University of Southern Queensland

Faculty of Health, Engineering and Sciences

Performance Evaluation of GFRP Reinforced Railway

Sleepers

A dissertation submitted by
Jacob Verrall

In fulfilment of the requirements of
ENG4111 and 4112 Research Project
towards the degree of
Bachelor of Engineering (Honours) (Civil)
Submitted October, 2019



Abstract

Australia’s rail network is an integral part of Australia’s transportation network as 1.3 billion tonnes
of freight is moved by rail annually. The majority of Australia’s rail infrastructure remains timber
which is susceptible to rot, splitting and insect attack. Recent studies have estimated that 90% of the
existing timber sleepers in Australia will deteriorate beyond repair by 2025 meaning they will need to
be replaced at an estimated cost of more than $1 billion. To reduce maintenance costs, the rail
industry is seeking a more durable alternative than traditional timber sleepers. Composite sleepers
have emerged an effective solution but many are still failing before their predicted design life as they
are susceptible to cracking and corrosion. This research has designed, manufactured and evaluated
the performance of two new composite sleepers using Portland concrete and epoxy based polymer
concrete reinforced with glass fibre reinforced polymer (GFRP) bars. These materials have purposely
been selected in an attempt to manufacture a more robust and durable sleeper in comparison to timber

and other composite sleepers currently available.

To design the GFRP reinforcement, two finite element simulation models based on elastic foundation
theory were used to determine maximum bending moment and shear force acting on a sleeper. Once
the reinforcement was designed, two test sleepers were manufactured. The polymer concrete sleeper
was designed with a traditional concrete core as research highlighted that polymer concrete has a
relative low stiffness. Destructive and non-destructive test methods were used to evaluate the

performance of these two composite sleepers.

Non-destructive tests proved that both sleepers were able to achieve an acceptable effective modulus
of elasticity. By using polymer concrete, the sleeper’s modulus was reduced by 29.44% compared to
Portland concrete. This justifies the use of a traditional concrete core to retain an acceptable effective
modulus. Stress analysis principles have proven that GFRP bars are a suitable replacement for steel
reinforcement. Non-destructive results were also used to predict that both sleepers will fail due to
concrete crushing while the GFRP bars will utilised up to 70% of their tensile strength. Destructive
testing showed that both sleepers failed due to negative bending moment at the centre, indicating that
this behaviour should be carefully considered in the sleeper design. However, minor modifications on
the proposed 5-point bending test may be needed to achieve a reasonable ratio of positive-to-negative
bending moment and to closely replicate on how the sleeper would be loaded in-track. This theory
was proven in Strand 7 as simulations of the test setup indicate that flexural failure first occurred at
the middle support which doesn’t align with the failure mode predicted. Although the sleepers failed
prematurely, some creditable results were found. One of the most significant findings was that
polymer concrete helped to reduce the degree of cracking; the major cause of premature concrete
sleeper deterioration. Destructive testing also highlighted that the transverse shear capacity of GFRP

bars and deflection might be two limiting design factors.
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Chapter 1 Introduction

1.1  Project Background

Australia’s economy is reliant on a functioning rail network as it’s extensively used to transport bulk
materials and mining resources over large distances (Hossain, 2016). Australia’s rail network is the
sixth largest in the world with over 33 300 kilometres of heavy rail and 300 kilometres of light rail
(Hossain, 2016). In recent years, the popularity of transporting materials using rail has even

surpassed trucks as seen in figure 1-1.
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Figure 4-1: The distribution of freight movement in Australia (Hossain, 2016)

This shift in popularity has created great strain on Australia’s ageing rail network as many railway
sleepers and structures remain timber. According to Hollingworth & Brown (2017), this is
problematic as timber sleepers only have a design life of approximately 5 to 15 years. This means
that track maintenance costs are currently enormous. Other studies have also found that many timber
sleepers are performing at the low end of this spectrum as they susceptible to weathering, chemical
attack and splitting in Australia’s harsh climate while being prone to insect infestation (Railway
Sleepers, 2018).

Queensland Rail’s regional network alone has in excess of 2.4 million timber sleepers in service
which must be replaced in the near future by alterative products (Queensland Rail; QRP-15-150A
Tender Information Report, 2016). From 2018 to 2023, Queensland Rail aims to replace 130 000



timber sleepers per annum with 115mm alternative composite sleepers. The performance of these
alternative sleepers will then be evaluated over a twelve month period to determine their adequacy
(Queensland Rail; QRP-15-150A Tender Information Report, 2016). Therefore, Queensland rail are
seeking expressions of interest from industry suppliers to design and manufacture alternative railway
sleepers in accordance with a number of technical and performance specifications set by Queensland
Rail. Technical and performance specifications set by Queensland Rail for alternative sleepers can be
found in a document titled ‘Material Supply Specification (TRACK-CT.172)’ (Queensland Rail;
QRP-15-150A Tender Information Report, 2016).

1.2 Railway Sleepers

Railway sleepers are an integral part of a railway system as they are laid perpendicular underneath the
railroad tracks and are primarily used to transfer the loads of the passing train to the ballast and
subgrade underneath (Railway Sleepers, 2018). Railroads are traditionally fixed to the underlying
sleepers using fasteners and rail joints. This ensures that the railroads are permanently fixed at the
correct track gauge and to prevent longitudinal rail movement (Railway Sleepers, 2018). A typical

cross-section of a railway track is shown in figure 1-2.

Tvpical Track Structure

Ballasted Track
Gage Side ~——
. L_.Field Side
Gage :
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Figure 1-5: Cross-section of a railway (Note, 2018)



Although traditionally made from timber, composite sleepers have been manufactured in the past with
great success as they enable trains to increase their travel speed, are more fire resistant, reduce carbon
emissions associated with timber production and require less generic maintenance (Carey, 2012). The
most significant advantage of concrete railway sleepers is their durability as they have the ability to
last up to 60 years or 4 times longer than timber (Carey, 2012). This capability easily offsets greater
capital costs thus making composite railway sleepers a good investment.

However, one of the major problems with concrete sleepers is their high stiffness compared to timber.
Having a high stiffness limits the products ability to be easily integrated with existing timber sleepers
and infrastructure as older and more flexible timber will experience accelerated degradation. This
means that the entirety of a track segment much be replaced at a single time (Andersson et al., 2013).
Concrete’s high stiffness also means that the sleeper is susceptible to cracking under short and intense
loadings (Andersson et al., 2013). Cracking is very undesirable as it enables moisture to reach the

sleeper’s reinforcement.

To withstand high loads generated by passing trains, concrete sleepers must be adequately designed
with steel reinforcement. However, steel reinforcement is vulnerable to chemical attack meaning it
can weaken and cause premature structural failure (Corrosion of Embedded Metals, 2018). To prevent
this problem, companies are currently required to implement a range of expensive maintenance
techniques to help restore or prevent further deterioration of steel reinforcement (Corrosion of
Embedded Metals, 2018).

To overcome durability issues, engineers in recent years have been trying to find alternative materials
which can outperform steel while still being cost effective. Fibre composite materials have emerged
as a potential replacement for steel and timber as researchers have found ways to reduce costs by
optimising production processes while the materials mechanical properties can easily be manipulated
to suit many applications (McMillan, 2017). One of the main reasons why fibre composite materials
have become favourable over steel and timber is its ability to resist chemical attack (McMillan, 2017).
Glass fibre reinforced polymer (GFRP ) composite materials have also proven to be strong, durable
and lightweight which are all favourable characteristics in the construction industry (McMillan,
2017). Consequently, designing a new railway sleeper reinforced with GFRP bars could potentially
help composite sleepers reach their expected 60 year design life without the need for ongoing
maintenance and sleeper replacement. If successful, this newly designed sleeper could save

Queensland Rail and rail companies around the world millions of dollars.

In order to correctly develop a concrete sleeper reinforced with GFRP bars, many parameters and

standards must be considered. The development of concrete railway sleepers in Australia is governed

3



by the Australian Standard, AS1085.14; Prestressed concrete Sleepers (2012). This standard states
that the design of a railway sleeper should be governed by flexural strength. For this investigation,
consideration should also be given to the technical and performance specifications in TRACK-CT.172
set by Queensland Rail.

Although the popularity of GFRP bars continues to rise around the world, no codes or standards
currently exist in Australia to govern the use of fibre composite reinforcement. Use of GFRP in
Australia currently relies on the adoption of Canadian Standards called ‘Design and Construction of
Building Components with Fibre-Reinforced Polymers’ (CSA S806-12) (Designing with composite
Rebar, n.d). This problem is severely affecting the acceptance of GFRP materials in the Australian
construction and civil industry. Consequently, more Australian based research is required to help

develop new design standards and outline the limits of safe design using GFRP bars.

1.3 Alternative Materials

According to The Concrete Conundrum (2008), concrete is the most widely used material in the world
as approximately 2 billion tonnes is produced per annum. This figure is set to double by 2050 as
concrete is extensively used in many civil applications because it has many desirable characteristics
such as high compressive strength, high temperature resistance, easy workability and highly
durability. Its properties can also be easily manipulated to suit any strength or serviceability
requirements. The most generic type of cement used to create concrete around the world is currently
Portland cement. Cement is an essential ingredient in concrete mix design as it acts as a binding agent
and gives concrete its strength when hydrated with water. However, a major downfall of the concrete

industry is the magnitude of carbon dioxide created during the production of Portland cement.

Research outlined in The Concrete Conundrum (2008) estimates that one tonne of carbon dioxide
emissions is produced per tonne of traditional Portland cement produced. This means that concrete
production is responsible for 5% of all carbon dioxide pollution annually. Many companies have now
realised that these pollution levels are unacceptable and not sustainable. This problem has prompted
many companies around the globe to begin researching innovative solutions which could potentially
reduce carbon emissions created from cement production. Companies are particularly researching
the potential use of newly developed plasticisers, special admixtures and industrial waste products. In
recent years, polymer concrete has emerged as a practical and more sustainable concrete product
compared to traditional Portland concrete. According to research conducted by Aldred (2013), some
polymer concrete products can surpasses some of the structural benefits of general concrete and can

reduce carbon emissions by 80-90%. A study conducted by Ferdous et. al. (2016) also suggests



polymer concrete offers some rail specific benefits such as better durability in harsh climates, more
resistant to cracking and its low modulus of elasticity makes it easier to attach tracks fasteners.

In relation to these claims, the adequacy of using polymer concrete to manufacture narrow gauge
track railway sleepers should be investigated. Manufacturing a sleeper made from polymer concrete
also meets the design brief set by Queensland Rail as they specifically want to design, manufacture
and test alternative railway sleeper materials (Queensland Rail; QRP-15-150A Tender Information
Report, 2016).

1.4  Purpose of Research

In a recent study, Baker (2018) has used AS1085.14 to determine the most critical loading conditions
and hence the highest maximum theoretical bending moment and shear forces acting on a sleeper.
Baker then proceeded to use these values to theoretically design and test a simple GFRP reinforced
where the concepts feasibility was accessed. Baker concludes that it is plausible to design a

functional GFRP reinforced sleeper but no physical experimental data exists to prove these claims.

Evidentially, a significant research gap exists here as there is a lack of physical testing which focuses
on critically evaluating the performance of a GFRP reinforced railway sleeper. Physically evaluating
the performance of a GFRP sleeper must be done in order to determine the sleepers true failure mode,
evaluate the adequacy of shear and flexural reinforcement designed in accordance with finite element
models and evaluating the severity of serviceability problems such as deflection and cracking.
Physical testing could also be used to collect stress and strain data. Such data could be analysed to

further understand the behaviour and performance of GFRP bars in lieu to steel reinforcement.

Performing physical testing also provides an opportunity to study and evaluate whether polymer
concrete, an emerging product, is comparable or even better than traditional Portland concrete railway
sleepers. As expressed by Aldred (2013), this product has evolved quiet rapidly in recent years and
now has many benefits over traditional concrete. This recent spike in popularity justifies the need to
conduct more research on polymer concrete and prove whether it does have significant benefits which

benefits the performance of railway sleepers.

This research project has the potential to design and develop a much more sustainable sleeper which

also has a longer design life compared to other sleepers currently available.



1.5 Project Aim

The aim of this research project is to successfully develop and evaluated the flexural performance of a
GFRP reinforced railway sleeper in accordance with TRACK-CT.172 released by Queensland Rail
and determine whether these sleepers are suitable for narrow gauge track applications. To determine
the optimal amount of GFRP reinforcement required, a finite element model will be developed and
used to determine maximum theoretical bending moments and shear forces acting on the sleeper.
Loads acting on the sleeper will be determined in alignment with specifications set by Queensland
Rail. In conjunction, two unique railway sleepers will be manufactured for comparison purposes; one
from Polymer concrete and the other from ordinary Portland concrete. Although made from different
concrete, these two sleepers will have the same reinforcement design. The aim is to evaluate the
flexural performance of polymer concrete in contrast to Portland concrete. Results from this
investigation will be used to conclude whether polymer concrete has any significant advantages in

narrow gauge track applications.

1.6 Research Objectives

The objectives of this dissertation are summarised below.

1. Research the properties of polymer concrete and the behaviour of GFRP material as

reinforcement
2. Review existing standards relating to railway sleepers and GFRP materials

3. Develop a finite element model of a railway sleeper in Strand7 to theoretically determine
maximum bending moments and shear forces acting on the sleeper and predict the sleepers

general behaviour under loading

4. Manufacture two railway sleepers based on the results of finite element analysis. The two
sleepers shall be manufactured using Portland concrete and polymer concrete respectively.
Experimental testing shall then be carried out at USQ’s to individually evaluate the flexural

performance and serviceability of both sleepers.

5. Critically analyse the data obtained from testing and compare the data to a developed

theoretical model



6. Conclude whether polymer concrete has any noticeable advantages over traditional Portland
concrete and whether the newly designed sleeper met the design criterion outlined in
TRACK-CT.172

7. Provide comments on the overall performance of the sleeper and give recommendations if

necessary

1.7  Scope and Limitations

Chapter 4 within TRACK-CT.172 outlines an extensive number of parameters which must be
accessed to determine the overall performance of a railway sleeper. Some of these parameters such as
fire resistance, thermal properties and ultraviolet radiation exposure are outside the scope of this
research project while some would be hard test in the time frame permitted. Consequently, testing

will focus on the following parameters as specified in TRACK-CT.172:

e The flexure of the sleeper in service

e Failure under ultimate loading

e Material strain failure based on characteristic or appropriately tested values
o Deflection under serviceability loading

e Local failure if any

A major limitation to consider during this study is time as this research project has a strict timeline of
35 weeks. Consequently, no testing will be done on the GFRP bars directly. This project will only
evaluate and comment on how the material behaves when bonded with the concrete. Testing the
sleepers durability will also be outside the scope of this study as testing will purely focus on the
sleeper’s flexural performance and whether the new design can meet serviceability requirements.
Practical things such as manufacturing processes and the cost of an individual sleeper will also be

disregarded.

The cost of materials for this project will not limit the scope of this research project as the university
has a developed a strong partnership with Austrack Australia; a world leader in sleeper design and
production. This company has recently renewed their partnership with USQ’s Centre of Future
Materials as they aim to stay ahead of their competitors by continuing to research new sleeper designs
with a focus on utilising new materials. Consequently, any resources required for this investigation

will be readily available.



1.8 Expected Outcomes and Benefits

As railway tracks are extensively used all around the world, findings from this report have the
potential to benefit many companies. It is expected that this project can clearly determine whether
GFRP reinforcement and polymer concrete can successfully be used together in narrow gauge track
applications. If successful, this innovative sleeper could potentially save the rail industry millions per

annum by reducing track maintenance costs.

This project is particularly interested in polymer concrete as it’s a much more sustainable product
compared to traditional Portland concrete. Although polymer concrete has a much lower modulus
than other concretes, it is expected that a polymer concrete sleeper can successfully be manufactured
and perform much the same or better than traditional concrete. However, as its modulus is much

lower, more reinforcement or a special design might be required to reduce the degree of deflection.

As no codes or standards currently exist in Australia to govern the use of fibre composite
reinforcement, further testing related to GFRP reinforcement in Australia is required. This research
project provides a great opportunity to test GFRP bars and understand how they differ from traditional
steel reinforcement. If this project is successful, it is expected that GFRP bars will become more
popular in rail applications as they have the potential to increase a sleeper’s design life. During
testing, it is expected that the sleeper will deflect more than if the section was reinforced with steel as

GFRP bars have a lower modulus than steel.

Although testing and design producers will be done in accordance with Queensland Rail and
Australian Standards, it is expected that any technical advancements made during this project can

easily be adapted to suit other regions of Australia and countries.

1.9 Dissertation Overview

To ensure all research objectives are met, the dissertation is structured into the following chapters:

Chapter 2 Literature Review
This chapter critically evaluates past research and literature available online. The
literature review will particularly study text related to railway sleepers and how they
are designed, the physical properties of GFRP bars and the advantages/disadvantages

of polymer concrete.



Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Finite Element Analysis

This chapter will explain how the rail seat loads acting on the sleeper were calculated
in accordance with TRACK-CT.172 and AS1085.14. This chapter will also explain
how finite element models based on beam on elastic foundation theory were used to
design the GFRP reinforcement.

Experimental Program
This chapter outlines any safety concerns, the equipment required and testing

procedures. This chapter also explains the manufacturing process of each sleeper.

Non-destructive Test Observations, Results and Discussion

All observations and results from the non-destructive tests will be explained in this
chapter. Any key findings related to the aim of this research project will be
highlighted and discussed.

Destructive Test Observations, Results and Discussion
All observations and results from the destructive tests will be explained in this
chapter. Any key findings related to the aim of this research project will be

highlighted and discussed.

Conclusion
This chapter links all significant findings throughout this report to the research

objectives. Future research areas and recommendations will also be provided.

