and bracket

3.4.3 Experimental setup of the Strain prototype

The Strain prototype was printed with the same print settings as the Accelerometer prototype,
including the 50 % infill and “line” infill pattern. To save time in printing the prototype, the
Strain prototype was printed on the CR-10 MAX rather than the CR-6. Figure 3.12 illustrates
the embedding process, from preparation to the gluing of the strain gauge with X60.
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168 mm

175 mm

(b)

(c) (d)

Figure 3.12: Embedding process of strain gauge — (a) Printer paused at 50 % printing
process, (b) preparation of strain gauge to adhere to the pad, (c) glued strain gauge, (d)

printed third top layer

X60 is a two-part glue that is typically used to adhere strain gauges to various surfaces, such as
concrete or steel. It consists of a powder Part A and a colourless liquid Part B. X60 was placed
beneath the strain gauge as well as over the wires to secure all parts in place. X60 can loosen
when heated. To prevent this from happening, the print bed was kept at 30 °C, instead of the
70 °C normally used for PETG. A thin paper sheet was used to press down on the strain gauge.
This was necessary to flatten and press out any excess glue beneath the gauge. The strain gauge
was configured in a Wheatstone half-bridge to increase the sensitivity of the strain gauge, while
compensating for temperature changes that could have an undesired effect. The chosen strain

gauge was the 120 Q XY-1 Rosette which can easily be used in a half-bridge configuration.
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Two 120 Q precision resistors were used for the completion circuit that was built into the

external measuring enclosure.

The experimental setup for the Strain prototype was similar to the Accelerometer prototype, as
seen in Figure 3.13. The prototype testing was done to determine whether strain can be measured
from the strain gauge, in the middle of the rail pad. The output from the strain gauge was
measured with the Razor microcontroller and an HBM acquisition system. This was done to
confirm that the completion circuit and strain gauge were working as expected. The HBM
acquisition system completes the Wheatstone bridge, inside the connection, and does not need

an external completion circuit.

d,{ Hydraulic

f ‘ actuator (Y

acquisition
system

Figure 3.13: Strain prototype experimental setup: (a) measuring with the Razor and (b)
validating the prototype with the HBM system

The testing procedure for the Strain prototype consisted of both cyclic and static loading. The
cyclic loading scheme was as follows: 10 cycles of 86 kN at 0.25, 0.5, 0.75, 1, 2, 6 and 8 Hz to
evaluate the signal response from the strain gauge at different frequencies. The initial cyclic test
was done twice. Thereafter, another two cyclic tests of 2 — 8 Hz were done. Two different static

tests were done: (1) series of increasing 10 kN step loads up to 90 kN and (2) the same series of
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step loads but returning to O before each step. The static tests were done to observe any non-
linearity that the 3D printed rail pad may exhibit and to evaluate the signal response from the

strain gauge for this type of loading.

FINAL DESIGN

This section provides an overview of the design and fabrication of the final smart rail pad. The
section also highlights the laboratory and field testing conducted with the final smart rail pads.

Embedding process

The initial design for the final smart rail pad had the connection of the two LIS331
accelerometers together inside the pad. This presented a challenge inside the pad due to limited
space for the connection to be made and that if a problem should arise, it could not be addressed
because of it being inside the rail pad. The updated design allowed the connection to be made
outside the pad where it can easily be repaired if needed. Three cables therefore came out of the
rail pad: one for the strain gauge and one for each accelerometer. The accelerometer was
changed between the prototype and the final design because the final design required a digital
accelerometer to connect two of them on a single 12C connection for ease of use and simplicity.

The embedding process was similar for both prototypes with only minor additions. Kapton tape
was used to keep the shielded wires in place. Kapton tape is a very thin tape which renders well
with the 3D printing and the 3D printer could easily print over the tape. This is shown in Figure
3.14 (d). Figure 3.14, (c) and (d) show the instrumentation embedded in smart Pads 1 and 2,
respectively. Two identical PETG rail pads were made, one grey (Pad 1) in colour and another
one black (Pad 2).
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168 mm

(d) (e)

Figure 3.14: Embedding process for final smart rail pads: (a) two LI1S331 accelerometers
and the XY-1 strain gauge, (b) glued strain gauge, (c) embedded instrumentation for smart

Pad 2, (d) embedded instrumentation for smart Pad 1 and (e) first printed top layer

External measuring enclosure

The external measuring box housed the Razor microcontroller, external strain gauge completion
circuit, ADC, and the battery. The measuring enclosure was mounted to the rail with two
magnets with a pull strength of 4 kg each. Two plastic pedestals were added to allow the
enclosure to be level with the web of the rail. The Razor was fixed to the enclosure with
standoffs that lift the Razor 10 mm in the air. This was done to minimise the magnetic
interference that could affect the Razor measurements. All external wiring from the smart rail
pad to the measuring enclosure is a 4-core shielded cable to mitigate any electrical interference
that could cause problems in the field conditions. Logging the data from the instrumentation is
indicated by the logging LED. The MCP3424 ADC is a part of the external circuit and converts
the voltage signal from the strain gauge into digits. The ADC connects to the Razor through the
I2C interface similar to the accelerometers. The digital address of the ADC can be changed
manually by the user through two switches on the top of the ADC. The digital address was
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chosen as Ox6E so that it would not interfere with any other instrumentation addresses. The
resolution of the ADC can be set to 12, 14, 16, or 18-bit with corresponding sampling rates of
240, 60, 15 and 3.75 Hz, respectively. For the final design, a resolution of 14-bit was chosen to
have enough sensitivity, while still sampling at a high enough frequency. A programmable gain
amplifier in the ADC allows the amplification of weaker voltage signals. Figure 3.15 displays

the final measuring box.

2000 mAh battery

Accelerometers

Strain gauge

Power switch

Logging LED
— ‘\) N
—————— : o

Plastic
pedestals

Razor
standoffs

Figure 3.15: External measuring enclosure top and bottom view
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The final sampling frequency of the smart rail pad was 40 Hz. The low sampling rate is due to
two factors; (1) the ADC doing the voltage conversions and (2) the amount of instrumentation
and axes that needed to be logged. The low sampling rate is not ideal, but it is still high enough
for sufficient information. The Nyquist frequency is half the sampling rate and provides the
lower bound at which the sampled data can be reproduced without an error. The minimum
sampling frequency must be at least twice that of the highest frequency component present in
the signal (Leis, 2011). The highest frequency component of interest, present in the field
experiment, was between 8-10 Hz for the axles of the wagons. Theoretically, the sampling rate
of 40 Hz is sufficient to sample the signal of the axles.

Laboratory testing of smart rail pads

Initial testing in the laboratory included cyclic tests at various frequencies to evaluate the final
performance of the smart rail pads before the field experiment. The tested frequencies were 1,
2, 8 and 10 Hz for 60, 60, 500 and 500 cycles, respectively. Figure 3.16 displays a similar test

setup.

Measuring
enclosure

Smart
& rail pad

Figure 3.16: Final design laboratory test setup
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3.5.4 Field experiment

The field experiment was conducted between 31 August — 2 September 2021 on the Ermelo-
Richards Bay coal line, at the test site called “Bloubank™ situated 60 km from Vryheid,
KwaZulu-Natal. Details of the specification for the heavy haul coal line is given by Grébe et al.
(2005):

Track gauge: 1065 mm
Sleepers: FY concrete

Axle load: 26 ton/axle

Sleeper spacing: 650 mm
Fastening system: Fist fasteners
Electrified

e be e bt b e

The field setup was done on Line A of the double line track located at the test site. The loaded
trains travel on Line A, running from northwest to southeast (increasing kilometres). The track
alignment consisted of a curve with a tangent section, passing the test site, before entering a

tunnel. Figure 3.17 shows the locality map of the test site.

MKkhonjane
3 lBloubank

Nhlazatshe "
Hlabisa

HlambanyatRi

GLc}ogIe Earth

Figure 3.17: Field experiment locality map (the testing site displayed with the red box)
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The selected section of the track, where the smart rail pads were installed, is displayed and
identified with a red rectangle in Figure 3.17. The selected section was chosen because it had a
good ballast layer that would not have any excessive deformation as well as be close enough to
the container for electricity. The mast pole served as a good infrastructure reference point. The
crib ballast, from six sleepers, had to be moved away, three on each side of the chosen sleeper.
This had to be done before the Fist fasteners could be removed in order to lift the rail. After the
rail was lifted with a hydraulic jack, two smart rail pads were installed on either side of the
sleeper. The replacement process is displayed in Figure 3.18

Loose fist
fasteners

Figure 3.18: Rail pad replacement: (a) opening made for removing fist fasteners, (b)
process of removing fist fasteners, (c) hydraulic jack to lift the rail and (d) the installation

of the smart rail pad

Control measurements were done to validate the performance of the smart rail pads similar to
Zhang et al. (2018). Four vertical strain gauges were installed on each rail for wheel load
measurements. The rust on the rail was grinded away before the strain gauges were glued to the
rail to ensure a clean bond between the two. The strain gauges were glued to the rail with X60.
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This process was the same as the process carried out for the installation of the WIM-WIM
(Wheel-impact-monitoring) system by TLC Engineering Solutions, on the coal line. The WIM-
WIM system is used for wheel impact monitoring and overload detection and can double as an
in-motion weighbridge. Five LVDTs were installed to measure pad deflection. Four LVDTs
were placed on the chosen sleeper, to validate the pad deflection of the smart rail pads, with
another LVDT measuring the pad deflection of a normal HDPE pad. Figure 3.19 displays the
installation of the control instrumentation. The LVVDTs were mounted to the rail with magnetic
rods and was held in place with a steel clamp. The position of the LVDTSs were as such that the
relative deflection difference between the rail and the sleeper could be measured, which equalled
the pad deflection. The measuring enclosure was placed inside a Ziploc bag to protect the
magnets from steel fibres and to protect the electronics from moisture. A diagram of the
experimental setup and an image of a passing train over the setup, can be seen in Figure 3.20
and Figure 3.21.

Figure 3.19: Installation of control instrumentation: (a) grinded rail, (b) glued strain

gauges and (c) LVDT clamped onto the magnetic rod
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Rail

Magnetic
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FY Sleeper
Fasteners

Smart rail pad

2200 mm

Figure 3.20: Cross-section diagram of the field test setup

Figure 3.21: Train 3 travelling past the experimental field setup
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Six trains in total, were logged with both the smart rail pads and the control instrumentation.
Various locomotive and wagon types were captured. Table 3.5 shows the train list and related
information. The smart rail pads were left overnight to test the automatic triggering and the
battery life of the system. The maximum runtime of the system was 42 hours with a 2000 mAh
battery while logging all the instrumentation, which was sufficient for short-term testing. The
automatic triggering allowed the rail pads to respectively measure six trains during the night.
This provided evidence of the effectiveness of the automatic triggering of the Razor to log the
data from the instrumentation inside the smart rail pad. The automatic triggering allowed for

continuous condition monitoring of the train wheels.

Table 3.5: Train list and information

Train Amount Time of Type
no . day ] Notes
' Locomotives | Wagons Locomotive | Wagon
1 6 200 11:21 21E Coal | No data for smart rail
pad 1
2 6 200 11:43 21E Coal instrumentation
logging
: LVDT added for real
3 2 120 12:05 22E Wood HDPE pad
4 6 200 14:41 21E Coal | Allinstrumentation
logging
S 2 50 16:32 29E General | Only accelerometers
freight | logging in smart pads
6 6 200 17:16 19E Coal | Allinstrumentation
logging
7 S 98 09:00 29E Coal Both smart_ rail pads
logging

TYPICAL RESULTS

This section displays the typical response of the smart rail pad and the data outputs versus time.
An example of the accelerations versus time of the 10 Hz test from the accelerometer prototype,
is given in Figure 3.22. A comparison between the LVDT and the displacements integrated from

the accelerations of the accelerometer prototype, is shown in Figure 3.23. An example of the
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strain gauge voltage versus time is given in Figure 3.24. An example of an accelerometer and

strain gauge output versus time, of the smart rail pad in the field, is shown in Figure 3.25.