1.10 Ethics and Consequences

All research within this report must be covered by a number of ethical publication standards to ensure

that all findings are consistent and true.  As this is an undergraduate research project, official

publication of this report is restricted by the USQ; refer to the ‘Limitations of Use’ statement for

further details. This statement clearly details that the author is solely responsible for the quality and

integrity of the work completed. To help ensure that all findings are creditable and reliable, it is

paramount that accurate referencing is used throughout the report as this adds a level of authenticity

and gives others credit for their work/ideas which is also a legal requirement. Throughout this report,

APA 6" referencing style will be used.



Some ethics must be implemented to ensure the safety of all participants during manufacturing and
testing of railway sleepers. Before using the lab facilities and equipment at USQ, a safety induction
must be completed. This induction clearly explains safety procedures, required personal protective
equipment (PPE) and how to safely operate machinery. When manufacturing the sleeper, participants
must be cautious of the risks associated with different materials. Fibre composite materials are
particularly toxic went burnt and can also cause respiratory problems similar to asbestos if its fibres
are released into the atmosphere (Doroudiani, 2012). Cement mixtures can also cause ill health by
skin contact, eye contact, or inhalation (Cement Hazards and Controls, 2019). These health hazards

have a low likelihood and can easily be managed using the correct PPE.

As sleepers are an integral structural component of rail infrastructure, the risk of failure must be
minimised to ensure public safety. This means that both serviceability and strength requirements
must equally be considered during the design process. If designed correctly, these sleepers should be
safer than traditional timber and concrete sleepers as they are less likely to weather and corrode.
However, as only a small sample size of sleepers will be tested during this project, it is recommended
that more testing should be done to determine their average performance before implementing them in

real-life track applications. Additional testing will help guarantee the public’s safety.
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Chapter 2 Literature Review

2.1 Chapter Overview

This chapter will critically analyse many sources of literature in order to determine how a railway
sleeper is analysed and designed, the physical properties and advantages of GFRP reinforcement and
the advantages of polymer concrete. This chapter will also be used to identify a suitable research gap
and explain the feasibility of this particular research project. All Information compiled in this chapter

must be in alignment with relevant Australian standards and design guidelines.

2.2 Railway Track Components

According to Kaewunruen and Remennikow (2008), Australia’s railway system has experienced great
deterioration in recent years due to population growth while more freight is being moved from rural
areas of Australia due to increased mining activity. An increase in traffic has accelerated track
deterioration while a lack of new infrastructure has created a high dependency on certain rail lines.
As a result, some tracks cannot be maintained properly as they are being used so frequently. Ferdous
and Manalo (2014) suggest that some track closures in Australia due to maintenance can cost

companies up to $10 to $20 million per day in lost revenue.

Kaewunruen and Remennikow (2008) suggest that ballasted railway tracks are widely implemented
around the world due to their simplistic design. Its components can be broken down into two
categories: superstructure and substructure. The superstructure includes the structural elements of the
track such as the rail, sleepers, fastening systems and rail pads while the substructure considers the
geotechnical elements of the track which include the ballast, sub ballast and subgrade (refer to figure
1-2). The ballast layer is generally made from the interlocking of course, irregular shaped aggregates
which provides good drainage and acts as a tensionless elastic support for the resting sleepers. This
layer can act as a spring which can easily absorb shock and impacts while even helping to dampen

noise and protect the track from unwanted vegetation growth.

Any loads generated by a passing train are initially absorbed by the fasteners and then transferred to
the sleepers. Fasteners are therefore an essential component of the superstructure as they have to
withstand significant vertical and horizontal loads. The loading distribution pattern acting on the

sleeper is dependent on what type of fastener is used and its application. Fasteners also stop
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overturning moments while importantly stopping the gauge of the rail roads from changing. A typical
concrete fastening system is shown below in figure 2-1.

— Rail

) —— Fastener
Rail Pad

Sleeper

Figure 2-1: A typical concrete fastener (Kaewunruen and Remennikow, 2008)

Kaewunruen and Remennikow (2008) continues to explain that sleepers are responsible for uniformly
distributing loads carried from the fasteners to the ballast bed and subgrade below. Sleepers
traditionally lie semi-embedded in the ballast and sit perpendicular to the rails so they can resist
longitudinal, lateral and vertical movements caused by large bending moments. Although typically
made from timber, many different materials and designs are currently available. Designing a concrete
railway sleeper is a complex process as many variables must be considered. TRACK-CT.172 outlines
the many variables which can affect the design and overall performance of concrete railway sleepers
(refer to Appendix B). It is important to note that the design of railway sleepers can vary depending
on location and track gauge. The parameters discussed in TRACK-CT.172 are relevant to

Queensland, Australia.

Kaewunruen and Remennikow (2008) explain that rail pads are another essential component of the
superstructure as they are used to reduce the impact of dynamic loads caused by the train’s moving
wheels before being transferred to the sleeper below. Pads are generally made from polymeric
compounds, rubber or composite materials as these materials have the capacity deform and adsorb
such dynamic forces. Great care should be taken when installing and using rail pads as misuse

increases the likelihood of the sleepers cracking.
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2.3  Timber Sleepers

Timber sleepers were originally implemented due to their ease of use, availability and low cost.
According to Ferdous and Manalo (2014), traditional timber sleepers are susceptible to rot, splitting
and insect attack. However, timber sleepers also have many desirable characteristics such as excellent
dynamic, electrical and sound-insulating properties. Timber sleepers are traditionally made from
beech and oak wood but can be made from pine wood if hardwood timbers are not readily available
(History and development of the wooden sleeper, n.d).

To improve the durability and expected design life of timber sleepers, a number of design principles
are usually followed. The first design principle generally requires the timber to be stored for a
significant period of time before being processed. Storing the timber helps to optimise the moisture
content in the sleeper which ultimately helps to prevent cracking. Cracking can be further mitigated
by attaching a crack prevention plate to the sleeper’s ends after storing period (History and
development of the wooden sleeper, n.d). The sleeper is then coated with creosote or a modern
derivative called pigment emulsified creosote which is less toxic to humans. This treatment is used to
deter insect infestation and helps to prevent wood rot and weathering (History and development of the
wooden sleeper, n.d). As timber is a natural product, the exact behaviour of individual sleepers may
slightly differ meaning it’s impossible to control all failure mechanisms. Figure 2-2 shows the most

common failure modes for timber sleepers.

W Fungal decay

® End splitting

W Termites

m Still sound

m Sapwood

w Shelling

“ Rail cut

W Weathering
Spike kill

" Knots

Figure 2-2: Common failure methods for timber sleepers (Ferdous and Manalo, 2014)
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2.4  Precast Concrete Sleepers

According to Kaewunruen and Remennikow (2008), two types of concrete sleepers are currently
available with both designs having strengths and weaknesses. A monoblock concrete sleeper spans
underneath both rails while a twin-block concrete sleeper design has two smaller concrete blocks
which independently sit under each rail. Ferdous and Manalo (2014) suggest that the current trend of
the rail industry is to adopt concrete railway sleepers as they have many more favourable
characteristics compared to traditional timber sleepers. Concrete sleepers have excellent strength and
durability characteristics while being immune to bug infestation, easy to manufacture and are resistant
to fire. Being fire resistant is a major advantage especially in Australia as large bushfires are common
in rural areas where the majority of tracks exist. Around the world, high performance concrete
sleepers are commonly being implemented in high-speed rail lines and heavy haul routes as they
provide greater stability. Under loading, a concrete railway sleeper is usually subjected to the

following stress distribution pattern as shown in figure 2-3.

Compression

Compression

Tension

Tension Compression Tension
L S DI Y 1 s 54 2 e L L

Figure 2-3: Stress distribution pattern on a concrete sleeper (Bezgin 2017)

Ferdous and Manalo (2014) have identified that concrete sleepers are not a perfect solution as they
can be expensive, heavy, have a low impact resistance and require specific fasteners. A significant
problem with concrete sleepers is their relatively high stiffness. Due to their high stiffness, concrete
sleepers are particularly susceptible to cracking under high live loads at the rail seat. According to
Gribniak, Rimkus, Torres and Hui (2018), cracking is the leading cause of deterioration in regards to
reinforced concrete as cracking exposes the sections internal reinforcement which is susceptible to
corrosion once exposed to moisture. Other common modes of failure experienced by concrete

sleepers are shown in figure 2-4.
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North American Response M International Response

Deterioration of concrete material beneath the rail
Shoulder/fastening system wear or fatigue
Cracking from dynamic loads

Derailment damage

Cracking from cenler binding

l'amping Damage 614

Other (e.g. manufactured defect)

Cracking from environmental or chemical degradation

Figure 2-4: Common modes of failure experienced by concrete sleepers (Ferdous and Manalo, 2014)

2.5 Fibre Composite Sleepers

According to Ferdous and Manalo (2014), many companies around the world are investigating and
trying to develop new sleepers from a range of different recycled plastics, fibre composites, rubber or
even a combination of these materials. These sleepers could potential to be a sustainable alternative
to traditional concrete and timber sleepers as some incorporate recyclable materials. This broad
domain can be separated into 3 main categories; Sleepers with short or no fibre reinforcements,
sleepers with long fibre reinforcement in the longitudinal direction and sleepers with fibre

reinforcement in longitudinal and transverse directions.

The first classification, sleepers with short or no fibre reinforcements, refers to sleepers which consist
of recycled plastics or bitumen and fillers only. The performance of these sleepers is dependent on
the strength of individual polymer bonds as these sleepers do not have any internal reinforcement.
Without reinforcement, these sleepers are currently restricted to light rail applications only as current
materials and production techniques cannot manufacture a sleeper that can endure the demands of
other rail applications. Besides their lack of strength, these sleepers have many desirable

characteristics such as easy workability, low cost while being durable.

The second classification, sleepers with long fibre reinforcement, refers to sleepers which are
reinforced with fibre composite materials such as GFRP bars. These sleepers can easy be integrated
into existing ballast tracks and can be used in heavy rail applications. Some advantages of these
sleepers include: easy to drill and cut, excellent durability and superior flexural strength. As these

sleepers have many favourable characteristics, their popularity has increased dramatically in recent
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years. This trend has triggered an increase in research into sleepers with long fibre reinforcement.
However, the use of these sleepers is currently restricted due to high manufacturing costs and

concerns about meeting serviceability requirements.

The third classification refers to sleepers made from polymer or composite materials which are
configured into different lattice structures. This type of design provides the sleeper with longitudinal
and transverse reinforcement which ensures the sleeper has superior mechanical performance. This
design also enables the amount of flexibility to be controlled. However, current production processes

and costs make these sleepers impractical.

2.6  Precast Concrete Railway Sleeper Standards

Australian Standard AS1085.14 (Railway track material part 14: Prestressed concrete sleepers), is
used as a guide to develop and test concrete railway sleepers in Australia. These standards outline
how to determine the axial load acting on the sleeper, structurally analyse the sleeper and how to

perform a number of standardised tests to determine some the sleeper’s characteristics.

According to clause C2.1 in AS1085.14, the overall performance of a sleeper is controlled by the
condition of the rail, joints and the rail fasting system. However, when performing tests on concrete
sleepers, each rail component should independently be examined. This statement means that a
concrete sleeper can be individually tested and it’s the performance evaluated without considering the

use of different fastening systems.

2.7 Designing a Railway Sleeper

Accurately predicting a sleeper’s flexural performance is very important as it helps ensure the safety
of the public. In today’s society, trains are typically loaded to their maximum capacity to handle
higher freight demands while technological advancements have enabled trains to travel at higher
speeds.  Consequently, sleepers must be able to withstand higher axle loads than in the past.
According to Sadeghi and Youldashkhan (2005), some analysis methods have become outdated and
cannot accurately determine some critical design parameters such as maximum bending moment,
shear force and deflection. This means a sleeper could unexpectedly fail under increased loading if no
amendments are made to the design and analysis processes. The study concludes that analysis
methods must evolve and be more carefully when considering the effects of the following parameters:

stress distribution under the sleeper, the type of rail-seat load (distributed or point load) and the
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dynamic coefficient factor. Some consideration should also be given to parameters such as track

lifecycle costs and passenger riding comfort.

Sadeghi and Youldashkhan (2005) states that the flexural performance of a sleeper is primarily
governed by the condition of the ballast underneath the sleeper as it determines the bearing
distribution pattern. This parameter directly affects the sleeper’s ability to effectively transfer vertical
loads to the ground. The condition of the ballast is normally based on the degree of voiding which is
affected by the amount of traffic, aggregation quality of the ballast, amount of tamping, erosion and
the geotechnical properties of the subgrade. Some of the sleeper’s mechanical properties such as its
rigidity can also affect the bearing distribution pattern. Determining the bearing distribution pattern is
typically the first phase in the design process as it can servilely affect the sleeper’s maximum bending
moment. According to Manalo et. al. (2012) variations in support modulus between 10MPa to 40MPa
can increase the maximum bending moment by approximately 15%. It is important to mention that the
design bearing pressure exerted by a sleeper on the supporting ballast shall not exceed 75 MPa under
any circumstances (TRACK-CT.172, 2015). According to Abbasi & Ali Zakeri (2013), various
hypothetical bearing distribution patterns have been developed in an attempt to accurately predict the

exact bearing distribution in real life track applications. These are summarised in Table 2-1.

Table 2-1: Possible bearing distribution patterns underneath a sleeper (Abbasi & Ali Zakeri, 2013)

Dizmbution of contact pressure e -
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Although many bearing distribution theories exist, only two methods are accepted in Australia. These
two methods are clearly outlined in AS1085.14. One of the theories is known as the empirical method
and the other is known as the analytical method which assumes the sleeper is sitting on an elastic
foundation. Both of these models will be explained further in section 2.7.1 and 2.7.2.

2.7.1 Empirical Method

According to AS1085.14, this method is conservative and simulates the track just after being tamped.
This means there is little to no contact between the ballast at the centre the sleeper. The maximum
positive design bending moment along the entire length of the sleeper occurs directly underneath the
rail seat (Mgr+) causing compression stress at the top of the sleeper and tensile stress at the bottom.

The bearing pressure distribution pattern shown in figure 2-5 should be used to calculate Mg-.

S

{a) Pressure distribution for maximum positive rail seat and centre moments

Figure 2-5: Empirical bearing distribution when calculating MR+ (AS1085.14, 2012)

Meanwhile, a negative design bending moment at the rail seat (Mg.) shall be taken no less than 67%
of Mg+. Along with Mg+ and M,., design positive and negative bending moments at the centre of the
sleeper, Mc: and M.. respectively, can be determined using the equations in derived in Table 4.1 from
AS1085.14; refer to Appendix C.

When calculating Mc., the bearing distribution pattern should be altered so the sleeper remains in
contact with the ballast along its entire length; refer to figure 2-6. This causes tensile stress at the top

of the sleeper and compressive stress at the bottom.
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(b) Pressure distribution for maximum centre moment (negative) for track gauge of
1600 mm and greater

Figure 2-6: Empirical bearing distribution when calculating Mc- (AS1085.14, 2012)

2.7.2 Analytical Method

According to Australia Standard; AS1085.14 (2012), this method of analysis was originally derived
by Hetenyi in 1967 and is used to represent a finite beam loaded by two equal concentrated forces
placed symmetrically. One of the major assumptions associated with this method is that the sleeper
sits on an elastic foundation (BOEF). A schematic diagram of the BOEF method is shown in figure
2-7. The BOEF method is used to accurately determine bending moments and deflections depending
on the sleepers bearing pressure. The BOEF method is generally favoured over the empirical method
as calculations yield results very similar to finite element models which are developed using
computers. This means that the BOEF method can be used to verify and access the accuracy of user

defined finite element models.

Figure 2-7: A schematic diagram of the BOEF method (AS1085.14, 2012)
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In accordance with figure 9, a moment coefficient factor can be calculated at any point between A and
C and at the mid span of the beam. The following equations can be used to find the moment

coefficient factors:

Bending moment along portion A to C (x varies from 0 to n)—

Cntinr :L+{25inhir sin Ax[cosh An cos A(L-n)
' 2A sinh AL + sin AL

+cosh A(L - n)cos Anl+ (cosh Ax sin Ax
—sinh Ax cos ir]lcash Ansin A (L —n)—sinh Ancos A (L —n)
+cosh A(L -n) sinh A(L - n)cos ;Lw]}

(1.1)

Bending moment at sleeper centre (x = L/2) —

L _ I — {sinh Ac [sin Ac +sin A(L - ¢)]

24 sinh AL +sin AL (1.2)
+ sin ic-[sinh Ae +sinh AL - c}]

+cosh Accos A(L —¢)-cosdccosh A(L —¢)}

BMi(Y) —

Where:  x = distance from the end of the sleeper (m)
n = distance from sleeper end to rail seat load (m)
U = sleeper support modulus (Pa)
Is = sleeper moment of inertia about horizontal neutral axis (mm®*)
¢ = distance from rail seat load to centre of sleeper (m)
A = sleeper stiffness parameter

Es = Young’s modulus of sleeper (MPa)

After calculating the moment coefficient factor, the design bending moment can be calculated using

the following equation:
My = RCBM(Max) (1.3)

Where: R = Design rail seat load

RCppm(max) = The greater moment coefficient factor out of Cgp(xy and Cap(o)-

The largest bending moment generally occurs immediately beneath the rail seat. This
means the greatest moment coefficient factor is usually equal to Cgp(x=n)-
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The BOEF method can also be used to estimate the sleeper’s maximum deflection. Maximum
deflection can be calculated using the following equation:
RA l

= [2 cosh® in (cos2 e+ cosh Al )
207 sinh Al 4 sin Af (1.4)

< AN,

+2cos” hn (cosh2he + cos M )+ sinh2An (sin 2he —sinh /)

—sin 24n (sinh2ie —sin Al)]

2.8 Calculating the Rail Seat Load

According to Barkan et. al (2014), the type and magnitude of loading acting on a concrete railway
sleepers governs its performance. Many formulas have been developed over time in an attempt to
accurately predict wheel loads acting on an individual sleeper. Some common parameters which must
be considered when calculating a wheel load are: the spacing between sleepers, the track modulus,

weight of the passing train, the sleeper’s stiffness, rail pad stiffness and speed of the passing train.