0.8
— X
— Y
0.6 1 _

—0.61

-0.8

20.0 20.2 20.4 20.6
Time (sec)

20.8 21.0

Figure 3.22: Acceleration: All axes of ADXL335 (10 Hz - Accelerometer prototype)
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Figure 3.23: Displacement: LVDT compared to integrated displacements (10 Hz)
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Figure 3.24: Voltage output from strain prototype under 1 Hz loading of 86 kN
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Figure 3.25: Accelerometer 1 and strain gauge output for a deflection bowl in Train 04
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ANALYSIS AND DISCUSSION

The analysis and discussion of the experimental results of the 3D printed rail pad testing and
acceleration and loading data, are discussed in this chapter. The chapter is divided into three
sections, namely: 3D printed rail pad results, prototype testing results, instrumented (smart) rail
pad laboratory and the field results. The first section discusses material testing and evaluates the
ability of a 3D printed rail pad to withstand the typical forces exerted on a railway line. The
second section discusses the testing of the two prototypes. The third section analyses the
performance of a smart rail pad in the laboratory and the field.

MATERIAL TESTING

Material testing was conducted on all three filament types to determine which would be best
suited for fabricating a rail pad. Four different infill percentages were tested namely: 25 %,
50 %, 75 % and 100 %. Tensile and compressive strength tests were done following the ASTM
standards for plastics. No compressive strength tests were conducted on TPU as no standard
was found for non-rigid plastics. The mechanical properties of plastics, in general, are sensitive

to the rate of deformation (strain rate) and temperature (Callister & Rethwisch, 2015).

Tensile Strength Tests

Tensile strength tests were conducted according to the ASTM D638 standard (ASTM, 2014).
The tensile elastic modulus and yield strength were calculated from the results from each test.
The elastic modulus is the ratio of stress to strain below the yield point of the material. The
elastic modulus was calculated by determining the slope of the elastic (linear) region of the
stress-strain curve. Figure 4.1 displays the elastic modulus calculated from the tensile strength
tests for PETG, PLA and TPU. The elastic modulus of PETG and PLA is in the units GPa where
TPU is in MPa.

The average yield force for the 100 % specimens of PETG, PLA and TPU was 1.66 kN, 2.03 kN
and 0.66 kN, respectively. The average results for tensile strength and elastic modulus of 31.3
MPa and 5.2 GPa for PLA (100 %) are similar to those found by Farah et al. (2016) and Johnson
& French (2018). The results for the tensile strength of TPU agree with Wang et al. (2020) and
Lee et al. (2019). The tensile strength of 25.6 MPa for 100 % infill of PETG correlates well with
Srinivasan et al. (2020). The results showed that PLA is stronger and more rigid than PETG,
while PETG still has a relatively high tensile strength. Figure 4.2 illustrates the typical stress-
strain curve of PETG, PLA and TPU.
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Figure 4.1: Tensile Elastic Modulus for PETG, PLA and TPU
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Figure 4.2: Stress-strain curve of PETG, PLA and TPU under tensile loading
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The stress-strain behaviour for PETG and PLA is the same as that of some metals where the
initial deformation is elastic, followed by the yielding of the material and a region of plastic
deformation (Callister & Rethwisch, 2015). For PETG and PLA, the yield point is taken as the
maximum on the curve just past the end of the linear-elastic region. The yield strength is the
stress at the maximum peak of the curve. TPU displays elastic behaviour that has large
recoverable strains at low-stress levels, common in elastomers (Callister & Rethwisch, 2015).
The 50 % infill specimens were closer to each other in terms of yield strength whereas the 100
% PLA was stronger than the PETG specimen. The stress-strain behaviour, in Figure 4.2, of the
50 % infill specimens for both PETG and PLA, show the increase in strain for the same stress
levels, illustrating the ductile behaviour that can take place in the plastic region. Figure 4.3
displays a typical brittle and ductile fracture for PETG and PLA. Figure 4.4 displays two

different fractures seen in the TPU specimens.

Figure 4.3: Typical brittle and ductile fracture for PETG (Black) and PLA (Grey)

specimens
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Figure 4.4: Two different fractures for the TPU specimens

The 100 % infill PLA specimen shows how the plastic fractures in a brittle manner as is shown
in Figure 4.3. In Figure 4.4, the 75 % infill specimen simply fractured at one place whereas the
25 % infill specimen split open on one side of the specimen. The TPU specimens had an initial
length of 115 mm and Figure 4.4 shows the permanent deformation that occurred when the TPU

was stretched well past the elastic region.

Compressive Strength Tests

Compressive strength tests were conducted according to the ASTM D695 standard (ASTM,
2015). The compressive elastic modulus and yield strength were calculated from the results of
each test. The compressive strength of the material is more applicable due to the type of loading
experienced by rail pads. The information from the compressive strength test provides a good
indication of whether PLA or PETG can function as a rail pad material. The average yield force
for the 100 % infill specimens of PETG and PLA were 6.80 KN and 9.12 kN, respectively.
Figure 4.5 displays the calculated elastic modulus from the compressive strength tests for PETG
and PLA. The elastic modulus is similar for the two filaments with PLA having a higher
modulus than PETG as expected. The compressive elastic modulus is less than the tensile elastic
modulus suggesting that the slope of the linear-elastic region in tension is steeper than the linear-
elastic slope in compression. Another reason for the difference could be the different types of
specimen shapes and the rate of loading on the material in the tests. Figure 4.6 displays the
stress-strain curve for PETG and PLA under a compressive load.
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Figure 4.6: Stress-strain curve of PETG and PLA under compressive loading

The yield force and yield strength are calculated at the yield point where the material deforms
past the elastic region and into the plastic region, shown in Figure 4.6. A rail pad is an elastic

© University of Pretoria



4-6

track component and thus only the elastic region before the yield point is considered for
calculations. PLA has a higher yield strength than PETG, however, PETG is more elastic and
can therefore have more recoverable deformation before the yield point is reached. This is
expected, as PLA is slightly more brittle than PETG. The linear slope for the elastic modulus of
PLA is steeper than PETG, as illustrated in Figure 4.6. The stress-strain curve has the same
regions, as mentioned before, with the linear-elastic region up to the yield point, followed by
softening and hardening of the material. The 50 % infill specimens also have similar yield
strengths whereas the 100% infill had a higher difference with PLA being stronger than the
PETG specimen. Figure 4.7 displays a PLA specimen during the test and a PETG and PLA
specimen after the test.

:
1
d

T
T

SaRRia

Figure 4.7: Compression test specimens (a) during and (b) after the test

The specimen in Figure 4.7 (a) is beyond the elastic region and has permanently deformed.
Some twisting can be seen from the specimen during and after the test. Barrelling of the sides
of the specimen is a common failure mode of the specimens. These tests were important in the
decision on which 3D printing material would be the best suited for making a rail pad. The
results provided insight into how the various 3D printing materials behave and deform. The
results showed that PETG, although softer than PLA, had a high enough compressive strength
that it could be used to fabricate a rail pad. The results proved that the strength of the material
increased as the infill percentage increased.

© University of Pretoria



4.2

421

4-7

3D PRINTED RAIL PAD

The material testing which was conducted to determine whether 3D printed material can be used
to create a rail pad with appropriate strength and stiffness properties is discussed in this section.
Static and cyclic loading was applied to the three 3D printed rail pads to ascertain whether the
3D printed rail pads could sustain the typical forces exerted on a rail pad without excessive
plastic deformation. Five rail pads were tested with static and cyclic loading, two of which were
control rail pads and three 3D printed rail pads. The control rail pads were the HDPE pad (hard)
and the Hytrel pad (soft).

Static Stiffness

Static loading tests were done before and after the cyclic loading and five separate tests there-
after to determine the static pad stiffness. The five static loading tests were conducted to mitigate
any bedding effects on the results that can occur in the initiation of the loading test. The static
stiffness for each test was calculated using Equation 3.3. Figure 4.8 displays the results of the

five separate static stiffness tests on the five rail pads.
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Static Tests

Figure 4.8: Static stiffness across five static tests of each rail pad

The static stiffness increases somewhat in each test and illustrates how the rail pads stiffen as

they are loaded. The initial increase from Test 1 to 2, is the highest in stiffness for PLA, TPU
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and the Hytrel pad. HDPE has an initial decrease in stiffness whereafter it increases again. The
results of the three 3D printed rail pads were located between the two control rail pads. PETG

is situated in the middle and has a good consistency in its static stiffness.

Figure 4.9 shows the loading and unloading of the rail pads in the static test at the end of the
500,000 cycles. All the rail pads, except TPU, had an elastic loading and unloading curve, where
the start and the end of the curve were at the same place, suggesting there is no plastic
deformation. The opposite is true for TPU, which has plastic deformation where the unloading
path ends with 0.56 mm of permanent deformation. There was minor hysteresis for PETG, PLA
and HDPE. The TPU pad exhibited the greatest extent of hysteresis for an elastic loading and
unloading curve. Hysteresis, the divergence of the two paths, shows the amount of energy loss
in the form of heat between the two loading phases.

70
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—— PLA
60 1 PETG
—¥— TPU
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i 40 -
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b
2 30 1
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20 1
101

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Displacement (mm)

Figure 4.9: Loading and unloading curves for each tested rail pad

Dynamic Stiffness

Dynamic testing was done on all five rail pads over 500,000 cycles at 25 Hz. The main purpose
of the dynamic material testing was to determine whether a 3D printed rail pad can sustain the
typical forces that a real rail pad experiences without excessive plastic deformation. The

dynamic stiffness for each pad was calculated using Equation 3.2. The dynamic stiffness of the
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first 1000 cycles of every 100,000 cycles was calculated, as well as that of the last 1000 cycles
at the end of the test. The dynamic stiffness of each rail pad is displayed in Figure 4.10. The
dynamic stiffness rapidly increased for each rail pad as the cycles increased. The rail pads stiffen
and harden to an extent as loads were applied to it. There is an aspect of non-linearity in the
behaviour of the rail pad under loading. The results of the dynamic stiffness of the three 3D
printed rail pads are located between the two control pads. PLA is stronger and stiffer than
PETG. A requirement for a 3D printed rail pad was that it needed to provide support for the
internal instrumentation, while still providing the elasticity of a rail pad. The natural first choice
would have been PLA because it is the strongest of the three filaments. However, PETG is
strong enough to support the internal instrumentation and provide some elasticity when in the
form of a rail pad.

220

—e— HDPE
2009 —— pLA

PETG ®
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160 -
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100
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Figure 4.10: Dynamic stiffness of each rail pad during 500,000 loading cycles

Initially, TPU was expected to be the best filament for fabricating a rail pad because it could
provide the highest elasticity of the three filaments. However, after the 500,000 cycles, the TPU
rail pad had permanently deformed and any internal instrumentation would have been damaged,
as displayed in Figure 4.11. Another reason TPU would not have been effective was that it took
40+ hours to print a TPU rail pad. The TPU pad deformed elastically when it was bent or
compressed, however, after the 500,000 cyclic loads the TPU pad deformed permanently. The
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permanent footprint left by the rail section can be seen in Figure 4.11 (c). Any instrument inside

would have been damaged and thus the TPU filament could not be used as a rail pad.

-

Figure 4.11: TPU rail pad after 500,000 cycles. (a) During the test, (b) close-up of the rail
pad and (c) the deformed rail pad

The PLA and PETG rail pads performed well under the cyclic loading and no permanent
deformation occurred, as shown in Figure 4.12. Merely some minor scratches and dust from the
rail section were left on the surface. PETG and PLA showed that it can provide sufficient
support for internal instrumentation and that it will not permanently deform under cyclic
loading. The decision on which filament to use for the 3D printed smart rail pad was between
PETG and PLA. The decision was made to use PETG because of its strength to protect internal
instrumentation while providing elasticity to the track structure. It also has a greater glass
transition temperature, meaning that it will perform better in hot climates and not deform due
to high temperature, compared to PLA.
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Figure 4.12: PETG (red) and PLA (grey) rail pads after 500,000 cycles

PROTOTYPE TESTING

Static and dynamic testing was conducted on the two prototypes. Initial prototyping served as
trial-and-error testing of a smart rail pad. Descriptive statistics were used to compare
measurements from the different instruments with the control instruments. The peak-to-peak
amplitude was the main parameter of interest for the cyclic loading.