In reality, a sleeper can experience up to four different types of loads; static, quasi-static, dynamic and
impact loads. Static loading occurs when the train is at rest hence only the dead load of the train acts
on a sleeper. The term Quasi-static loading can be summarised as a combination between the static
load and the effects of the static load at speed, independent of time. Dynamic loads are much harder
to quantify as they consider loads associated with high-frequency effects of the wheel/rail interaction
and the performance of individual track components. Lastly, impact loads are often intense over a
short time period and generally occur due to track or wheel irregularities. A number of rail seat load
calculation methodologies have been modified over time in an attempt to incorporate and accurately

account for more of these loading types.

According to Barkan et. al (2014), the American Railway Engineering and Maintenance Association
(AREMA) have widely accepted the use of three rail seat load approximation methodologies. These
three methods are: AMEMA, Talbot and Kerr. Table 2-2 provides a basic overview of the three

methods and what parameters each method takes into account.
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Table 2-2: Rail seat load calculation methods (Barkan et. al, 2014)

Parameters Included

Static Modulus
Dynamic Expression for Train  Wheel  wheel Sleeper of Moment Track
factor rail seat load (metric) speed diameter load spacing elasticity of inertia modulus
AREMA® (61.52x + 12.811)P/100 . .
Talbot'? © © o . - .
(P+0.01P(0.62V — 5)) x § x /103l
.051
Kerr'* © o o B . ° .
v /104
(1 +0.525) x P x a x \”E‘t“
.051
Wariable Definition Standard value (metric)
Vv Train speed F6.56 krn'h
D Wheel diameter P44 cm
u, k Track madulus 4137 Mimm®
¥ i, 8 Sleeper spacing D&l m
P Seatic wheel load 14,912 kg
I Moment of inertia 3900 cm”
E Modulus of elasticity of rail 206,843 N/mm’®

After reviewing Table 2-2, it is apparent that each approximation method has been developed to
incorporate more parameters over time. Consequently, the accuracy of each load approximation
method has also improved. It is therefore critical that more modern rail seat approximation are used
as older methods may either overestimate the rail seat load, increasing the cost of reinforcement

materials or underestimate the rail seat load, which might lead to premature sleeper failure.

According to Barkan et. al (2014), all load approximation methods generally begin with static load
analysis. The AREMA method requires the least number of inputs as this method is a static only
analysis. Meanwhile, Talbot and Kerr methods both have additional inputs to account for dynamic
loading and changing track conditions. Accurately estimating the rail seat load is very important as
these loads directly affect the magnitude of moment, shear force and deflection; the three parameters

which govern the design of concrete railway sleeper.

When incorporating the trains speed into the rail seat load calculations, Barkan et. al (2014) found that

the Kerr method yields the highest rail seat load compared to the Talbot method as it assumes a
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greater track modulus. The tracks modulus is greater in the Kerr method to account for tracks situated
in colder climates. This also justifies why different parameters are used for track modulus in Table 2-2
(u and k). For comparison, the theoretical rail seat load calculated using the Kerr method is 32%
greater than the Talbot method when a train is travelling at 100km/hr. When comparing results,
Barkan et. al (2014) found conflicting trends when comparing the accuracy of rail seat load
approximations with laboratory testing and field testing. Evidently, Barkan et. al (2014) concludes
that the tracks support condition such as its modulus and the degree of tamping has the greatest impact
on the actual rail seat load. This means the accuracy of rail seat load approximations can be improved

by using real life track modulus measurements instead of approximate values given by standards.

The rail seat load equations proposed in AS1085.14 are also widely accepted and can be used to
accurately estimate a rail seat load. In section 3 of AS1085.14, Clause 3.1 states that the standards
shall be used to calculate static wheel load (Q) which is then factored to take into account a number of
track and vehicle variables. This factored vertical wheel load (Pq) can be approximated as two point
loads acting on the sleeper at a distance equal to the tracks gauge width. These loads are then
distributed through the rail seat to find the rail seat load (Rv). Once the rail seat load has been

calculated, sleeper stresses and deflections can be determined.
Equations given in Australian Standard; AS1085.14 (2012) are:
Pdv = ks xQ (1.5)

Where: ks = Dynamic coef ficient factor
Q = Static wheel load

Both of these parameters can be determined in accordance with TRACK-CT.172; Appendix B.

Now:
_ Pdv X DF (16)
v 100

Where:  DF = Axle Load distribution factor

23



2.9 Axle Load Distribution Factor

Barkan et. al (2014) states that a wheel load being applied to the rail is distributed over several
sleepers, even when the wheel is located directly above a single sleeper. Therefore, the spacing of
individual sleepers is a critical parameter to consider when calculating the design rail seat load.
According to TRACK-CT.172, spacing of a sleeper in Queensland cannot exceed 685mm.

When calculating the design rail seat load, an axle Distribution Factor (DF) is usually applied to
approximate the distribution of load from an individual axle over multiple sleepers. According to
Manalo (2012), a DF of 48% simulates the worst case scenario. The distribution factor for 47kg/m
rails can also be determined in accordance with figure 2-8 provided in AS1085.81.
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Figure 2-8: Empirical chart used to obtain the DF (AS1085.14, 2012)

2.10 Dynamic Load Coefficient Factor

It is very complex to calculate the exact vertical force acting on a sleeper as real loads are considered
dynamic. According to Bezgin (2017), many studies have investigated different methods to determine
an appropriate static axle load. It was concluded that the static load is mainly dependent on the trains
speed, axle suspension system, wheel diameter, sleeper spacing, train/freight weight and overall track
conditions. To accurately account for the load being dynamic, a factor is generally applied to the
static rail road. According to Australian Standard AS1085.14-2003, the life cycle of a precast
concrete sleeper is based on 50 years meaning a load factor of 2.5 should be used to increase the static
axle load to incorporate dynamic effects (Kaewunruen, Martin and Remennikov, 2008). This value is
also agreed upon by standards set out in TRACK-CT.172.
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2.11 Rail Gauge Width

As shown in figure 2-9, considerable gauge differences still exist across Australia. According to
Merkert & Hensher (2014), a lack of consistency has particularly hampered the movement of
passengers between capital cities within Australia. Having multiple gauge widths also introduces
many engineering implications. The magnitude of the bearing pressure provided by the ballast
underneath is also affected as sleepers used in wide gauge track applications are generally longer in
length. This is significant as Manalo et. al. (2012) has found that variations in support modulus can
increase the maximum bending moment.
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Figure 2-9: Different gauge tracks across Australia (Merkert & Hensher, 2014)

Three common gauge widths are used throughout Australia. The three common gauge widths are
shown in table 2-3. As seen in figure 2-9, narrow gauge track is predominately used throughout

Queensland hence this track type will be analysed throughout this entirety of the research project.
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Table 2-3: Common track gauges in Australia (Merkert & Hensher, 2014)

Gauge Type Width (mm)
Narrow track 1067

Standard track 1435
Broad track 1600

2.12 Dimensions of a Sleeper

Clause 2.3.2 from AS1085.14 suggests that the dimensions of a sleeper may vary slightly and its
cross-section may not be uniform. The length of a sleeper is dependent on the tracks gauge while the
width is usually determined by the allowable bearing pressure. As specified in TRACK-CT.172 in
appendix B, a standard size, main sleeper in Queensland should have the following dimensions as

shown in table 2-4.

Table 2-4: Basic dimensions and characteristics of a sleeper (TRACK-CT.172, 2015)

Sleeper Type Dimension _ I_Design Dimensional En_velope
Minimum (mm) Maximum (mm)
Main line sleepers — Standard | Length 2125 2175
narrow track Width at base 225 255
Depth at rail seat 110 125

2.13 Glass Fibre Reinforced Polymer

According to Sheikh and Kharal (2018) GFRP is an alternative high performance product which can
replace traditional rebar. The composite material is comprised of many strong individual glass fibres
which are bonded together by a durable bonding resin which may either be epoxy or polyester. The
resin doubly acts as a protection barrier which prevents the fibres from experiencing weathering and
chemical attack while helping to be evenly transfer stresses between all fibres. When these fibres are
compressed together and bonded by the resin, a strong and stiff material is formulated. A study done
by Sheikh and Kharal (2018) has found that fibre composite materials have the ability to have a higher
stress capacity than steel and acts linear elastic until failure. Hu and Liu (2010) explains that the glass
fibres are made predominately from silica sand and other minor ingredients which are heated to high
temperatures until molten glass is formed. The molten glass is then forced through a mould with small

holes ranging from 5 to 24 pm to form fine strands. Once these strands are then cooled, they are
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gathered and wound together to form fibre creel. Pultrusion technology is then commonly used to
impregnate the fibres with resin to form the GFRP bars; refer to figure 2-10.
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Figure 2-10: Pultrusion method (GFRP Components for Facades, n.d)

2.13.1 Tensile and Compressive Strength

An experimental study carried out by Jabbar and Farid (2018), highlights that GFRP cannot directly
be substituted with steel in reinforced concrete design as some key mechanical properties differ
between the two materials. Experimentation involved testing and comparing the tensile strength,
bending strength and compressive strength of unreinforced concrete, smooth GFRP reinforced
concrete, sand coated GFRP reinforced concrete and steel reinforced concrete. Results confirmed that
GFRP bars have very good strength in tension as they are capable of having a higher yield strength
compared to traditional steel rebar. However, to avoid creep rupture, codes released by American
Concrete Institution recommends that a strength reduction factor should be applied to the ultimate
tensile strength (GFRP Characteristics and Behaviours, 2018).

Results from a study conducted by Sheikh and Kharal (2018) found that GFRP bars used in
compressive applications can resist stress levels up to about 60% of the bars tensile strength.
However, when GFRP bars were used as longitudinal reinforcement in columns, the column
demonstrated a lower strength and stiffness compared to similar columns with steel reinforcement.

This demonstrates that GFRP bars are not always better than steel reinforcement in every application.

2.13.2 Modulus of Elasticity

When testing the bending strength, Jabbar and Farid (2018) found that the strain percentage at initial
failure was greater compared to steel. Consequently, GFRP rebars experience much greater
deflections before failure. This is significant as the design and application of GFRP reinforcement

can be governed by serviceability requirements whereas steel designs are generally controlled by
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ultimate limit states. Research done by EI-Nemr et. al. (2018) confirms that GFRP bars can
experience greater deflections than steel as its modulus of elasticity is approximately 25% less than
mild steel.

Experimental data collected by Jabbar and Farid (2018) found that specimens reinforced with GFRP
bars were not capable of achieving the same strength characteristics as sections reinforced with steel.
Their results are shown in the stress vs strain diagram in figure 2-11. To achieve the same flexural
performance as steel, Jabbar and Farid (2018) suggests that the percentage of GFRP reinforcement
should be increased. However, this modification isn’t that desirable as the section may become over-
reinforced thus making the section inefficient. This means that the full strength of each GFRP bar
won’t be utilised before the concrete starts to crush. Interesting, figure 2-11 also indicates that the
sand coated GFRP reinforced section experienced a brittle failure whereas the steel reinforced section

experienced a ductile failure.

w—Steel RC

Sand coated GFRPRC
Smooth GFRP RC

Unreinforced concrete

Figure 2-61: Bend tests conducted on different concrete sections (Jabbar and Farid, 2018)

A reduction in the bars modulus of elasticity can also lead to more significant and wider cracking.
This was proven by Gribniak, Rimkus, Torres and Hui (2018) as this research compared the cracking
patterns of beams with varying types of GFRP bars with changing stiffness. Results suggest that a
decrease in stiffness leads to increased beam deformation and hence greater cracking. This is
undesirable as cracking is the main cause of deterioration in reinforced concrete as it allows moisture
to easily penetrate the concrete. In severe cases this can lead to spalling which can directly expose the

reinforcement to the environment.
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2.13.3 Bond Strength

Figure 13 also highlights how the bond strength between the reinforcement and the concrete can
greatly impact the specimen’s performance. The graph clearly shows that the GFRP bar which was
coated with coarse sand was able to sustain a greater stress than the smooth GFRP bar. Testing
conducted by EI-Nemr, Ahmed, EI-Safty and Benmokrane (2018) confirms that an outer sand-coating
on the GFRP bar enhances the bond performance in concrete compared to bars with a helically-
grooved surface or a smooth surface. The bond strength of each GFRP bar was individually
determined using a standardised pull-out test. According to Arias, Vazquez and Escobar (2012) the
rough granular surface is able to significantly increase friction and interlocking forces between the
bars and the concrete. This enables sand coated GFRP specimens to endure larger loadings before
failure as stresses are more readily transferred from the concrete to the GFRP bars which have a much

higher tensile strength.

2.13.4 Non-corrosive Behaviour

Fibre composite materials are widely known for their non-corrosive properties. This characteristic is
desirable as traditional steel reinforcement is susceptible to chemical attack which can weaken and
cause premature structural failure. However, as fibre composite technologies are still relevantly new,
many industry professionals fear that the performance and lifespan of fibre composite materials are
being overestimated. These fears have been developed as many structures which utilises fibre
composites have not yet reached the later years of its expected serviceability life. Therefore, the
durability and lifespan of fibre composite materials have only really been determined by accelerated
degradation testing. Laboratory testing has found that GFRP bars are not totally resistant to chemical
attack and weathering. Yan, Lin, Zhang, Gao and Li (2017) has determined that GFRP bars are
sensitive to alkaline environments, moisture, extreme temperatures and freeze thaw cycles. Results
show that these climatic conditions have negative impacts on the fibres tensile strength, ultimate strain
and modulus of elasticity. A cover 3 times the thickness of the reinforcement bar was deemed to be
too small to sufficiently protect the GFRP bars from freeze thaw cycles as failure occurred after 75

cycles while the bars modulus of elasticity was greatly reduced by 26%.

Other testing by Fergani et. al. (2018) proved that the mechanical properties of GFRP bars are
significantly affected by moisture penetration. Results gathered from experimentation found that
moisture was able to diffuse through micro-cracks in the protective resin when the specimen was
submerged in an alkaline solution. This process then initiated the breakdown of some chemical

matrices in the glass fibres which resulted in a reduction of strength. The breakdown rate was
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controlled by temperature and the concentration of alkali. Alachek, Reboul and Jurkiewiez (2018)
found that specimens which were submerged in water for 10 months showed the greatest bond
degradation with a 71% reduction in shear strength.

2.13.5 Using GFRP as Reinforcement

When designing traditional reinforced concrete sections, an under-reinforced section is considered
desirable as the full strength of the steel will be utilised before failure. Special consideration is given
to the neutral axis parameter (ku) to ensure that the steel bars yield before undergoing a ductile
failure. This type of failure is more favourable than brittle failure as the bars will deflect greatly
before failure meaning engineers can potentially notice and repair structures before catastrophic
failure occurs. To ensure yielding, engineers must design the concrete section so ku which is a ratio
of the ultimate strength under any combination of bending and compression between the neutral axis
depth and the most extreme compressive fibre is less than 0.545. If this value is exceeded, the section
is then considered to be over reinforced. This is undesirable as the section could failure without
warning due to concrete crushing. A reinforced section can be further optimised if ku is less than
0.36. If this condition is met, a balanced condition is achieved meaning the design will
instantaneously fail due to the concrete crushing and the steel bars yielding. This type of design is

desirable as it ensures that the section has the highest possible capacity.

Unfortunately due to some key parameter differences, these exact principles cannot be applied to
sections reinforced with GFRP bars. As GFRP bars do not yield like steel, it is impossible to achieve
the same balanced failure criterion as GFRP bars only act linear elastic until immediate failure. GFRP
reinforced segments are also commonly over reinforced as its modulus of elasticity compared to steel.
This means many GFRP designs fail via concrete crushing. Testing conducted by Khorramian and
Sadeghian (2017) on short concrete columns reinforced with GFRP bars found that each test failed
due to concrete crushing while all GFRP bars showed no sign of failing at peak load. This was
determined as the strain gauges which were attached to individual GFRP bars indicated that the bars
only reached 50% of their predicted strain capacity. Further testing conducted on GFRP reinforced
beams by Gu, Yu and Wu (2016) determined a number of factors which clearly influenced the

performance of GFRP reinforcement. A number of their key findings are listed below:
e Small bar diameters are desirable as the peak bond strength decreases when the bars diameter

increases

e The shear strength of GFRP bars is generally 20% of its tensile strength
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e GFRP reinforced specimens achieve about 60% of the bond strength compared with the steel
reinforced

e At the same reinforcement ratio and geometric size, GFRP and steel reinforced beams
roughly have the same bearing capacities. However, GFRP reinforced beams have much

poorer crack control.

2.14 GFRP Reinforcement Standards

The most widely accepted and recognised standard relating to the use of fibre composite material in
the construction industry has been developed in Canada; CSA S806-12 Design and Construction of
Building Components with Fibre Reinforced Polymers (2012). Australia currently has no codes to
guide engineers on how to safely design GFRP reinforced structures. This is a major constraint which

is currently affecting the acceptance of fibre composite reinforcement materials in Australia.