Accelerometer Prototype

The accelerometer prototype housed an ADXL335 accelerometer and was logged with an
Arduino Mega. The calibration of the accelerometer is given in Appendix A. The cyclic testing
consisted of 1000 cycles at various frequencies to simulate trains and axles travelling at different
speeds. A Fast Fourier Transform (FFT) analysis produced the average frequency content of a
signal over the entire measurement period (Cerna & Harvey, 2000). The FFT of each test was
calculated to determine and isolate the test frequencies. The results from the FFT show each of
the tested frequencies as well as other external frequencies that influenced the data as shown in
Figure 4.13.
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Figure 4.13: FFT of the tested frequencies

The peak for each frequency from 8 - 25 Hz is visible in the FFT analysis. The peaks of 2 Hz
and 6 Hz are over-shadowed by a frequency at 15.8 Hz when plotted separately. The same peak
at 15.8 Hz can be seen in every tested frequency, which suggests that there was an external
frequency that was measured by the accelerometer. A cluster of frequencies exist around 15 Hz.
The source of this frequency is unknown; however, it is suspected to be associated with the
MTS or Arduino.

An LVDT was used as the control measurement to verify the displacements obtained from the
double integrated accelerations of the accelerometer. The comparison was done to ascertain
whether the accelerometer can accurately determine the pad deflection. Pre-processing of each
tested frequency was done before analysing the data. The accelerations of the tested frequencies:
1,2,6,8,10, 15, 20 and 25 Hz were filtered with a 4th order bandpass Butterworth filter around
each frequency magnitude. Thereafter, the filtered accelerations were integrated twice, using
the trapezoidal rule, to calculate displacements with a first-order trend removal at the end of the

process to compensate for the cumulative nature of the integration.

The descriptive statistics related to the mean, standard deviation, minimum and maximum are
evaluated and compared for the LVDT and the accelerometer prototype. Any outliers, for both
the minimum and maximum measurements, were removed before peak detection. The peak
detection method used identifies a maximum point when it has a maximal value and was

preceded (to the left) by a value lower than the threshold value (Billauer, 2010).
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The method suggested by Billauer (2010) was deployed in Python and is derived from a
MATLAB program. Each frequency was tested with 1000 cycles on the MTS. The peak
detection method identifies as many of the peaks as possible to create a large enough sample
size for each test. Figure 4.14 displays the mean displacement difference between the LVDT
and the accelerometer data across the tested frequencies. To compare the results, the mean peak-
to-peak displacement was calculated to provide an average characteristic displacement for each
instrument (Milne et al., 2016). The frequencies of 1 Hz and 2 Hz are omitted because the mean,
maximum and standard deviation values, for each, are too large to display with the other values.
The peak-to-peak mean difference between the accelerometer and the LVDT was 4.42 mm and
0.91 mm, for 1 Hz and 2 Hz respectively. Considerably small accelerations were measured for
the frequencies of 1 Hz and 2 Hz. It was noted by Milne et al. (2016) that this is a performance
limitation of the sensor. To this end, the displacements were overestimated by the integration of
the small accelerations resulting in unrealistic displacements. This must be considered since it
could limit the detection of minor track variations and only be suitable for significant changes
in track performance such as hanging sleepers and high-impact wheel flats (Sol-Sanchez et al.,
2021b).
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Figure 4.14: Mean peak-to-peak displacements from the accelerometer and LVDT
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The rail pad deflection was underestimated across all frequencies by the integrated
displacements from the accelerometer data when compared to the LVDT measurements. The
degree of underestimation decreases as the frequency increases, which agrees with that of Milne
et al. (2016). This is in part due to the large standard deviation of the integrated displacements
that decreases the mean value. The mean difference between the two decreases as the frequency
increases. As the frequency increases, the magnitude of the displacements decreases, for both
instruments. Figure 4.15 displays the maximum displacements between the LVDT and the
accelerometer.

0.30

Em ADXL335

B VDT
0.25 1

0.20 1

0.15 1

0.10 1

Displacement (mm)

0.05 1

0.00

8 10 15 20 25
Frequency (Hz)

Figure 4.15: Maximum peak-to-peak displacements from the accelerometer and LVDT

The maximum displacements for 8 Hz and 10 Hz are considerably larger for the accelerometer
than for the LVDT. The maximum displacements from the two instruments were in reasonably
close agreement with small differences noted at the higher frequencies. This implies that the
accuracy of displacement measurement increases as the frequency increases. The same
observation can be seen where the magnitude of the displacement decreases, as the frequency
increases. The LVDT results showed less variation, with a relative standard deviation of 2 %
compared to 21 % for the accelerometer, as illustrated in Figure 4.16. Figure 4.16 clearly
illustrates the variation in displacement results from the accelerometer and the LVDT. The

variation in the displacement decreases as the frequency increases, similar to the mean peak-to-
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peak displacement differences. Displacements can successfully be acquired from the
acceleration data obtained from the accelerometer prototype, especially at frequencies higher
than 6 Hz.
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Figure 4.16: Box and whisker plot for the LVDT (left) and the accelerometer (right)

Strain Prototype

The strain prototype testing was done to determine whether any strain can be measured from
the strain gauge in the middle of the rail pad. The output from the strain gauge was measured
with the Razor microcontroller and an HBM acquisition system, to verify that the complete
circuit and strain gauge was working as expected. Short cyclic tests and two static tests were
conducted.

The strain response shows that some non-linearity exists in the strain prototype. The strain
response does not return to the original and lowest value after each cycle. The response does
eventually stabilise after 25 cycles at the lower bound. The upper bound stabilises faster and
stays consistent throughout the test. The signal from the prototype was in close agreement with
the applied load. The upper bound or maximum load is of interest when considering wheel loads
and wheel flats that can occur on a railway line, thus the lower bound offset is not of importance.
The width of each amplitude is wider for the strain prototype compared to the force applied by
the MTS. Figure 4.17 shows the response of the strain prototype from a 1 Hz cyclic loading test.

A maximum rail seat load of 86 kN was used in the cyclic test.

The small steps in the strain prototype graph are due to the sensitivity of the sensor at the set
resolution. The sensitivity of the ADC used to measure the strain gauge output is 0.25 mV/digit

at the resolution of 14 bits.
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Figure 4.17: Strain prototype response from a 1 Hz cyclic loading

SMART RAIL PAD
Initial laboratory testing

The initial testing was done before the field experiment to test whether the entire system was
working as intended. The same experimental setup as both prototypes was used. Short cyclic
tests were done at 60 kN to prevent any damage before the field experiment.

Identification of wheel defects in the field

The two identical PETG smart rail pads were installed on opposite ends of the same sleeper at
the Bloubank test site. The grey pad was installed on the left rail and the black pad on the right
rail (as per increasing kilometre direction). Two LVDTs for each smart pad were installed as
control measurement for the rail pad deflection and wheel defect detection. The acceleration
data from the smart rail pad was integrated twice, using the trapezoidal rule with a 1 Hz high
pass Butterworth filter, for displacement. Thereafter, a mean filter with a window size of three,
was used to remove the trend/drift that occurs when double integrating acceleration to
displacement. Due to the low sampling rate of 40 Hz, no filtering of the data was required for

the removal of any high frequencies.

The wheel defects, which were identified by the LVDT data, was used as a control to compare
whether the smart pad was able to successfully identify the same defects. The position and the

magnitude of the wheel defects, between the LVDTSs and the smart pads, were compared. This
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was done to ascertain the success factor to which the smart rail pads identified any wheel
defects. The accelerometers and the strain gauge were used to detect any wheel defects. The
smart rail pads missed some wheel defects where it did not create a large enough displacement
or event to classify it as a wheel defect when compared to the LVDT displacement. This was
due to the limitation of the 40 Hz sample rate and the 3D loading of the wheel on the rail. The
smart rail pads also had false readings of wheel defects where other external elements such as
rolling stock movement and a wide range of excited external frequencies created large

displacement readings for the smart rail pads and not for the LVDTSs.

The average displacement of each train was used as an indication to distinguish between a
normal wheel and a defective wheel. The defective wheels were taken as any displacement
above 0.5 mm, whereas any displacement below that was classified as normal. A wheel defect
was only successfully identified when it had a distinct peak and/or shape or a big
disturbance/event in the accelerometer displacement data and was above 0.5 mm. The
accelerations from the smart rail pads had positive and negative symbols indicating the direction
of movement. The symbols stay when double integrating the acceleration to displacement.
However, the symbols in front of the displacement did not play a role in identifying the defects,
as a distinct peak or shape can be seen in both the positive and negative direction. Some of the
peak displacements from the LVVDTs were under- or overestimated by the accelerometers,
however, it still had a clear indication that it was a wheel defect. Figure 4.18 displays the

percentage of successfully identified wheel defects for both the smart rail pads.
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Figure 4.18: Successfully identified wheel defects from both smart rail pads
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The results were normalised to a percentage of the true wheel defects from the LVVDTs that were
identified by the smart rail pads. The grey and black bars indicate the successfully identified
wheel defects for each smart rail pad and the red bars indicate the missed wheel defects. The
number of successfully detected wheel defects were relatively constant across all the trains for
the grey smart rail pad. The level of accuracy was not high due to the limiting sampling rate of
40 Hz, the other external frequencies that could influence the readings and the type of loading
that the rail pad experienced in the field. All the successfully detected wheel defect percentages,
for the grey and black smart rail pads, were above 50 %, proving that wheel defects can be
detected to an acceptable extent by using accelerometers and the strain gauge inside the smart
rail pad. There was only one instance where the strain gauge was used to detect a wheel defect
which was on Train 3 from the grey smart pad, as illustrated in Figure 4.19. The strain gauge
clearly shows an irregular shape at the position of the wheel defect.
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Figure 4.19: Strain gauge response to wheel defect on Train 3

Load sensing capabilities

The main purpose of the strain gauge was to be used as the load sensing instrument in the smart
rail pad. No laboratory calibration was done to determine a calibration factor to convert the mV
readings to KN values. The reason for this decision is that it was not possible to replicate the

same conditions in the laboratory as in the field. The type of fasteners and the 3D loading from
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the wheel in the field influenced the calibration of the strain gauge in the laboratory. The strain
gauge in the smart rail pad was calibrated according to the field conditions using the control
strain gauges glued to the rail. A calibration factor of 1.98 mV/ton or 0.2 mV/kN with a
coefficient of determination (R?) for the linear fit of 0.991 was determined. The calibration was
done on the known mass of the locomotives in front of each train. The calibration factor was
used to convert the mV signals from the smart rail pad into tons for the approximated wheel
load. The calibrated signal response from the grey smart pad, below the left rail, compared with
the control strain gauge is illustrated in Figure 4.20. No strain gauge data from the black smart
rail pad was obtained due to a cabling problem in the pad.
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Figure 4.20: Wheel loads from the smart rail pad for Trains 1, 3, 4 and 6

The smart rail pad showed excellent signal response to the variation in loading magnitude of the
tested trains and could therefore successfully be used to measure the wheel loads. The calibrated
wheel loads from the smart rail pad were in close agreement with the true value of the wheel
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loads from the control strain gauges, as shown in Figure 4.20. Figure 4.21 displays the mean
peak wheel load from the smart rail pad and the control strain gauge measurements with
standard deviation bars. It illustrates that the smart rail pad was able to accurately measure the
wheel loads. The standard deviation is relatively close between the smart rail pad and the
control, across all the trains, except for Train 3 containing the lower wheel loads. The smart rail
pad can also be used as an axle counter because of the clear differentiation between the axles of

the trains.
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Figure 4.21: Mean peak wheel load of the smart rail pad and the control strain gauge

measurements

Figure 4.22 displays the percentage error of the smart rail pad wheel load measurements.
Train 3, transporting timber logs, had the lowest wheel loads and possibly also the highest

variation in wheel load and subsequently exhibited the highest measurement error.
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Figure 4.22: Percentage error for the smart rail pad

Comparison between the smart rail pad and the HDPE pad (field test)

A comparison of the pad deflection between the smart rail pad and an HDPE pad, installed in
the field, was done by installing an LVDT to the sleeper next to the test sleeper. This was done
to determine whether the smart rail pad could operate as a normal rail pad under service
conditions. Figure 4.23 displays the LVDT mean peak displacement (or deflection) of the smart
rail pad and the HDPE pad.
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0.10 1
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Figure 4.23: LVDT Mean Peak displacement (Smart Rail Pad versus HDPE)
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The mean peak displacement of the smart rail pad was less than that of the HDPE rail pad for
all four trains. This could have been due to the condition of the HDPE rail pad and it being softer

and closer to the end of its service life.