2.14.1 Flexural Reinforcement

When considering the flexural capacity of a section reinforced with GFRP bars, consideration should
be given to Clause 7.1.2.2 from CSA S806-12. This clause states that when GFRP bars are used for
structural purposes, the tensile stress in the bars fibres under sustained loads shall not exceed 25% of
its tensile failure stress. According to Gardoni et. al (2009), there is two reasons why a reduction
factor must be applied to the ultimate tensile strength of GFRP bars. Firstly, research shows that the
tensile capacity of GFRP bars is a function of time as they tend to deteriorate in harsh environments
while the materials low modulus of elasticity must be taken into consideration. Essentially, applying
a reduction also helps to avoid creep-rupture and fatigue related failures (Prince Engineering, n.d).
Even though a reduction factor shall be applied to GFRP bars during the design processes, their

design tensile strength can still be significantly higher than steel bars (Prince Engineering, n.d).

The design processes for flexural reinforcement outlined in CSA S806-12 and Australian Standard:
Concrete Structures (AS3600) is very similar. Both standards have the same key design principle

while the majority of assumptions are also the same:
Main Design Principle

e Equilibrium: All external forces and moments acting on the section should equal all

internal forces and moments
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Assumptions
e A perfect bond exists between the concrete and the bars
e Strain distribution over the depth of the section remains linear
e The tensile strength of the concrete can be ignored
e The actual curvilinear stress block of concrete in compression can be represented by an
equivalent rectangular stress block

e AS3600 states that the max shear strain cannot exceed 0.003

Significant flexural design equations outline in CSA S806-12 are listed below:
M =T,=C, .7

Where:

T, =0 (AGFRP v 0, * (d _ %)) (1.8)

As T = C, the following equation can be derived:

Bic = Agrrp * Oy (1.9)
! a, *f'cxb

The area of GFRP reinforcement required (Acrre) can be found by combining equations 1.8 and 1.9

together and solving for Acrre

* __ _AGFRP*Oy
M* = ® < AGFRP * Oy * (d —2* ay«f’c*b)) (110)
Where:
e M"= Maximum moment e b = width of beam
e Tz =Tensile force times lever arm e = neutral axis depth
e Cz = Compressive force times lever arm o  Agrrp = Area of GFRP reinforcement
e d = effective depth of section e g, = Ultimate stress in GFRP fibres
e f'c =characteristic compressive strength e (@ = 0.65 for flexural calculations
of concrete after 28 days (CSA S806-12)
e B, =097 —0.0025f"c >0.67 e a; =0.85-0.0015f'c >0.67
(coefficient, CSA S806-12) (coefficient, CSA S806-12)
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2.14.2 Shear Reinforcement

Unlike flexural reinforcement design, the design process specified in CSA S806-12 for shear
reinforcement is considerably different to the process discussed in AS3600.

shear reinforcement outlined in CSA S806-12 is quiet complex and requires many inputs. Some of

these variables aren’t easy to calculate.

For simplicity, AS3600 is more of an acceptable method to calculate the required amount of shear
reinforcement. In AS3600, the design process for shear reinforcement is outlined in section 8.2.7.
The amount of shear reinforcement required in a specific beam section can be calculated after

determining where the design shear force (V*) is positioned on the ‘design for shear diagram’ as

depicted in figure 2-12.

The design process for

Design for shear
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Figure 2-12: Designing shear reinforcement in accordance with AS3600 (Manalo, 2018)

Calculating @Vu.max is generally the first step of the design process as this equation is used to

determine whether the physical dimensions of the beam are adequate to withstand the design shear

force. Where @VVu.max is derived from AS3600:

@Vu.max =02* f'cxbxd
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After proving that the sections dimensions are adequate, @Vuc is then calculated:

1
Ast

OVuc = By * By * By + b d x fev » (22 (1.12)
AS3600 states that if V* > 0.5@Vuc, stirrups or shear reinforcement is required throughout the beam

section. The spacing of these stirrups are then determined based on magnitude of V* and @Vu.min .
Where:

@Vu.min = Vuc + 0.1 x/f'cx*b*d >Vuc+ 0.6 xb*d (1.13)

A relationship between these two parameters is depicted in figure 14. Figure 2-12 indicates that only
minimum shear reinforcement is required if V* < @Vu.min but more than minimum shear
reinforcement is required if V* > @Vu.min. Appropriate stirrup spacing’s can then be calculated

using the equations shown in figure 14.

2.14.3 Serviceability

A Canadian design manual released in 2007 by Newhook and Svecova has outlined some guidelines
which can be used to determine what is considered an acceptable amount of cracking and deflection.
This manual highlights the importance of considering these parameters as these can be the controlling
design factor when using fibre composite materials. Newhook and Svecova recommended that cracks
should be limited to a width of 0.5mm to help protect GFRP bars from any aggressive environment
and meet most visibility requirements. This is important as sleepers must be able to adequately
perform in numerous environments across Australia and around the world. This design manual also

recommends maximum deflections limits. These limits are specified in table 2-5.

Table 2-5: Allowable deflections in GFRP reinforced sections (Newhook and Svecova, 2007)

DEFLECTION
DEFLECTION TO BE CONSIDERED LIMITATION
Immediate deflection due to specified live load (/180"
Immediate deflection due to specified live load (/360

That part of the fotal deflection occurring after
detachment of non-structural elements (sum of {480t
the long-time deflection due fo all sustained loads
and the immediate deflection due to any

additional live load) [ /240§
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2.15 Current Issues with Portland Cement Production

The magnitude of pollution related to Portland cement production has particularly become a focal
point in recent years as the amount of scientific data supporting global warming continues to rise. To
produce Portland cement, huge amounts of energy are required to power large kilns which heats
calcium carbonate (limestone) and other chemical compounds predominately found in raw materials
up to 1500°C (Understanding Cement, 2005). This process is indirectly responsible for large amounts
of pollution as great amounts of fossil fuels must be burnt to sustain the power consumption of these
kilns. Research has found that 40 — 45kWh of electrical energy is consumed per ton of cement
produced (Low CO- Concrete, 2016). The Concrete Conundrum (2008) estimates that one tonne of

carbon dioxide emissions is produced per tonne of traditional Portland cement produced.

2.16 Polymer concrete; an alternative cementitious sleeper material

Sustainability concerns have particularly provoked research into new and evolving cementitious
materials such as polymer concrete as it eliminates the need to produce clinker. According to Ferdous
et. al. (2016) the strength of polymer concrete isn’t reliant on traditional hydration processes as its
strength is dependent on monomers that have been polymerized to form long polymer chains which
arrange to form a strong matrix. Polymer chains are formed by an exothermic chemical reaction once
a resin is activated by a hardening product. The three main components of polymer concrete are;

resin, hardener and fillers.

Research conducted by Bennett-Huntley (2014) has determined that the choice of resin can greatly
affect the mechanical performance of polymer concrete. Currently there are three resins are
commercially available; epoxy, polyester and vinyl-ester. Bennett-Huntley’s research concludes that
epoxy based resins, although more expensive, has superior mechanical properties over other resin
types. Experimental testing suggests that epoxy resins are better suited to withstand vibrational loads,
more durable and water resistant in harsh climates whilst having superior tensile strength. Epoxy
resin is also more sustainable as its more environmental friendly and safer to manufacture then other
resins as it doesn’t require styrene. Therefore, this report will particularly focus on epoxy based
polymer concrete as it has many favourable characteristics which would best suit railway sleeper

applications.

Fillers can be added to polymer concrete to help reduce its capital cost by decreasing the volume of
epoxy required. Some fillers are also added to improve certain mechanical properties. Physical
testing conducted by Barbuta, Harja and Baran (2010) concludes that adding fly ash, a waste product

from coal fire power generation, can improve the mechanical performance of epoxy based polymer
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concrete. Further research conducted by Ferdous et. al. (2016) specifically suggests that the following
fillers outlined in table 2-6 should be used if polymer concrete was used to manufacture railway
sleepers.

Table 2-6: Common fillers added to polymer concrete and their intended benefits (Ferdous et. al., 2016)

Filler Potential Benefits

Fly Ash e Improve resistivity to UV degradation

Reduce the permeability of water

Reduce weathering caused by aggressive climates
Reduce the sleepers weight

Control shrinkage

Increase thermal insulation

Protect the sleeper from bushfires

Hollow microsphere

Fire retardant

Ferdous et. al. (2016) highlights the significance of finding the correct ratio of filler to resin as this
significantly affects the mechanical properties of the polymer concrete. For example, his study found
that increasing the ratio of filler from 0 to 60% reduced the concretes flexural strength by 70% while
the concretes compressive strength started to decreases once the ratio of filler reached 40%. To
determine the optimum ratio, Ferdous et. al. (2016) used a multi-criteria, decision-making method
known as the Analytic Hierarchy Process. It was determined that a filler ratio of 30 — 50 % is

acceptable if polymer concrete was to be used to manufacture railway sleepers.

2.16.1 Tensile and Compressive Strength

Lokuge & Aravinthan (2013) performed numerous tensile and compressive tests on numerous
polymer concrete mixtures. Their aim was to determine how the ratio of fly ash filler and the type of
resin used can affect the behaviour of polymer concrete.  Results gathered from spilt tensile testing
found that the tensile strength of polymer concrete was maximised if the amount of filler was
minimised and epoxy resin was used. Their results found that increasing the ratio of filler affected the

maximum tensile strength of 14.8MPa by 29%.

By comparing results gathered from tensile and compression testing, it appears as though the tensile
strength of polymer concrete is significantly less than its compressive strength; a trend consistent with
traditional concrete. Also similar to traditional concrete, most mixtures were able to reach their
maximum compressive strength by 28 days. Unlike tensile strength tests, increasing the amount of fly

ash filler improved the compressive strength of polymer concrete. This trend was attributed to the fly
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ash reducing the number of air voids within the mixture. Ultimately, the compressive strength of
polymer concrete is controlled by the strength of the polymer chains. This variable is dependent on
the resin used. Lokuge & Aravinthan (2013) concluded that an epoxy based mixture with increasing
fly ash content is most desirable as it can achieve the highest compressive strength for minimal cost.

2.16.2 Modulus of Elasticity

During testing, Lokuge & Aravinthan (2013) used strain gauges to record the stress vs strain
relationship in order to determine the modulus of elasticity. Results indicate that polymer concrete
has a modulus of elasticity ten times lower than traditional concrete. As modulus of elasticity is a
measure of stiffness, polymer concrete is more susceptible to deflect under loading compared to
traditional concrete. Although railway sleepers made from polymer concrete may experience
excessive deflection, a reduction in may be beneficial as holes must be drilled into the sleeper to
attach the rail seat. Drilling through traditional reinforced concrete, especially on site, is difficult due

to its high stiffness.

2.16.3 Cracking

Ferdous et. al. (2016) performed flexural testing on polymer concrete samples and found that all
specimens failed suddenly at their mid-spans without developing any flexural cracks prior to failure.
It is noted that specimens with a small ratio of filler almost deformed like a rubber-like material while
specimens with a high ratio of filler acted more rigid. Similarly, when testing the compressive
strength of specimens containing less than 30% filler, these samples did not show any visible cracks
even after reaching their ultimate strengths. A lack of cracking is attributed to the strong polymer

bonds while the porosity of polymer concrete is extremely low.

2.16.4 Durability

One of the significant advantages of polymer concrete is its durability in comparison to traditional
concrete. This means polymer concrete is better suited for use in environments which experience
freeze thaw cycles and are highly corrosive. Therefore, polymer concrete has the potential to improve
the design life of railway sleepers as they are often implemented in various harsh environments.
Kirlikovali (1981) conducted durability testing on polymer and Portland concrete and conclusively
found that polymer concrete was more durable. Kirlikovali’s results are summarised in table 2-7

below.

37



Table 2-7: Durability of polymer concrete Vs Portland concrete (Kirlikovali, 1981)

Property PC Concrete
Water permeability, 10 ft/yr 0 5.3
Water absorption, %w 0.3 53
Freeze/thaw resistance,
# of cycles 3,300 590
% weight lost 0 25
Hardness, impact hammer 55 32

Acid resistance
% weight lost after
3 months of immersion:

5% HCI 03 24
15% HCI 3 27
10% H.S0, 1.2 39

Sulphate attack

% expansion after

2 years of exposure 0.003 0.5
Corrosion by distilled water None Severe

Ferdous et. al. (2016) wanted to further understand how durable polymer concrete is by measuring the
effects of UV radiation. Tests showed that polymer concrete is susceptible to surface degradation if
directly expose to UV radiation as photons can start a photo-oxidative reaction. This reaction is
significant as it can change the chemical structure of epoxy molecules and cause decolourisation.
Flexural testing found that the flexural strength of polymer concrete can decrease up to 48% if
exposed to UV light for 2000 hours. Specimens also experienced a percentage weight loss of around

0.3% after being exposed for 2000 hours.

2.17 Previous Studies

Research has begun to find new suitable materials to replace traditional timber railway sleepers as
they’re susceptible to weathering. A review paper written by Ferdous et. al. (2015) was aimed at
identifying a number of key constraints which are hindering the acceptance of newly design sleepers
in industry. This paper highlighted that finding a material that has favourable characteristics such as
high strength, low stiffness and being compatible with existing timber structures has been a significant
engineering challenge. It was concluded that existing designs could be improved by adding fibre

reinforcement and optimising fabrication techniques to help reduce costs.

Meanwhile, a number of research projects have been conducted by Kaewunruen and Remennikov in
recent years at the University of Wollongong. Their main objective has been to optimise the design of

precast concrete railway sleepers. Their studies have primarily focused on testing, developing models
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and evaluating the performance of precast concrete sleepers. Information gathered from their research
projects have predominately been used to improve the design of current sleeper designs and provide
recommendations for future work. However, it is apparent that none of their projects have
specifically tested the suitability of GFRP reinforcement. Without proper physical laboratory testing
in accordance with Australian Standards and in-track trials in Australian conditions, it is still unknown
whether GFRP bars are a suitable reinforcement material that can benefit the design of concrete
railway sleepers.

A recent study conducted by T.Baker (2016) aimed to develop a suitable design for a GFRP
reinforced sleeper. This study was able to successfully determine the most critical loading pattern and
propose a suitable reinforcement design which could withstand these critical design forces. A finite
element analysis model was then created to test the proposed GFRP reinforced narrow gauge concrete
sleeper. Another model with steel reinforcement was created so comparisons could be made between
the two designs. Results obtained from numerous models suggest that it is plausible to use GFRP bars
in lieu to steel. The most significant challenge highlighted by Baker is that approximately 50% more
reinforcement is required compared to steel to stop excessive deflection due the modulus of elasticity
of GFRP is significantly less than steel. A comparison between the proposed steel and GRFP
reinforcement designs are given in figure 2-13. The results and recommendations provided by this

report may potentially be false as they have not been verified by physical testing.

GFRP Design Steel Design
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Figure 2-13: More GFRP reinforcement is required than steel (Baker, 2016)

Further research completed by A.Baker (2018) focused on determining what load and bearing
pressure combinations yielded the most critical design parameters. This research project was done in
alignment with the analytical method outlined in AS1085.14. All results in this report were based off

results obtained from finite and fibre modelling only. Baker’s results can be summarised as follows:

39



Calculating the maximum positive bending moment

e Point loads acting on the sleeper compared to distributed loading increased M*

e Increasing the bearing pressure from 10MPa to 40 MPa decreased M*
Calculating the maximum negative bending moment

e Point loads acting on the sleeper compared to distributed loading increased M*

e Increasing the bearing pressure from 10MPa to 40 MPa increases M*
Calculating maximum shear force

e Point loads acting on the sleeper compared to distributed loading increased V*

e Increasing the bearing pressure from 10MPa to 40 MPa decreases V*
Calculating maximum deflection

e Point loads acting on the sleeper compared to distributed loading increases ymax

e Increasing the bearing pressure from 10MPa to 40 MPa decreases ymax

2.18 Research Gap

After reviewing relevant literature, most rail related research projects are currently focused on
theoretical modelling. Theoretical modelling is often done before expensive physical testing in order
to determine whether a new concept is indeed plausible. As discussed, some theoretical testing done
by Baker (2016) suggests that GFRP reinforced sleepers are theoretically possible. Current research
is also utilising theoretical modelling to improve the accuracy of calculating certain parameters which

governs the design of reinforced railway sleepers.

A lack of physical testing to accurately assess the mechanical behaviour of GFRP reinforced concrete
sleepers is clear research gap. Baker specifically recommends that future research projects would
require physical testing of sleepers to validate his proposed reinforcement design. A lack of practical
and accurate data about GFRP reinforced sleepers such as their flexural performance, serviceability,
cost, durability and expected lifespan is stopping the product being widely accepted by the rail
industry. This proves that further research is required to verify whether GFRP reinforced sleepers are

an innovative solution which can help reduce current railway maintenance costs.
There is also the potential to study whether polymer concrete can be used to manufacture railway

sleepers as there is a lack of research and testing related to this emerging product. The popularity of

polymer concrete is set to rise as it has many desirable characteristics as discussed previously.
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Physical testing is required to determine whether polymer concrete significantly affects the sleeper’s
failure mode, crack distribution pattern and magnitude of deflection compared to traditional concrete.

2.19 Project Feasibility

Research conducted by Ferdous and Manalo (2014) has predicted that Australia’s railway industry
currently spends $80 million per annum on track rehabilitation or complete replacement of degraded
timber sleepers. This figure is set to increase as the popularity of rail in Australia continues to rise.
This justifies the need to develop a highly durable sleeper which can significantly reduce current
maintenance costs. Sleepers reinforced with GFRP also have the potential to surpass the design life of
steel reinforced concrete sleepers as GFRP bars are non-corrosive and strong. Therefore, if a practical

GFRP reinforced sleepers was designed, it would have a competitive edge on the current market.
This project will particularly continue the work of Baker (2016) who developed a finite element

model of a concrete railway sleeper reinforced with GFRP bars. Physical testing is feasible as all

materials and equipment is readily available within the laboratories at USQ.
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Chapter 3  Finite Element Analysis

3.1 Chapter Overview

This chapter will particularly focus on explaining the theoretical design procedures implemented
throughout this project and any calculations used to determine the suitable amount of GFRP
reinforcement to satisfy flexural and serviceability requirements. The first phase in any design
process is to determine any variables and outline any assumptions used to simplify the design process.
This phase of the design process will be done in alignment with the information gathered in
Chapter 2.