The maximum LVDT peak displacements of the smart rail pad and the HDPE pad are shown in
Figure 4.24. The maximum peak displacements of the two pads are almost identical and exactly
the same for Train 4. This proves that the smart rail pad deforms and reacts in a similar way
compared to the HDPE rail pad. The smart rail pad can be used in place of a real rail pad and
will not jeopardise the track structure. The magnitude of the displacement for Trains 3 and 5
clearly show that a major wheel defect occurred with a maximum displacement greater than
1 mm.

Displacement (mm)

Train

Figure 4.24: LVDT Maximum Peak Displacement (Smart Rail Pad versus HDPE)
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CONCLUSIONS AND RECOMMENDATIONS

This chapter provides a summary of the results from the experimental work performed including

the conclusions for each of the objectives outlined in Chapter 1. Recommendations based on the

conclusions as well as recommendations for further research are provided.

CONCLUSIONS

3D Printing Material Testing

The following conclusions can be made about the material testing of 3D printing filament:

1

The average tensile strength and elastic modulus of PLA (100%) were 31.3 MPa and
5.2 GPa which is similar to those found by other researchers. Similarly, the tensile
strength of PETG and TPU were in good agreement with recent research on identical
materials.

The stress-strain behaviour of the PLA, PETG and TPU printing filament was as
expected for rigid and non-rigid plastics.

The compression elastic modulus of PLA and PETG was less than the tensile elastic
modulus due to the different specimen shapes and rate of loading in the tests.

The following conclusions can be made with regard to investigating the effectiveness of 3D

printing material as a rail pad:

1

The static stiffness of the pads typically increased with each test. The three 3D printed
rail pads had stiffnesses falling in a range bounded by the HDPE (higher bound) and
the Hytrel (lower bound) pad stiffnesses. PETG had a stiffness in the middle of the
range of the five tested pads and showed good consistency in its static stiffness.

No signs of hysteresis when loading and unloading were present for PLA and PETG
whereas TPU showed a reasonable amount of hysteresis and permanent deformation.
The dynamic stiffness increased as the cycles increased. The 3D printed rail pads
stiffened and hardened to an extent, as more loads were applied onto it. As before, the
three 3D printed rail pad dynamic stiffnesses were bounded by the HDPE and the Hytrel
stiffnesses.

PETG was chosen as the best-suited material for fabricating a smart rail pad to protect
instrumentation inside while still providing some elasticity to the track structure. Even
though PLA was the strongest 3D printing material, it is more brittle than PETG and it

can become soft when left in the sun, which is a concern for field testing.
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The PETG rail pad had smaller deflections than the HDPE rail pad in the field. This
could be due to the condition and age of the HDPE rail pad. The maximum displacement
of the PETG and HDPE pads were almost identical, confirming that the smart rail pad

deformed and functioned in a similar way as the HDPE rail pad.

5.1.2 Prototype testing

The following conclusions can be made about the development of the smart rail pad using

sensing technology, embedded inside a 3D printed rail pad:

1

The accelerometer prototype showed poor results for frequencies below 2 Hz due to a
performance limitation of the sensor, however, demonstrated good results for
frequencies above 6 Hz. The pad deflection derived from the measured acceleration,
underestimated the actual pad deflection across all frequencies from 6 — 25 Hz. The
mean difference between the accelerometer and the LVDT deflections decreased as the
frequency increased. This means that the MEMS accelerometer is more accurate with
higher frequency signals.

The maximum displacements measured by the accelerometer and the LVDT were
reasonably close with small differences were noted at higher frequencies.

The strain prototype showed good correlation between the output signal and the applied

load, however, the pad exhibited an offset for the lower bound of the cyclic loading.

5.1.3 Smart rail pad

The following conclusions can be made with regard to the quantification of the dynamic

response of a smart rail pad in both laboratory and field conditions:

1

The smart rail pad was able to detect more than 60 % of the wheel defects on average
as measured on an operational railway line. This is as accurate as expected because of
the major limiting factor of the low sampling rate of the system when all three
instruments are logging data. The strain gauge could also be used to detect wheel defects
apart from the accelerometers.

The smart rail pad showed excellent signal response to the variations in the loading of
the tested trains and can be used to measure the corresponding wheel loads. The
measured wheel loads were in close agreement with the control wheel loads. The smart
rail pad can be used for load sensing of wheel loads and as an axle counter.

The smart rail pad can measure the condition of the train wheels to an acceptable degree
by measuring accelerations and displacements to detect wheel defects. The smart rail

pad can be used to estimate the wheel loads of those train wheels. The whole system
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can log the smart rail pad data automatically by detecting an oncoming train and

switching the microcontroller into logging mode.

5.2 RECOMMENDATIONS

The following recommendations are made for further research:

1

Further investigation into different ways to make the smart rail pad such as using an
existing rail pad or fabricating one from existing rail pad materials;

Investigation of the calibration of the smart rail pad on a test track to replicate field

conditions;

Further investigation into the updated version of the Razor microcontroller to increase

the sampling rate of the system;

Investigation of different instrumentation such as piezo-electric and piezo-resistive

SENsors;

Further investigation into making enough smart rail pads to test along 5 sleepers to

capture the whole circumference of the train wheel;

Investigation into quantifying or measuring rail rotation from the acceleration data

obtained from a smart rail pad; and

Further investigation into long term behaviour and permanent deformation of the 3D

printed rail pad and how that will influence measurements.
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APPENDIX A

ADXL335 ACCELEROMETER
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INTRODUCTION

The ADXL335 accelerometer measures accelerations in three orthogonal axes referred
toas X, Y and Z direction. The ADXL335 accelerometer can measure acceleration with
a minimum range of +3 g in each axis. The accelerometer has a sample rate range of
0.5-1600 Hz in the X and Y direction while the Z axis has a sample rate range of 0.5
— 550 Hz. However, the user must select the sample rate of the accelerometer with the
aid of Cx, Cy and Cz capacitors at the Xour, Your and Zout pins on the accelerometer.
The capacitors were added to implement low-pass filtering of 50 Hz for noise reduction
of any high-frequencies (Analog Devices, 2009). The functional block diagram of the
accelerometer is displayed in Figure A.1.