It is important to justify the choice of certain design parameters as the second phase of the design
process, the development of a finite element model, is solely dependent on the accuracy of these
inputs. This particular research project chose to implement a well-known finite element modelling
software package called Strand 7 to simulate the flexural performance of an in-track railway sleeper.
As the accuracy of the model is dependent on the user’s inputs and judgment, it is important to
document exactly how the model was created. Therefore, this chapter will clearly explain how all the

models that were created in strand 7.

Once the accuracy of the models has been verified, the results gathered will be analysed in order to
determine the sleeper’s design moment (M*), shear force (V*) and deflection (ymax). These critical
parameters will then be used in the final phase of the design process; determining the amount of

reinforcement required.

3.2 Benefits of Creating a Finite Element Model

According to PreTechnologies (2014), many industrial products have complex geometry components
while their performance can easily be affected by heat and material faults. Consequently, simple
calculations often become obsolete as they cannot yield accurate results. This often forces people to
use more complex analysis methods and equations which are more time consuming and mistake
prone. Another alternative but expensive solution to this problem is to build and physically test a
number of prototypes. This conundrum has led to the development of finite element analysis
programs which uses advanced computational tools to quickly calculate and capture complex results

compared to hand calculations and physical testing.
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PreTechnologies (2014) suggest that finite element analysis relies on subdividing a component into
small, individual elements separated by nodes. These individual elements are then stitched back
together to form an ‘assembly of elements’ which simulates the original component as a whole.
Breaking the component into many small elements enables the computer to accurately solve a system
of equations which yields unique and accurate results. The degree of element subdivision is often
referred to as a mesh where a fine mesh resolution produces the most accurate results. According to
PreTechnologies (2014), the following reasons are why finite element modelling is beneficial:

o Safe simulation of potentially dangerous, destructive or impractical load combinations and
failure modes

e Testing of several failure modes or physical events using a single common model

e Calculations are given a visual aspect which can enhance a designers ability to assess
performance and help identify areas that needs improvement

e Low investment and rapid calculation time

o Simultaneous calculations of different physical parameters such as temperature change

As technology continues to progress, finite element analysis software programs have increasingly
become more user friendly. Therefore, this type of analysis has become widely accepted by the civil
engineering industry as it’s a very practical method to analyse the performance of new designs.
Consequently, this type of analysis was chosen to determine the flexural requirements of a railway
sleeper over traditional hand calculations. The flexibility of a finite element analysis model will be
particularly useful when analysing a number of different load and bearing combinations acting on the

sleeper.

3.3  Analysing a Sleeper

As mentioned in Chapter 2, the magnitude of bearing pressure and the type of rail load acting on the
sleeper can significantly affect the magnitude of moment acting on the sleeper. Fortunately, A.Baker
(2018) has already conducted significant testing on different load and bearing pressure combinations
in order to determine which scenarios causes the most critical results. Based on Baker’s findings, the
following models shall be created in Strand 7 to determine the most critical M*, V* and ymax. These
parameters are required to design the sleepers flexural and shear reinforcement while ensuring

serviceability requirements are met.
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Model 1

This model shall be used to determine maximum positive bending moment, shear force and
deflection. The rail seat load will be applied as a point load while the bearing pressure is minimised
(10MPa) as seen in figure 3-1. The length of the bearing distribution pattern underneath the sleeper
will be determined in accordance with the empirical method from AS1085.14 as outlined in

Appendix C.
I RU
T T TTTTTTTTTTTTIT eI,
Support modulus - 10 MPa
Figure 3-1: Finite Element Model 1
Model 2

This model shall be used to determine the maximum negative bending moment. The rail seat load will
be applied as a point load while the bearing pressure is maximised (40MPa). As seen in figure 3-2,

the sleeper will be subjected to bearing pressure along its entire length as explained in Chapter 2.

I I
FETIETTTE e e T e e e e e e e e e e e e e e e e e e
Support modulus - 40 MPa

Figure 3-2: Finite Element Model 2

3.4 Preliminary Sleeper Design

Before a finite element model can be created, the sleeper’s dimensions must be finalised and the rail
seat load must be calculated. Such preliminary design details have be clarified in sections 3.4.1 and
3.4.2.
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3.4.1 Calculating the Rail Seat Load

As mentioned in Chapter 2, many theoretical methods have been developed over time and can be used
to approximate the rail seat load acting on an individual sleeper.  As this project is specifically
focused on developing a narrow gauge track sleeper suitable for use in Queensland, it was decided
that the rail seat load should be calculated in accordance with the method outlined in Section 3 of

AS1085.14. Therefore, the following calculations were used to calculate the rail seat load:

Using equation (1.5):

PdV = kQ
Where:

_ weight of passing train y "
~ number of wheels gravity

The dead load of the passing train shall be taken as 20 tonnes as specified in Section 2.2 of
TRACK-CT.172; Appendix B.

ks = dynmanic load factor

The dynamic load factor shall be taken as 2.5 when there is a lack of field measurements. Refer to

appendix B.
Therefore:
= 20 tonnes X 9.81 = 98.1 kN
" 2 wheels e
k=25
Hence:

PdV =2.5 x98.1

PdV = 245.25 kN

Now using equation (1.6):

_ Pg,DF
v 100
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Where:

DF = 48%
Substituting values into equation (1.6):
_ 245.25 x 48
v 100

R, = 117.12 kN

When creating the Strand 7 model, two point loads of the same magnitude (117.12 kN) should be
applied to the sleeper about its centroid at a distance equal to the track’s gauge width.

3.4.2 Sleeper Dimensions and Parameters

It is critical that the finite element model has exactly the same dimensions, parameters and material
properties as the sleeper would in real life otherwise all theoretical results would be unrealistic. If the
model is inaccurate, the sleeper may become over reinforced, increasing production costs or under
reinforced, which could lead to premature failure. Both scenarios are not desirable meaning great care
must be taken to ensure the finite model is developed correctly. Table 3-1 below lists the parameters

which were used to create the finite element models in Strand 7.

Table 3-1: Sleeper model properties

Parameter Measurement
Track gauge (narrow gauge) 1067mm
Width of rail at wheel (based on AS41 rail type) 63.5mm
Distance between rail centres 1067 + 63.5 =1130.5mm
Concrete strength (f°¢) 32 MPa
Concrete density 2400 kg/m®
Young’s modulus 30960.0 MPa
Poisson’s Ratio 0.2

Finalising the sleeper’s dimensions should be done in alignment with Table 2-4 in Chapter 2 as the
sleepers overall dimensions must be within a standardised range to suit the design brief,

TRACK-CT.172. Ease of construction is another factor which must be considered.
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After discussions with university staff, it was decided that an existing precast sleeper mould should be
reused for simplicity purposes. This mould is suitable for this assessment as its dimensions are
within the tolerances specified in Table 2-4. Therefore, the adopted sleeper dimensions for this
analysis are shown in figure 3-3.

1 I

1 I
1 1

499.75 1130.5 499.75 ~=-230-=

2130

Figure 3-3: The dimensions of the GFRP reinforced sleeper under investigation (mm)

3.5 Developing the Finite Element Model

For this particular analysis, Strand 7 version 2.4.6 with an educational license only was used to
simulate the performance of a sleeper on an elastic foundation. Two individual models were created
using the program to determine M*, V* and ymax. The development of these models will be

discussed further in sections 3.5.1 to 3.5.3.
3.5.1 Bearing Pressure Distribution

As shown in figures 3-1 and 3-2, two different bearing pressure patterns will be used to determine
maximum positive and negative bending moments respectively. These two bearing patterns have been
adopted from AS1085.1. In accordance with clause 4.2.1 in AS1085.14, the bearing pressure
distribution beneath each rail seat and the entire length of the sleeper should be uniform. In Strand 7,
the bearing pressure can be applied to the beam using a function called ‘support’. This in-built

function and is specifically designed to simulate a beam sitting on an elastic foundation.

Model 1 Distribution Pattern
In accordance with Appendix C, the length of ballast supporting the sleeper beneath each rail seat can
be calculated as follows:

A=08(L-g) (2.1)

Where: L — The length of the sleeper
g — Distance between rail centres
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Therefore, using the dimensions specified in table 3-1,

A =0.8(2130 — 1130.5)
A = 800mm

The maximum positive bending moment occurs directly after the track has been freshly tamped as this
causes the centre portion of sleeper to become separated with the ballast underneath. This support
type maximises the positive bending moment in the bottom portion of the sleeper as the sleeper acts as
though it’s simply supported when loaded. Consequently, the middle portion of the sleeper (535mm)

will have no bearing support when modelled in Strand 7.

Model 2 Distribution Pattern

Over time, the ballast gradually compacts and begins to support the centre portion of the sleeper. As
the bearing distribution area underneath the sleeper increases, a negative bending moment can
develop in the top portion of the railway sleeper when loaded. When modelling this case in Strand 7,
the bearing pressure should be made uniform along the entire length of the sleeper to model the worst

case scenario.

3.5.2 Point Load Application

As proven by A.Baker (2018), bending moment is maximised when the rail seat load is applied using
two vertical point loads compare to two equivalent uniform distributed loads acting across the width
of the rail road which sits on top of the sleeper. Therefore, it is only necessary to apply point loads to

the sleeper models in Strand 7.

3.5.3 Finite Element Modelling in Strand 7

Before elements which characterize the sleeper can be added to the model, several nodes must be
created at suitable positions along the length of the sleeper. Nodes are used to connect individual

elements so all elements act as a continuous uniform section when analysed. The positions of these

nodes are shown in table 3-2 and 3-3.
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Table 3-2: Strand 7 node positions for Model 1

Node X co-ordinate (mm) Y co-ordinate (mm)

0
499.75
800
1065
1330
1630.25
2130

N[O~ WIN|F-
O |O|O|O0|O0|O0|O

Table 3-3: Strand 7 node positions for Model 2

Node X co-ordinate (mm) Y co-ordinate (mm)

0
499.75
1065
1630.25
2130

OB WIN |-
o|joo|o|o

For the software to fully analyse the sleeper without error messages, some of these nodes must be
restrained. Therefore, the nodes at the end of the sleeper have been restrained to replicate simple
roller supports. Such restraints ensure that the sleeper cannot move in x plane and cannot carry
moment. However, the sleeper is free to rotate at each end. Nodes have also been purposely
positioned directly underneath each rail road. Including these nodes will simplify the process of
applying the rail seat loads as it enables a function within the program called ‘Node force’. This
function enables a point load of any magnitude to be applied directly to the node selected.

After creating the nodes, individual sleeper elements which span between the nodes were created.

Figure 3-4 and 3-5 show the interaction between the nodes and elements used to model the sleeper.

1 2 3 4 5 6 7

Figure 3-4: Nodes and elements within Model 1

1 2 3 4 5

Figure 3-5: Nodes and elements within Model 2
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Using dimensions and parameters listed in figure 3-3 and table 3-1 respectively, elements in Strand 7
were created. Figure 3-6 shows the exact element properties adopted in Strand 7.
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Figure 3-6: Strand 7 beam parameters

The rail seat load and the two different bearing distribution patterns were then be applied to the
sleeper to complete the two models. Figure 3-7 and 3-8 shows the two models developed in Strand 7

respectively.

10000.0 kN/m?

-

10000.0 kN/m?>

e

10000.0 kN/m?

10000.0 kN/m?

-117.2 kN

Figure 3-7: A 3D view of Model 1 developed in Strand 7
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40000.0 kN/m”

;

Figure 3-8: A 3D view of Model 2 developed in Strand 7

3.6  Finite Element Modelling Results

The main purpose of conducting a finite element analysis was to accurately determine the magnitude
of important design parameters such as M*, V* and ymax so adequate calculations can be performed
to calculate the minimum amount of GFRP reinforcement required. The following diagrams and
values have been obtained from Strand 7 after solving respective models. It should be noted that only

the critical diagrams and results are shown below.

0.000000%40. 0.000000x 10°
/ 8.714776x10°  8.736642x10° smw@”\

1.614712x 10" 1.614212x 10"

Figure 3-9: Maximum positive bending moment diagram obtained from model 1

W \I/ oo

1.2426518x10" 1.242618x 10"

Figure 3-10: Maximum negative bending moment diagram obtained from model 2
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0.000000x 10”

-4,901170x 10°

1.650258x 10 * 0.000000% 107 -1.650258x 10

-6,818830x 10°

0.000000x 10°

Figure 3-11: Maximum shear force diagram obtained from model 1
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1.571629x107 m
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Figure 3-12: Vector diagram showing the expected magnitude and direction of deflection

Table 3-4: A summary of significant Strand 7 results

Parameter Model Number | Figure Reference Magnitude
M* (positive) 1 3-9 16.142 KNm
M* (negative) 2 3-10 5.229 KNm

V* 1 3-11 68.188 KN
Ymax 1 3-12 5.84 mm

52




3.7 Model Verification

According to Hillston (2003), model validation is the task of demonstrating that the model is a
reasonable representation of the actual system and whether the model is accurate enough to satisfy
research objectives. The definition of ‘reasonable’ generally changes as it is dependent on funding
and time constraints. Hillston (2003) also states that there are three common aspects which should be
considered during model validation:

e Assumptions
e Input parameters

e Qutput values

As many of the parameters and assumptions required to create these models have already been
justified, this section of the report will predominately focus on validating the output obtained. As
mentioned in Chapter 2, the analytical method outlined in AS1085.14 can be used to analyse the
sleeper’s behaviour on an elastic foundation. Consequently, the analytical method shall be used to
verify the results obtained by the finite element models. Below, table 3-5 compares the results
obtained from Strand 7 and the Analytical method. It is important to note that the analytical method
assumes a uniform bearing pressure along the entire length of the sleeper. This means that a fair

comparison only exists between the results gathered from Model 2.

Table 3-5: Finite model validation by comparing results calculated using the analytical method

Model 2: Uniform bearing distribution pattern 40 MPa
Strand 7 Analytical Difference
Mac (kNm): Based off Equation (1.1) and (1.3) 12.426 12.402 0.024
Mo (kNm): Based off Equation (1.2) and (1.3) 5.229 5.289 0.060
Ymax (mm): Based off Equation (1.4) 5.84 2.218 3.622

Overall, it appears as though the model and the analytical method yield similar moments at the centre
of the sleeper and at the rail seat. Based on the consistency of moments calculated, it appears as
though the model has been developed properly and is performing as expected. After reviewing table
3-5, it is evident that there is some variance in deflection between the two methods. In reference to
clause 3.4.3 within AS1085.14, the magnitude of deflection is generally controlled by the condition of
the ballast which varies. Therefore, it is somewhat expected to see some indifferences in deflection

approximations.
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It’s best to compare results obtained from Model 1 with results obtained using the other structural
analysis method mentioned in AS1085.14; the empirical method. The empirical method is more
appropriate to validate Model 1 because the bearing pressure beneath the sleeper doesn’t need to be
uniform along its entire length. Using the equations depicted in Appendix C where: a = 0.8(L-g), both
the negative and positive bending moment can be calculated at the rail seat and the centre of the
sleeper. Table 3-6 compares the results obtained from Model 1 in Strand 7, and the Empirical method
outlined in Appendix C.

Table 3-6: Finite model validation by comparing results calculated using the Empirical method

Model 1: Bearing distribution pattern 10 MPa under each rail seat

Strand 7 Empirical Difference

18.384 2.242
Positive bending moment at rail seat (kNm) 16.142 8.38455 55
11.76611 -3. 11

Positive bending moment at rail centre (kNm) 8.736 766 3.030

It was expected that the empirical method would be more conservative than the finite element model
as Strand 7 simulates the sleeper sitting on an elastic foundation. As the variance in both moment

calculations is less than 20%, it can be concluded that Model 1 is performing as expected.
3.8 Summary of Finite Element Modelling

It is apparent that both finite element models are a reasonable representation of an actual sleeper and
are their results are accurate enough to satisfy research objectives. Research conducted by Baker
(2018) was very useful during this process as it significantly reduced the number of models required

to calculate the absolute maximum of the design parameters; M*, V* and ymax.

The results summarised in table 3-4 will be used to determine the amount of GFRP reinforcement
required in the test sleepers. The following sections in the report will thoroughly explain the design
process undertaken and any calculations used to determine the amount of flexural and shear

reinforcement required.
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3.9 Reinforcement Design Considerations

In order to sufficiently design reinforcement, some essential design parameters must be established.
These parameters directly affect the overall flexural performance of the sleeper. Any assumptions or
decisions in regards to these design parameters are discussed in the following sections.

3.9.1 Concrete Cover

The size of aggregates in a cement mixture greatly affects its workability (Concrete technology,
2014). Poor workability can lead to segregation of particles in the mix causing honeycomb patches,
non-uniform sections, porous concrete and poor bonds between the reinforcement bars and the
concrete itself (Concrete technology, 2014).  All of these characteristics ultimately reduce the
expected design life of the concrete structure (Concrete technology, 2014). As a result, concrete
cover and spacing’s between reinforcement bars have been governed by aggregate size. This
requirement is elaborated in clause 4.10.2 within AS3600. This clause specifies that a designer
should specify a cover that ensures concrete can be satisfactorily be placed and compacted around the

reinforcement; hence the cover should always be greater than the maximum nominal aggregate size.

As mentioned in Chapter 2, polymer concrete does not contain large aggregates as seen in traditional
Portland concrete which can reach sizes up to 20mm. Therefore, the amount of cover required when
using polymer concrete can be reduced compared to Portland concrete. Reducing the cover is
desirable as it helps to maximise the sections effective depth. Increasing the effective depth of a
section ultimately reduces the amount of reinforcement required as it lengthens the lever arm in
equation (1.7). As specified in the projects objectives, the adequacy of polymer concrete needs to be
determined. Consequently, both test sleepers made from Portland and polymer concrete respectively
will use the same ‘reduced’ cover to ideally suit polymer concrete. Standardising the cover will also
ensure a fairer comparison between the two different concretes as the effective depth will remain the

same.

Another major factor which determines the amount of cover required is its exposure classification. As
specified in section 4.10.3 within AS3600, the strength of the concrete and its exposure classification
should be used in conjunction to determine a suitable amount of cover which can adequately protect
internal reinforcement from corrosion. If adequate cover isn’t provided, the structure may be prone
to premature failure as corrosion can cause significant weakening of flexural reinforcement. However,
as highlighted in the literature review, one of the great advantages of using GFRP bars is their ability

to resist chemical attack. Consequently, GFRP bars can be placed closer to the surface of a structure
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without risk of corrosion. The literature review also discussed how Polymer concrete has superior

weathering and chemical resistance compared to Portland concrete.

Due to these reasons, a significantly small cover has been adopted. Both test sleepers will only have a
cover of 10mm. In comparison with AS3600, 10mm of cover is at least half the recommended
amount of cover required when using 32MPa concrete.

3.9.2 Size of Flexural Reinforcement

The GFRP bars used for this investigation will be sourced from Inconmat Australia; an industry based
company who actively collaborates with the University of Southern Queensland.  This company
imports ‘V-Rod’ bars from Canada which are manufactured by Pultrall Incorporated. Their product is
made from high strength glass fibres which are hardened by a strong vinyl-ester resin (V-ROD
Fiberglass Rebar Canada, 2012). Extensive testing has already been done on all V-Rod bars meaning
their properties can be assessed using tables provided by Pultrall (V-ROD Fiberglass Rebar Canada,
2012). The ultimate strength (Fu) of bars with varying diameter is given in table 3-7 below.

Table 3-7: Fu of GRFP bars supplied by Inconmat Australia (V-ROD Fiberglass Rebar Canada, 2012)

Bar Size Bar diameter (mm) Minimum Guaranteed fu (MPa)
#2 6.35 Not specified
#3 9.53 1372
#4 12.70 1312
#5 15.88 1184

In industry, small diameter bars are preferred as they are easier to handle and work with onsite, reduce
the chance of high tensile stress cracks developing if the concrete shrinks and the sections effective
depth is maximised (The concrete countertop institute, 2019). As mentioned in chapter 2, Gu, Yu and
Wu (2016) also recommends minimising the diameter of GFRP bars as their trials found that smaller

diameter bars were able to achieve a higher peak bond strength.

Ultimately, the diameter of flexural reinforcement (d,) must suit the beams physical dimensions.
Based off previous research conducted by T.Baker (2016), the required amount of flexural GFRP
reinforcement is fairly small meaning it could be plausible to use the smallest bar size available; bar
size #2. Although its exact fu value is unknown, it can be assumed that its value is similar to bar

size #3.
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3.9.3 Size of Shear Reinforcement

The shear reinforcement used for this investigation is also sourced from Inconmat Australia. The
diameter of the stirrups (ds) is approximately 5mm. Unlike steel stirrups which are individually
spaced, GFRP stirrups are manufactured as one continuous coil which wraps around the entirety of
the flexural bars. The minimum fu of the GFRP stirrups can be assumed to be the same as the bar
size #3.

3.9.4 Effective Depth

The effective depth of the flexural reinforcement in the test sleepers can now be calculated as follows:

d =D — cover —dg —d, /2 (2.2)
d=115-10-5-6.35/2
d =96.825 mm

3.10 Flexural Reinforcement Design based on Finite Element Results

Now that the sleepers cover, size of bars and effective depth have been determined, the required
amount of flexural reinforcement can be determined based on the equations discussed in Chapter 2
from CSA S806-12.

Maximum Positive moment calculated from Strand 7:
M* =16.142 kNm

Equation (1.7) states:
M* =T,

Determining Tz using equation (1.8):

T, = (Z)(AGFRP * Oy * (d_%)>

Where:
® = 0.65
o, = 0.25 1372 = 343
d =96.825
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Equation (1.9) states:

Agrrp * 0y Agrrp * 343 343 % Agrrp
ay *xf'cxb  0.802%32%230  5902.72

pic =

Now substituting values back into equation (1.7) and Rearranging to solve for Agpgrp:

16.142 x 10° = 0.65 | Agrgp * 343 * (96.825 - M)
2% 5902.72

AGFRP = 1133 mmz

By using the exact standards outlined in CSA S806-12, 36 x @6 GFRP bars would be required to
sufficiently counteract the moment cause by the two vertical rail seat loads being applied to the
sleeper. Evidently, this solution isn’t logical as it would be physically impossible to fit 36 bars into a
section that is 230mm wide. Consequently, some modifications must be made to these calculations in

order to obtain a practical result.

As discussed in literature review, GFRP bars are capable of having a much higher yield strength
compared to traditional steel rebar. This fact is further highlighted in table 3-7 as size #2 bars have a
minimum guaranteed fu of 1372 MPa. This is significantly higher than steel which typically has a
minimum guaranteed fu of 500MPa. This indicates that the GFRP bars manufactured by Pultrall
Incorporated are approximately 274% stronger than their steel counterparts. Although being much
stronger, this additional strength isn’t being utilised as current design standards applies a significantly
large reduction factor to the total fu value; 0.25. Therefore, this reduction factor will be eliminated to
minimise the amount of reinforcement required. Designing the sleeper based on this modification will
also help to better evaluate the flexural performance of individual GFRP bars as they will now be

subjected to greater strains; an objective of this research project.

Another parameter which can be manipulated is the factor of safety or the @ value. As stated in CSA
S806-12, @ is currently 0.65 which is significantly high. In comparison, the recommended @ value in
AS3600 for flexural members is 0.8. Therefore, to help minimise the amount of reinforcement
required, the @ value in this investigation shall be taken as the average of these two values; 0.725.

The amount of flexural reinforcement was recalculated based off these two modifications.
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Maximum positive moment from Strand 7:
M* = 16.142 kNm

Using equation (1.8) and substituting in known values:

1372 % A
16.142 % 108 = 0.725 <AGFRP * 1372 * (96.825 - J))

2%5902.72

Rearranging and solving for Agpgrp :

AGFRP = 224 mmz

Therefore, 8 x 6 GFRP bars would be required to sufficiently counteract the positive moment cause
by the two vertical rail seat loads being applied to the sleeper. It is obvious that this solution is more

logical.

Maximum negative moment from Strand 7:
M* = 5.289 kNm

Using equation (1.7) and substituting in known values:

1372 A
5.289 % 10° = 0.725 <AGFRP * 1372 * (96.825 = GFRP))

2% 5902.72

Rearranging and solving for Agpgp :

AGFRP - 58 mmz
Therefore, 2 x @6 GFRP bars would be required to sufficiently counteract the negative moment cause

by the two vertical rail seat loads being applied to the sleeper. Figure 3-13 shows the proposed

flexural reinforcement as calculated above.
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Figure 3-13: Proposed flexural detailing

3.11 Shear reinforcement design based on Finite Element Results

As discussed in Chapter 2, AS3600 will be used to determine a suitable amount of shear
reinforcement throughout the sleeper. It is important to note that these calculations will also assume
that the full strength of the GFRP stirrups will be utilised.

As seen in figure 3-11, shear force varies along the length of the sleeper meaning the spacings
between shear stirrups does not need to be uniform. Therefore, the overall amount of reinforcement
may be reduced. It is important consider such design aspects as reducing the spacings of stirrups

could help reduce manufactoring costs.

As stated in table 3-4, the max shear acting on the sleeper is:
V* =682kNm

Using equation (1.11):

@Vu.max =02 * f'c*b xd

Where:
f'c =32 Mpa
b = 230 mm
d=115-10-2.5=102.5mm
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Therefore,

@Vu.max = 0.7 * 0.2 * 32 * 230 « 102.5
@Vu.max = 105.6 kN

Using equation (1.12):

1
3

oV bxd ( st )
= * * *x D % d * *
uc = By * By * B3 fcv b d

Where:

B1 = 1.648
Br=P3=1
b =230 mm
d = 102.5mm
fcv = 3.175 MPa
Ast = 8 3% x T = 226 mm?

Therefore,

W=

226
OVuc =0.7*%1.648 x1 1 %230 x 102.5 x 3.175 * ( )

230 % 102.5
@®Vuc = 18.4 kN

Hence:
0.50Vuc = 0.5 % 18.4
0.50Vuc = 9.2 kN

Using equation (1.13):
@Vu.min = Vuc + 0.1 */f'c*bxd >Vuc+0.6*b*d

Where:

% —184—262kN
uc =—1— = 26.

f'c =32 MPa
b =230mm
d =102.5mm
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Therefore,

@Vu.min = 26.2 + (0.1 * V32 * 230 * 102.5)/103 > 26.2 + (0.6 * 230 * 102.5)/103
@Vu.min = 39.54 kN > 40.34 kN (false)

Hence,
OVu.min = 0.7 *x 40.34 kN
@Vu.min = 28.2 kN

Figure 3-14 shows the magnitude of V" in comparison to the values just calculated. Figure 3-14
demonstrates that ‘more than minimum’ reinforcement will be required around the rail seats where
maximum shear forces acts. As no shear force acts on the mid-section of the sleeper (refer to figure
3-11), no shear reinforcement is required through the mid-section of the sleeper. However, for ease of
construction, minimum shear reinforcement shall be adopted through the mid-section as GFRP shear
reinforcement is usually purchased as a singular coil which wraps around the entirety of the flexural

bars.

@Vuc.max = 105.6 kN

\

T @Vucmin=282kN

@Vuc =18.4 kN

0.5@Vuc =9.2kN V" mid-secfion
of the sleeper

V*=68.2 kN !

—m—Redesign—m—————Shear reo required—m———s——Ninimum shear reo requred———m=——=s——No shear reo required——m=—

Figure 3-14: Design for shear diagram

Calculating the spacing for more than minimum shear reinforcement as required; refer to figure 2-12.
ASU * fu * d
Ss=—————

Vi cot (6,)

Where:
Ay, =2 2.5%2 xm = 39.3mm? (2 legs of @5 GFRP bars)
f, = 1372 MPa
d = 102.5mm
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Vus = 68.2—-184 71.2 kN
us = 07 = .

68.2 — 28.2

0, =30 +15 (105.6 — 282

) = 37.75%° = 0.658rad

Therefore,

| 39.3+1372%1025
5= 71.2

cot (0.658)

s =100.2 mm

The spacing of shear reinforcement shall be taken as the minimum of s, 0.5*D and 300mm

Spacing required = min[100.2,0.5 * 115, 300]

Spacing required = 57.5mm

Adopt a spacing of 50mm when more than minimum reinforcement is required and adopt a spacing of
100mm throughout the middle section of the beam where no shear reinforcement is required. Refer to

shear reinforcement detailing in figure 3-15.

Stirrup spadng = 50mm Stirrup spacing = 100mm Stirrup spacing = 50mm
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Figure 3-15: Shear reinforcement detailing
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3.12 Designing the Polymer Concrete Sleeper

Initial design concepts envisioned manufacturing the entire railway sleeper using polymer concrete in
lieu to Portland concrete. However, after the literature review, this concept was deemed unfeasible. A

sleeper entirely made from polymer concrete was rejected because:

e Polymer concrete has a very low stiffness compared to traditional concrete hence the
sleeper may deflect dramatically, affecting the trains ride quality and speed

e Polymer concrete is expensive compared to traditional concrete meaning the cost of
an individual sleeper wouldn’t be competitive with other designs currently on the

market

At this point in the design process, more research was conducted on polymer concrete to find
alternative ways to incorporate this emerging product. The concept of using polymer concrete wasn’t
completely rejected as initial research suggests that epoxy based polymer concrete has many

favourable characteristics.

According El-Hawary et al. (2000), polymer concrete is becoming one of the most common methods
to repair and rehabilitate existing concrete structures because it has great workability and superior
durability characteristics. Polymer concrete it is typically grouted over deteriorating structures or
directly injected into existing surface cracks. Tests done by El-Hawary et al. (2000) indicate that
polymer concrete is able to bond well with traditional concrete and prevent great deterioration.
Momtazi et al. (2015) also states that polymer concrete has successfully been used in the past to
protect bridge decks, industrial floors and waste tanks from accelerated corrosion. Based on these
findings, polymer concrete could specifically be used to protect a traditional concrete sleeper and its

internal reinforcement hence extending its design life.

After conducting numerous tests on polymer concrete, Ferdous (2016) concludes that polymer
concrete could sufficiently protect a composite railway sleeper. However this statement remains
theoretical as no testing was actually performed on full scale polymer railway sleepers. Therefore, this
research project should aim to manufacture a railway sleepers made from polymer concrete with a
traditional concrete core. For this investigation, the sleeper detailed in figure 3-16 will be adopted.
Note that the second row of GFRP bars in the tensile region should be cast with the concrete core but

retain the same effective depth as the other sleeper. The aim of this particular design is to:
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e Use polymer concrete to create a protective coating as research suggests that it more

resistant to weathering, chemical attack and cracking compared to Portland concrete

e Maintain a traditional concrete core to improve stiffness and reduce production costs

e Reduce the sleepers overall carbon footprint by reducing the quantity of Portland

cement used
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Figure 3-16: Polymer concrete sleeper with a Portland concrete core
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Chapter 4 Experimental Program

4.1  Chapter Overview

This chapter will predominately focus on the materials and methods used to manufacture the test
sleepers. A risk assessment was also undertaken to help identify potential hazards. Some
recommendations were then provided to make sure appropriate safety precautions were followed.
Both sleepers endured destructive and non-destructive testing. Due to the limited number of test
specimens, the sleeper was always orientated to withstand maximum positive moment. During

destructive testing, the sleeper’s deflection was also measured.

4.2  Safety Considerations

All organisations in Queensland must comply with the Work Health and Safety Act 2011 as anyone
has the right to go home at the end of the day in the same condition as they arrived. Therefore,
students at the University of Southern Queensland must complete an extensive risk assessment for
each experimental activity before use of facilities and equipment is permitted. Any participants were
also formally required to complete a lab site safety induction with a certified laboratory assistant

before testing could commence.

A risk can be defined as a function of likelihood and severity (What is Risk?, 2018). In accordance
with figure 4-1, each activity related to the manufacturing process was given a risk score in table 4-1.

Some recommendations have been included to help minimise the degree of risk involved.

Risk Rating = Likelihood x Severity

Catastrophic 5 5 10 15

S !
e Significant 4 4 8 12
v
e Moderate
S 3 6 9 12 15
i Lo
t o 2 4 6 8 10
y Negligible 1 ‘ 5
catastrophic [Jj stoe 1 2 3 4 5
Unacceptable D URGENTACTION Improbable| Remote | Occasional | Probable Freguent
Undesirable [_] ACTION ‘ ‘
Accoptabl, MONITOR 2 =
s~ — Likelihood

Desirable - NO ACTION

Figure 4-1: Risk assessment criteria (What is Risk?, 2018)
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Table 4-1: Risk assessment scores and precautionary actions

Task SRcIs:(e How can this risk be reduced
Use common sense when using the hacksaw and keep hands
Cutting GFRP bars 8 well away from the cutting surface. Always use eye protecting
to size while cutting and wear a mask to prevent inhaling loose glass
fibres.
. . Super glue will be used to attach the strain gauges to the GFRP
Attachér;%éx strain 4 bars. The glue could come in contact with the students hands
and should be immediately washed.
These items will be heavy and precaution should be used when
Concrete products 3 lifting them.
Compacting and This task will require the use of some tools such as vibrators
placing the 3 and trowels. Use common sense.
concrete
Setting up the This will in_volve manoeuvring th_e sleepers into position undgr
. 3 the hydraulic press and connecting the leads from the strain
experiment
gauges to the computer.
Testing will require the use of a large hydraulic jack which has
the potential to crush limbs and cause serve injury. To minimise
Testing the 8 risk, students must stand back from the test in progress.
Sleepers Specimen failure may cause the concrete to spall and splinter.
Therefore, a safety cage should be used around the sleeper to
protect the operators from potential projectiles.

Beyond the completion of testing, no major risks have been identified. Participants should ensure that

any waste concrete is placed into appropriate rubbish bins so it can be disposed of properly by USQ.

4.3 Materials

A detailed equipment list can be found in Appendix D All materials were sourced through the
university. As discussed in Chapter 1, all material costs were covered by industry partners. The
quality of some materials may vary depending on where they were sourced and their initial cost.
Therefore, sections 4.3.1 and 4.3.2 will specifically discuss what products were used throughout this

investigation.

4.3.1 GFRP bars

As mentioned previously in section 3.9.2, USQ sources GFRP bars from Inconmat Australia who
directly import ‘V-Rod’ bars from Canada which are manufactured by Pultrall Incorporated. Their
GFRP bars are made from high strength glass fibres which are hardened by a strong vinyl ester resin

(V-ROD Fiberglass Rebar Canada, 2012). Their mechanical properties can be seen in Appendix E.
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4.3.2 Strain Gauges

Strain gauges are small electrical devices used to measure deformation caused by an external force or
moment. Strain gauges are commonly used when evaluating mechanical performance as strain data is
often used to predict ultimate material failure. Therefore, strain gauges shall be attached directly to
each row of flexural reinforcement at the sleeper’s midpoint where the maximum strain will occur.
For this investigation, 3mm long uniaxial strain gauges will be attached to the reinforcement to
measure the strain developed in the flexural bars under loading while an additional two 10mm long
uniaxial strain gauges will be attached to the sleeper’s top and bottom surface to measure strain
developed within the concrete.