+3V
£ Vs
ADXL335 ~32kQ | Xout
—| OUTPUT AMP |—wA—(
v
3-AXIS
SENSOR — — | | <32k | Your
Coc == ] ACAMP [ ] DEMOD [—{ OUTPUT AMP |—www—(
I L ] u 6 Cy
~32k | Zout
— OUTPUT AMP
v
A4
ST

! COoM

Figure A.1l: Functional block diagram of ADXL335 accelerometer (Analog
Devices, 2009)

CALIBRATION

The calibration process starts with the wiring connections of the accelerometer to an
Arduino Uno. The voltage out from the accelerometer is connected to the 3.3 volt pin
on the Arduino. X, Y and Z outputs are wired to the analog pins A0, Al and A2 on the

Arduino. The wiring of the accelerometer is displayed in Figure A.2.
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Figure A.2: Wiring ADXL335 to Arduino Uno (Micro Robotics, 2021)

The following code is used to determine the minimum and maximum output values for
each axis from the accelerometer. The Arduino board has a 10-bit ADC, which will
map the output voltages between 0 and 3.3 V into integers between 0 and 1023. Figure
A.3 shows the calibration method used to level the accelerometer for each direction to
determine the minimum and maximum range. An example of the output from the serial

monitor is displayed in Figure A.4.

const int xpin = A0; // x-axis of the
accelerometer

const int ypin = Al; // y-axis

const int zpin = A2; // z-axis

void setup() {
// initialize the serial communications:
Serial.begin(9600) ;

}

void loop () {

// print the sensor values:
Serial.print ("X, Y, Z :: ");
Serial.print (analogRead(xpin)) ;

// print a tab between values:
Serial.print(",");
Serial.print (analogRead(ypin)) ;

// print a tab between values:
Serial.print(",");
Serial.print (analogRead(zpin)) ;
Serial.println();
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// delay before next reading:
delay(100);

:: 403, 328, 358 A

VAR

, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358
X, Y, Z :: 403, 328, 358

v

[~] Autoscroll [] Show timestamp No ine ending @00 baud vi Flear output

Figure A.4: The serial monitor displaying the minimum and maximum output

values for each axis with the x-axis pointing perpendicular to gravity

The average of the minimum and maximum values for each axis and direction are given

in Table A.1. These values are the minimum and maximum values for the range of -1
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gto+1g. In Figure A.4, the maximum value for +1 g in the X direction is given where
the Y and Z direction are displaying the value for 0 g. The minimum and maximum
values used to map the extreme analog values for better understanding of the output
from the ADC.

Table A.1: Average minimum and maximum values

X Y z
-lg 268 262 293
+1g 403 396 425

The first mentioned code is used to determine the range of minimum and maximum
values. The following code replaces the previously mentioned code. The following
code utilises the minimum and maximum values to map the sensor voltages between -
1 g and +1 g for calibration purposes. The output from the serial monitor for calibration

of the Z - axis in the positive direction is given in Figure A.5.

int xpin = AOQ;
int ypin = Al;
int zpin = A2;
int xvalue;
int yvalue;
int zvalue;
String Data;

void setup()
{

Serial.begin ( ), // initialize the serial
communications:

void loop()
{

xvalue = analogRead(xpin) ;

//reads values from x-pin & measures acceleration in X
direction

int x = map(xvalue, , , - , ) ;

//maps the extreme ends analog values from -100 to 100
for our understanding

float xg = ((float)x/( )) * ;
//converts the mapped value into acceleration in terms of
lvm/sz\2n
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Serial.print(xg); //prints value of acceleration in X

direction

Serial.print (" m/s"2 ") //prints "m/s"2"

yvalue = analogRead(ypin);

int y = map(yvalue, 262, 396, =100, 100);
float yg = ((float)y/(100.00))*9.81;
Serial.print ("\t");

Serial.print(yg);

Serial.print (" m/s"2 "y
zvalue = analogRead(zpin) ;
int z = map(zvalue, 293, 425, =100, 100);

=
4

float zg = ((float)z/(100.00))*9.81;

Serial.print ("\t");

Serial.print(zqg):;

Serial.println(" m/s"2 "y

delay(100);

{
% COM3 O X
“ ‘ Send
0.00 mn/s"2 0.00 m/s"2 9.81 m/s"2 )
0.20 m/s"2 -0.20 n/s"2 9.81 m/s"2
0.20 m/s"2 0.00 m/s"2 9.81 m/s"2
0.29 n/s"2 0.00 m/s"2 9.91 m/s"2
0.20 m/s°2 -0.20 n/s"2 9.81 m/s"2
0.20 m/s”2 0.00 m/s"2 9.81 m/s"2
0.00 m/s™2 0.00 m/s"2 9.61 m/s"2
0.20 m/s~2 0.00 n/s"2 9.81 m/s"2
0.20 m/s"2 0.00 m/s~2 9.81 n/s"2
0.20 m/s™2 0.00 m/s"2 9.61 m/s"2
0.20 m/s~2 0.00 n/s"~2 9.61 m/s"2
0.20 m/s"2 0.00 m/s"2 9.81 n/s"2
0.00 m/s"2 0.00 m/s"2 9.81 m/s"2
0.00 m/s~2 0.00 m/s"2 9.61 m/s"2
0.00 m/s"2 0.00 m/s"2 9.81 mn/s"2
0.00 n/s"™2 0.00 m/s"2 9.81 m/s"2 ¥
[] Autoscroll [] Show timestamp II\Io line ending | |9600 baud v } ‘ Clear output

Figure A.5: Calibration of Z - axis in the positive direction

From Figure A5, the Z - axis displays the positive force of 1 g or 9.81 m/s? for

gravitational acceleration in the displayed orientation of the accelerometer. The

positive orientation of each axis of the accelerometer is displayed in Figure A.5.
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