4.4  Preparation of Test Sleepers

The reinforcement cage was constructed at USQ in accordance with the detailing drawings developed
in Chapter 3; refer to figures 3-13, 3-15 and 3-16. In order to construct the cage, all flexural bars
were initially cut to size (2110 mm) to allow 10mm of cover at each end of the sleeper. The shear
reinforcement coil was then wrapped around the flexural bars while cable ties were used to fix the

stirrups at appropriate spacing’s; refer to figure 4-2.

P
‘ fijn

Figure 4-2: Cable ties used to fix flexural and shear reinforcement together

After configuring the reinforcement cage, three strain gauges were attached to the flexural GFRP bars.
As GFRP bars have a rough exterior sand coating, sandpaper was initially used to create a smooth
surface. Each strain gauge was then attached using super glue as seen in figure 4-3. Once in position,
electrical tape was wrapped around each gauge to protect it from moisture and aggregates within the

cement mixture.
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Figure 4-3: Attaching strain gauges to the GFRP bars using super glue

The reinforcement cage was then positioned in the precast sleeper mould ready for the concrete pour.
Small spacers were attached to the cage to provide the specified 10mm of cover. Figure 4-4 shows

the configuration of the reinforcement cage inside the precast mould.

Figure 4-4: The assembled reinforcement cage in the precast sleeper mould

The reinforcement cage for polymer sleeper was constructed in the same manner. The only difference
being the concrete core in the middle of the reinforcement cage. The 60 x 180 mm concrete core was
cast 28 days before being positioned inside the additional GFRP reinforcement cage; refer to figure
4-5,
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Figure 4-5: The concrete core inside the GFRP reinforcement cage before the polymer concrete was poured

45 Concrete Pour

Portland and polymer cement with target strength of 32MPa was ordered from a local concrete
manufacturer and delivered onsite. A high slump Portland cement mixture (200mm) was specially
ordered to ensure uniform concrete compaction, even under the bars with very small cover. The
polymer concrete had a 100:17.3 resin to hardener ratio by weight. The ratio and type of fillers used

remains unknown as a premixed resin containing filler composites was supplied by ATL composites.

Many factors can affect the strength and workability of cement meaning it is unlikely that the
concretes strength would exactly be 32MPa at the time of testing. Therefore, some cylinder concrete
specimens were collected from both batches after the concrete pour. These specimens could be tested

later if destructive or non-destructive test results seem unusual.
When pouring the concrete, the weather was not usual hence standard pouring procedures were

followed. The cement was thoroughly vibrated to expel any trapped air and to optimise the density of

the concrete. Figure 4-6 shows how the Portland concrete sleeper was poured.
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Figure 4-6: Standard pouring methods were used to cast the sleepers

The cement was then hand screeded to achieve a level and smooth surface. Figure 4-7 shows the
finished cast sleeper.

Figure 4-7: Screeded sleeper in its precast mould

After 28 days, the sleepers were taken out of their precast moulds. It was quite noticeable that the
sleeper made from polymer concrete was significantly lighter than Portland concrete sleeper. This

may be an advantage from a manufacturing point of view as more sleepers can be transported or lifted
at the same time.
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4.6 Non Destructive Testing Method

A standard three-point bend test as shown in figure 4-8 will be performed on both sleepers using a
SANS machine. The purpose of this test was to load the sleeper with a force approximately equal to
40% of its total load capacity and develop a load vs displacement diagram while collecting strain data.
The load vs displacement diagram will then be used to determine the sleeper’s modulus of elasticity
while strain data will be analysed to estimate the sleeper’s. This theoretical value will then be
compared against the sleepers true ultimate capacity obtained from destructive testing.

A support width of 1130 mm was chosen to replicate the track’s gauge width while pieces of rubber
were used to dampen the magnitude shear force at the supports. Two pieces of rubber were also
positioned under the hydraulic jack. These rubbers were spaced 45mm either side of the sleepers
centre, enabling enough room to attach a strain gauge to the top of the concrete sleeper. These
rubbers were used to protect the strain gauge from the hydraulic cylinder and reduced the chance of
concrete crushing. Once the sleeper was in position under the hydraulic cylinder, four strain gauges
were connected to a nearby data logging computer. A constant load was then applied to the sleeper up
to 20kN.

Non Destructive Test Setup

Hydraulic Cylinder
(SANS Machine)
Nﬂ Strain gauges J D
Beam support
Beam support ubber

- a= 3530 —

— L=1130 —

Figure 4-8: SANS machine setup for non-destructive testing
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4.7  Destructive Testing Method

A five point bend test as shown in figure 4-9 will be used to determine the ultimate load capacity and
failure method of both sleepers in comparison to theoretical predictions. As seen in figure 4-9, two
point loads will act on the sleeper; as previously modelled in Strand 7. Results shall be able to
validate whether polymer concrete has any noticeable advantages over traditional Portland concrete
and whether GFRP bars are suitable. To reduce the magnitude of moment at the sleepers mid span,
the centre support will be neoprene rubber as its modulus of elasticity is less than the steel supports at
the sleepers ends. The steel supports will only be covered by a thin piece of rubber.

Destructive Test Setup: 5-point Bend Test

H lic C iind
Load distributing | beam I ydraulic C yiinder

Railroa g P—Rall road

- L . e a- . 2 7 v e Yo
. HE LV - a < a- . - N * . c, - - a- o N
a N RECE P . D : L e fd, R T .- . R B U DR
D PR ' ) Y/ : 44 4 - 2 :

Strain gauges# D
Beam support Beam support
Beam support n\ﬂuh“r ‘
56 300

Figure 4-9: Destructive test setup

5B

A five point bend test was chosen as this configuration best mimics how the sleeper would be loaded
if the sleeper was to be positioned in-track.  This decision is based on the fact that the bending
moment diagram in this scenario should be very similar to the bending moment diagram derived from
Model 2 in Strand 7 (refer to figure 3-11). Both bending moment diagrams will have the same
general shape but the moment diagram will now be linear as the sleeper is not supported by ballast
(elastic foundation theory) as modelled in Strand 7. Using neoprene rubber at the middle support has
been proposed to dampen the magnitude of moment as the models developed in Strand 7 have
calculated a moment ratio of 2.37 between the moment at the rail seat and the sleeper’s mid-section.
Therefore, this destructive test will try and replicate this moment ratio. This particular test setup is
statically indeterminate meaning more complex methods may be required to determine the moment at
failure once this load is known.
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Chapter 5  Non-destructive Testing Observations,
Results and Discussion

5.1 Chapter Overview

This chapter will analytically analyse the data collected during non-destructive testing. All data such
as strain, load and deflection will be analysed using simple mathematical and stress analysis

principles. Any key findings will then be discussed.
5.2 Non Destructive Testing Assessment

Initial non-destructive tests were unsuccessful as some strain gauges did not record any data.
Therefore, a second three-point bend test was required where more creditable results were eventually
obtained. The second attempt more successful as both sleepers behaved as expected and all necessary

data was captured.

5.3  Non Destructive Testing Observations

Under loading, the traditional concrete sleeper seemed significantly stiffer compared to the polymer
sleeper as little to no deflection was observed with the naked eye whereas deflection was quite
obvious when testing the polymer sleeper. This observation is captured in figure 5-1. This result was

expected as traditional concrete is significantly stiffer than polymer concrete based on literature.

Figure 5-1: Portland concrete sleeper under loading (left) and polymer concrete sleeper under loading (right)
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Based on research analysed in Chapter 2, sleeper deflection was identified as a major design concern
as GFRP reinforced sections may be governed by serviceability requirements. This belief was based
on the fact that GFRP bars have a modulus of elasticity 25% less than mild steel while some finite
element modelling done by T.Baker (2016) and A.Baker (2018) suggested that a GFRP reinforced
sleeper will experience considerable deflection. However, after observing the degree of deflection
during non-destructive testing, it initially seems plausible to use GFRP reinforcement. This is based
on the observation that the Portland concrete sleeper did not deflect drastically. However, further data
analysis and destructive testing will be required to provide a definite conclusion.

Research done by Gribniak, Rimkus, Torres and Hui (2018) suggests that GFRP reinforced sections
are also more susceptible to cracking as a decrease in bar stiffness leads to increased beam
deformation. Although GFRP bars are considerably more durable than steel bars, Yan et al. (2017)
found that GFRP bars are still sensitive to alkaline environments, moisture, extreme temperatures and
freeze thaw cycles. Therefore, excessive cracking still has the potential to significantly reduce the

sleepers design life even if GFRP bars are used in lieu to steel.

During non-destructive testing, the Portland concrete sleeper started to develop flexural cracks; refer
to figure 5-2. This observation concurs with previous research and suggests that the degree of

cracking may become a point of concern during destructive testing.

 Significant flexural cracks
developed

Figure 5-2: Portland concrete sleeper developed flexural cracks during non-destructive testing

In comparison, the polymer concrete sleeper did not develop any flexural cracks during non-
destructive testing; refer to figure 5-3. This is an excellent result as cracking is one of the leading
causes of sleeper deterioration (Andersson et al., 2013). Although initial observations appear

promising, the sleeper’s overall mechanical performance needs to be verified.
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Figure 5-3: No cracks were developed in the polymer concrete sleeper during non-destructive testing

5.4 Non-destructive Test Results and Discussion

5.4.1 Cracking

According to Table 2.3 in AS1085.14, no structural cracking should be present at a load equal to P,
when conducting a rail seat positive bend test; as described in the Appendix E of AS1085.14. The
non-destructive test setup shown in figure 4-8 essentially simulates a rail seat positive bend test.
Therefore, P, shall be calculated to determine whether the manufactured sleepers surpassed this

requirement. P, equals:

2MCR (5.1)

pp=—
270.33 — 0.045

Where:

P
MR =7 « <f’t +—) +eP
A

Therefore, calculating P, using equation 5.1:

230 = 1152
MR = ————— % (0.75%32°5 +0)+ 0

MCR =215 kNm

b — 2% 2.15
27 0.33 —0.045
P, = 15.09 kN
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Footage of the non-destructive tests revealed that structural cracks only appeared in the Portland
concrete once the applied load reached 16 kN which surpasses P.. However, as this sleeper only just
passed this criterion, more tests are recommended to prove whether cracks structural cracks only
develop once the load surpasses P.. In comparison, the polymer concrete sleeper showed no signs of
structural cracks up to the applied load of 20kN. This means the polymer concrete sleeper easily
surpasses this criterion and further justifies the use of polymer concrete as an exterior coating around

a traditional concrete core.

5.4.2 Effective Modulus of Elasticity

Data from the SANS machine was outputted and analysed in excel to create a load versus deflection
diagram as seen in figure 5-4. This graph indicates that both sleepers behaved almost linear elastic up
to an applied load of 20 KN. This signifies that both sleepers will return to their unloaded state
irrespective of their deformation. Figure 5-4 also validates the observation made about the sleeper’s
deflection. At 20kN, the polymer sleeper’s deflection at its mid span is approximately 24.2% greater
than the Portland concrete sleeper. This increase can only be accredited to the addition of polymer

concrete as both sleepers have an identical reinforcement design.

25
20 -
Z 15 -
©
@©
910 A
S 7 Portland Concrete
0 Polymer Concrete
0 5 10 15 20
Mid-span displacement (mm)

Figure 5-4: Non-destructive load versus deflection diagram
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In conjunction with figure 5-4, the sleeper’s effective bending stiffness (Elerr) can be calculated using

this this generic formula:

Elers =2 (312 — 4a?) (52) (5.2)

Where,
a = shear span = 520 mm, refer to figure 4-8

l = Span length = 1130 mm; refer to figure 4-8

(i_};) = slope of the load displacement curve; refer to figure 5-4

Portland Concrete Sleeper

( )

520
Bleff = = (11307 — 4 » 5202)(1.9287 * 1000)
Eleff = 5.744 * 10'° N.mm?

Polymer concrete sleeper

(AP) = 1.3693 kN
25) = L /mm
Using equation (5.2):

520
Eleff = E(HSOZ — 4 %520%)(1.3693 * 1000)

Eleff = 4.078 * 10'° N.mm?

Now that the sleeper’s effective bending stiffness has been calculated, its effective bending modulus

(Eetr) can be calculated:

_ Elesr
Eerr =7, (5.3)
First, determine Iz
bh3 , 2
lesr = 7+ (neutral axis depth — d/2) (5.4)
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Portland Concrete Sleeper

Using equation (5.4):

230 % 1153 96.825\2
Ieff =T+(17.9 - )

lofr = 29151029 mm*

Polymer Concrete Sleeper

Using equation (5.4):

230 * 1153 96.825\°
Ieff = T + (6896 - )

Portland Concrete
Now, using equation (5.3):
£ - 5.744 x 100
/7 = 29151029

Eeff = 1.97 GPa

Polymer Concrete
Now, using equation (5.3):
£ 4.078 =101°
/T ™ 29150526.37

E.rr = 139 GPa

Both sleepers have achieved an acceptable effective modulus of elasticity in accordance with
AMERA design standards; refer to table 5-1. This is significant as initial research highlighted that
polymer concrete has a relatively low stiffness, hence it may not suit railway sleeper applications.
Although its modulus is 29.44% less than its counterpart, it appears as though the traditional concrete
core fulfilled its purpose and ensured that the polymer sleeper retained an acceptable effective
modulus. If the sleeper’s effective modulus was less than the AMERA minimum, train ride quality

and top speed would be affected as the sleeper would deflect considerably under loading.
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Table 5-1: Comparative sleeper modulus

Minimum effective modulus

(AMERA) (GPa) Effective modulus (GPa)

Portland concrete sleeper 1.97

1.17
Polymer concrete sleeper 1.39

In comparison to timber sleepers, these two sleepers have a relatively low modulus of elasticity as
timber sleepers generally have a modulus in the range of 7 — 12 GPa (Ferdous and Manalo, 2014).
Consequently, these sleepers may not be compatible with timber sleepers in-track as they will deflect
considerably more. This result was slightly unexpected as it was thought that the modulus of the

composite sleepers would be similar to timber.

5.4.3 Recorded Strain Data

Experimental strain data was recorded using strain gauges which were attached to a data logger while
the sleeper was loaded. This data was then exported into excel for analysis. The recorded strain data
shows how the stress distribution over the sleeper section changes. Stress analysis principles have

been used to evaluate the performance of the GFRP bars and predict how the sleeper will fail.

Portland Concrete Sleeper

It appears as though valid strain data was collected by all four strain gauges as the data is
approximately linear; refer to figure 5-5. This is expected as the sleeper was loaded at a constant rate.
Figure 5-5 also suggests that the sleeper’s neutral axis depth isn’t close at the sleeper’s midsection as

the magnitude of negative strain is significantly less than positive strain.
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Portland Concrete Railway Sleeper
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Figure 5-5: Recorded strain data vs load; Portland concrete sleeper

Based on the strain data shown in figure 5-5, figure 5-6 was produced. Figure 5-6 shows how strain

varies over the sleeper’s cross section at 20kN. For simplicity, it was then assumed that the strain

distribution was linear and the sleeper’s neutral axis depth was found.

Based on the position of the

neutral axis, it was determined that the GFRP bars in the top portion of the sleeper were actually

contributing to the overall tensile force, meaning the compressive strength of the concrete was the

only negative force keeping equilibrium around the neutral axis.

Depth of neutral
axis 17.99mm

g7

d=

E5rRP B =4284

£y, = 7461

Measured microstrain
at 20 kN

gy =978
%GFRP,T =515

7 £ =978

Esrrp,r =64

Eorrp = 9197

Assume stress distribution over

the depth of the section is linear

Figure 5-6: Strain distribution over the Portland concrete sleeper

Polymer Concrete Sleeper

d-c

" ——0.5fbc
Aﬂfﬂ

Anfy
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All of the recorded strain data from this test seems reliable as it’s approximately linear; refer to figure

5-7. Unlike the Portland concrete sleeper, the magnitude of negative and positive strain is quite

similar; hence the neutral axis depth is more towards the midsection of the sleeper.
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Polymer Concrete Railway Sleeper
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Figure 5-7: Recorded strain data vs load; Polymer concrete sleeper

Based on the strain data shown in figure 5-7, figure 5-8 was created. Figure 5-8 demonstrates that the
proportion of positive and negative strain is approximately equal; hence the calculated neutral axis
depth is much closer to the sleeper’s midsection in comparison to the Portland concrete sleeper. This
means the GFRP bars in the top portion of the sleeper will be contributing to the compressive force
with the compressive strength of the concrete. As shown in figure 5-8, it’s unlikely that the strain
distribution for this sleeper is linear as this assumption suggests that the Portland concrete core has
already crushed. Strain readings taken at the top and bottom of this sleeper must greater than the
Portland concrete sleeper as polymer concrete has a much low modulus. The magnitude of strain

under the same loading is therefore greater according to Hooke’s law.

y assuming the stress
distribution is linear, the max
sirain of the Portland
concrete (¢ =0,003) has
already been exceeded

£, =6378 j £y =6378 0.50.bc
Depth of neutral L] L] Eoppp,r =3921 Egrpe,r =4603 Ayl
axis 63 96mm
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n
=l
* ] i Grrpn =704 gl T Af:
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Figure 5-8: Strain distribution over the polymer concrete sleeper
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5.4.4 Analysing Experimental Strain Data to Predict Mode of Sleeper Failure

Based on maximum theoretical strain values, the optimal position of the neutral axis can be
determined. If the sleeper’s neutral axis position was equal to the optimal neutral axis position, the
sleeper would fail due to bar rupture and concrete crushing simultaneously. To predict the mode of
failure, the location of the experimental neutral axis will be compared against the optimal neutral axis
depth. Similar triangles can be used to determine the experimental neutral axis depth.

Portland Concrete Sleeper

The maximum theoretical strain value of Portland concrete is approximately equal to 0.003 while the
maximum strain value of GFRP bars is 0.021; refer to Appendix E. Therefore, the optimal strain

distribution is shown in figure 5-9.

96.825

RN alel

rrrg Y-V
Figure 5-9: Optimal strain distribution for Portland concrete sleeper

Hence,
0.003 _ 0.0211
c  96.825—c

c=12.05mm

In conclusion, the sleeper will likely fail due to concrete crushing if the experimental neutral axis is
> 12.05 mm or bar rupture if the sleeper’s neutral axis < 12.05 mm. Based on the strain values shown

in figure 5-5, the experimental neutral axis depth has been calculated as:

978 4284
c  96.825—c¢

c=17.99 > 12.05mm

By using experimental data to determine the position of the neutral axis, it can be predicted that the

sleeper will fail due to concrete crushing before bar rupture.
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Polymer Concrete Sleeper

According to Lokuge & Aravinthan (2013), the ultimate strain capacity of epoxy based polymer
concrete is approximately 0.02 and the maximum strain in GFRP bars is 0.021; refer to Appendix E.

Therefore, the optimal strain distribution is shown in figure 5-10.

g =0.02

—+ 96.825

€rrpp — 0021

Figure 5-10: Optimal strain distribution for polymer concrete sleeper

Hence,
0.02  0.0211
c  96.825—c¢

c =47.23mm

As a result, if the sleeper’s neutral axis is > 47.23 mm, the sleeper will likely fail due to concrete
crushing. Alternatively, the sleeper will likely fail due to bar rupture if the sleeper’s neutral axis is
< 47.23mm. Finding the sleepers neutral axis depth using similar triangles based on recorded strain

data:

6378 2577
c  96.825—c¢

¢ =68.96 >47.23mm

By using experimental data to determine the position of the neutral axis, it can be predicted that the

sleeper will fail due to concrete crushing before bar rupture.
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5.4.5 Determining the Sleepers Compressive Strength (f’c)
For equilibrium around the neutral axis, the following generic formula can be applied:
(Asefre) y + (Arefre),, + (Apefre) , — 05f cbe = 0

By rearranging this equation and using the recorded strain data, the sleeper’s actual f’c can be

determined:

_(Apef pe) gt (Agefre) y H(Apef pe)
- 0.5%b*c

fle (5.5)
Portland Concrete Sleeper

Strain in the middle and top GRFP bars can be predicted using similar triangles, refer to figure 5-6 for

strain values:

4284 _ EGFRP,M _ €GFRP,T
96.825 —-17.99 96.825—-17.99 -20 19.175-17.99

. 4284
EGFRPM = 96895 _ 17.99

% (96.825 — 17.99 — 20)

&rrp,m = 3197

. 4284
EGFRPT = 96825 — 17.99

% (19.175 — 17.99)

Ecrrpr = 64

Now the tensile and compressive forces can be calculated. The modulus of the GFRP bars can be
taken as 65.1 * 103 MPa ; refer to Appendix E.

(Afefre), (kN) = & Egpgp * Area of bars (5.6)
Using equation (5.6) to calculate contributing forces:

4258 5 5
(Aftfft)B = o6 * 65.1 %« 10° *3.175° *x T * 6

(Afefre), = 52:993 kN
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3197 5 ,
(Arefre), = g5 * 651+ 10° x 31752 7+ 2

(4fefre),, = 13183 kN
64 s ,
(Aftfft)T =1—06*65.1* 10° % 3.175% * T+ 2

(Afefre), = 0.264 kN

Therefore, the compressive strength of the concrete can be calculated using (5.5):

_ 52,993 +13.183 + 0.264
€ 0.5 % 230 % 17.99

!

f'e = 32.104 MPa

As the target strength of the concrete was 32MPa, any anomalies in the data when conducting the

destructive testing won’t be related to the compressive strength of the concrete.

Polymer Concrete Sleeper

As it’s unlikely that the strain distribution for this sleeper is linear (refer to figure 5-8), this equation
would not be able to accurately calculate the compressive strength of the concrete. As the effective
modulus calculated from the load vs displacement diagram is slightly lower than the Portland
concrete, it can be assumed that f’c for the polymer concrete is slightly less than 32.1MPa which was
calculated for the Portland concrete sleeper. Therefore, assume that f'c = 30 MPa for the polymer

concrete sleeper.
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5.4.6 Predicting Moment at Failure

The predicted moment at failure can be calculated using the following equation:

M= (Asifpe), (d =)+ (Apefre),, (d—c—0.020) + (Apfre). ((d, top) — c) + 0.5f" bc G * c)

(5.7)

Portland Concrete Sleeper

As determined earlier, assume the sleeper will fail due to concrete crushing. Figure 5-11 shows the

predicted strain distribution at failure.

e =0.003
17.99 I ]
ErrP,T =7 1
96.825
€crrRP M ¢
€rrPB —

Figure 5-11: Predicted failure distribution for the Portland concrete sleeper

By using similar triangles, strain in the bottom, middle and top GRFP bars can be approximated:

0.003 _ EGFRP,T _ EGFRP,M _ €GFRP,B
1799 19.175—-1799 96.825—-17.99 —-20 96.825—17.99

0.003
EGFRP,T = m * (19.175 - 17.99)

SGFRP,T = 0.000197

0.003
EGFRP,M = m * (96.825 —17.99 — 20)

8GFRP,M = 0.009807

0.003
gGFRP,B = m * (96825 - 1799)

gGFRP,B = 0013141
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Using equation (5.6) to determine tensile and compressive forces:

(Afefre), = 0.000197 % 65.1 * 10% * 3.175% +  * 2
(A frt), = 0.8104 kN

(Afefre),, = 0.009807 * 65.1 x 10% + 3.175% * 2
(A fre),, = 40.438 kN

(Afefre), = 0.013141 % 65.1 % 10% * 3.175% + 7 6

(Afefe),, = 162.560 kN

Now the moment around the neutral axis can be calculated using equation (5.7):

M = 162.560 * (0.096825 — 0.01799) + 40.438 (0.096825 — 0.01799 — 0.02)

2
+0.8104(0.19175 — 0.01799) + 0.5 * 32.104 * 230 * 0.1799 (§ * 0.01799)

M = 15.991 kNm

Polymer Concrete Sleeper

As determined earlier, assume the sleeper will fail due to concrete crushing. Figure 5-12 shows the

predicted strain distribution at failure.

e, =0.02
EGFRP.T ¢
68.96
96.825
EGFRP,M —?A
=9

€arRP,B

Figure 5-12: Predicted failure distribution for the polymer concrete sleeper
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By using similar triangles, strain in the bottom, middle and top GRFP bars can be approximated:

0.02 _ EGFRP,T _ EGFRP,M _ EGFRP,B
68.96 6896 —19.175 96.825 — 20 —68.96 96.825 — 68.96

0.02
EGFRPT = %896 * (68.96 — 19.175)

EGFRP,T = 0.014438

0.02
€GFRPM = goge * (96.825 — 20 — 68.96)

EGFRP.M = 0.002281

0.02
€GFRPB = ¢ogc * (96.825 — 68.96)

EGFRP,B = 0.0080814

Using equation (5.6) to determine tensile and compressive forces:
(Actfer)T = 0.014438 * 65.1 * 103 % 3.175% = 7T * 2
(Afefre), = 59.54 kN
(Afefre),, = 0.002281 % 65.1 x 10% * 3.175% +  * 2
(Arefre), = 941kN
(Afefre), = 0.0080814 * 65.1 % 10° % 3.175% x m + 6

(Afefre)y = 99.96 kN

Now the moment around the neutral axis can be calculated using equation (5.7):

M =99.96 * (0.096825 — 0.06896) + 9.41 * (0.096825 — 0.06896 — 0.02) + 59.54

2
% (0.06896 — 0.019175) + 0.5 * 30 * 0.23 * 0.06896 * (§ . 0.06896)

M =16.76 kNm
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5.4.7 Theoretical Strain Developed in the GFRP Bars at Failure

If both sleepers fail due to concrete crushing as predicted, the full strength of the GFRP bars won’t be
utilised. Therefore, it is worth theoretically calculating how close the GFRP bars come to rupturing
and comment on the suitability of GRFP reinforcement.

Portland Concrete Sleeper
Determine the maximum strain developed in either the top, middle or bottom row of GFRP
reinforcement as calculated previously in section 5.4.6:
Max strain calculated = [SGFRP,TI EGFRP,M)» SGFRP,B]
Max strain =[0.000197,0.009807,0.013141 |

Max strain = ggprpp = 0.013141

The maximum strain value of GFRP bars is 0.021. Therefore:

0.013141
Ultimate strain capacity reached in the GFRP bars at failure (%) = o021 " 100 = 62.6%

Polymer Concrete Sleeper

Determine the maximum strain developed in either the top, middle or bottom row of GFRP

reinforcement as calculated previously in section 5.4.6:

Max strain calculated = [egrrpr) EGFRP.M> EGFRP,B)
Max strain =[0.014438,0.002281,0.0080814]

Max strain = ggpgpr = 0.014438

The maximum strain value of GFRP bars is 0.021. Therefore:

0.014438
Ultimate strain capacity reached in the GFRP bars at failure (%) = o021 " 100 = 68.75%
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5.5 Key Findings from Non-destructive Testing

A summary of calculations based on strain data can be seen in table 5-2.

Table 5-2: Predicted behaviour and performance of the sleepers based on non-destructive test results

Predicted Mode | Ultimate strain capacity reached | Predicted moment at
of Failure in the GFRP bars at failure (%) failure (KkN.m)
Portland Concrete Concr_ete 626 15.99
Sleeper Crushing
Polymer Concrete Concrete
Sleeper Crushing 68.75 16.76

Using strain data collected from non-destructive testing, the Portland concrete sleepers neutral axis
depth (17.99mm) and the concrete’s actual compressive strength (f'c = 32.1Mpa) was calculated.
Based on the position of the neutral axis, it was predicted that the sleeper will fail due to concrete
crushing. Strain developed in the GFRP bars at failure was then approximated. At failure, strain in
bottom GFRP bars will only reach 62.6% of its ultimate strain capacity. This suggests that GFRP
reinforcement can be used in lieu to steel without great implications. The moment at beam failure has
been predicted as 15.991 kNm or 0.935% less than M” (16.24 kNm) which was used to design the
beam. As the predicted theoretical and experimental moment at failure is approximately equal, the

following conclusions can be made about the Portland concrete sleeper:

e Manufacturing was of a high quality

e The target strength of the concrete was achieved

e The GFRP bars have bonded well with the concrete; much the same as steel reinforcement

e The assumption made about the stress distribution over the depth of the section being
approximately linear is fair and reasonable

o GFRP reinforcement design should be able to adequately resist the calculated rail seat loads

Using strain data collected from non-destructive testing, the polymer concrete sleepers neutral axis
depth (68.96mm) was calculated. The position of the neutral axis is significantly different in
comparison to the Portland concrete sleeper. The concrete’s actual compressive strength couldn’t be
calculated as strain distribution over the depth of the section isn’t linear due to the two different

cementitious materials used.
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Based on the position of the neutral axis, it was predicted that the sleeper will fail due to concrete
crushing. Strain developed in the GFRP bars at failure was then approximated. At failure, strain in
bottom GFRP bars only reached 38.48% of their ultimate strain capacity while the GFRP bars at the
top of the sleeper reached 68.75% of their ultimate strain capacity. The moment at beam failure has
been predicted as 16.76kNm or 3.7% greater than M" (16.142 kNm) which was used to design the
beam. As the true strain distribution over the depth of the sleeper and the true compressive strength of
the concrete is unknown, the predicted moment at beam failure may not be accurate.  Therefore,

destructive testing is required before commenting further on the polymer sleeper’s performance.

Based on the result gathered thus far, using GFRP reinforcement instead of steel doesn’t appear to
have significant characteristics that reduces the sleepers overall performance. However, the
magnitude of deflection may be an area of concern. The use of polymer concrete seems to be
justified as its use has reduced the degree of cracking which is one of the leading causes of premature
concrete sleeper failure. In order to accurately justify the sleeper’s strength and deflection, a timber
sleeper should be included in the destructive testing for comparative purposes. It would be beneficial
to see how these composite sleeper concepts compare to traditional timber sleepers as mimicking their

behaviour is the ultimate goal.
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Chapter 6  Destructive Testing Observations, Results
and Discussion

6.1 Chapter Overview

This chapter will analytically analyse the data collected during destructive testing. All data such as
strain, load and deflection will be analysed using simple mathematical and stress analysis principles.
Any key findings will then be discussed.

6.2 Destructive Testing Assessment

Both tests were successful as the testing equipment used was able to load both sleepers until failure.
Before conducting the tests, there were some concerns that the sleepers wouldn’t fail as the chosen
test equipment had a load limit of 300 kN or a rail seat load of 150 kN. However, this wasn’t the case
as both sleepers failed well before this load limit. After perusing some of the captured strain data, it
appears as though some of the data was noisy but acceptable. For comparison purposes, a traditional

timber sleeper was also tested using the same experimental setup.

6.3 Destructive Testing Observations

Destructive testing was performed at USQ and no changes were made to the proposed test setup as
shown in figure 4-9. To help measure the sleeper’s deflection under loading, a digital image
correlation (DIC) measuring instrument was setup and connected to a computer; refer to figure 6-1.
Images taken from the DIC were saved onto a lab computer and was analysed at a later time using a

specialised software package.

Figure 6-1: The destructive test setup and the DIC device in front of load cell
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The observed deflection at the maximum load was significantly higher for the polymer sleeper in
comparison to the Portland concrete sleeper as seen in figure 6-2 and 6-3 respectively. This was
expected as non-destructive testing determined that the Portland concrete sleeper has a higher
stiffness. Deflection was greatest underneath the rail seat whereas maximum deflection occurred at
the sleeper’s midsection in Strand 7. The location of maximum deflection has changed as the sleeper
is now supported in the middle, unlike the sleeper in Strand 7 which has been modelled based on
beam on elastic foundation theory. It also appears that maximum deflection was much greater than
5.84 mm which was the maximum theoretical deflection calculated from the models Strand 7.

Figure 6-3: Observed deflection at maximum applied load for the Portland concrete sleeper

Portland Concrete Sleeper

The first signs of significant cracking occurred around 64.3 kN at the sleepers midsection. Based on
the shape and direction of these cracks, it can be assumed that these were flexural cracks caused by
tension stresses. Significant cracks can be defined as any cracks greater than 0.5mm as research
suggests that cracks should be limited to this width to help protect GFRP bars from any aggressive
environments (Newhook & Svecova, 2007). The first sight of flexural cracks above the middle
support can be justified as the middle support would have the greatest support reaction as both loads
points are contributing to its magnitude. A large crack noise was heard around 100 kN which might
dictate when the sleeper initially failed. The sleeper was further loaded to 108.55 kN before

significant cracking was observed underneath the rail seat. Cracks observed at the rail seat seemed to
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be a combination of flexural and diagonal tension failure cracks. Diagonal tension failure can occur if
the shear span is three times greater than the effective depth. This is the case in this scenario;
300 mm > 3*96.825 mm. The degree of cracking or the number of cracks at the rail seat increased
significantly once the applied load reached 125 kN, while flexural cracks at the middle support have
since propagated over half the sleepers depth. By 150 kN, most cracks had surpassed 1mm in width
and it appeared as though the sleeper was nearly at its ultimate limit. At 155 kN, some concrete
directly underneath the applied load at the rail seat started to spall which indicated that some of the
concrete had been crushed. The load acting on the beam could not physically surpass 160 kN. Figure
6-4 was taken when the beam was loaded at 160kN and shows the nature, type and size of the cracks

developed in the sleeper.

Figure 6-4: Cracking observed in the Portland concrete sleeper at the middle support and the rail seat

Based on what was observed, some of the cracks developed in the sleeper might have been caused
indirectly by the experimental setup rather than a lack of reinforcement or poor reinforcement design.
For future reference, the shear span might need to be reduced if the results show that diagonal tension

failure is a reason why the sleeper failed.

Polymer Concrete Sleeper

Significant flexural cracking was first observed again at the middle support for the polymer concrete
sleeper. These flexural cracks were developed around an applied load of 90kN. This load is
significantly greater than the load at which the Portland concrete sleeper started developing significant
flexural cracks. This supports what was found during non-destructive testing and demonstrates that
concrete cracking can be reduced if polymer concrete is used, even when the sleeper is loaded in a
manner that mimics how the sleeper would be loaded in-track. Some cracking noises were heard
around 95kN which might dictate when the sleeper initially failed. It wasn’t until the load reached

110 kN before significant cracks appeared around the rail seat which was again, a higher load in
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comparison to the Portland concrete sleeper. In this case, it appeared as though nearly all cracks
were propagating from the tension side of the sleeper which differs from the other test which had
some cracks related to shear.

At this stage, it was evident that both sleepers had quite unique cracking patterns. Firstly, the degree
of cracking in the polymer sleeper is comparatively much lower while the rate at which the cracks
widened was much higher. Unlike the Portland concrete, the polymer concrete sleeper didn’t develop
any hairline cracks which slowly increased in width over the duration of the test. Instead, cracks only
appeared around 100 kN.  This observation became even more prominent as the load increased
beyond 110kN as crack widths continued to expand in the polymer concrete as shown in figure 6-5.

Once the load reached 165kN, some cracks in the sleeper surpassed 5mm in size. Noticeably, this
load was already greater than the maximum load applied to the Portland concrete sleeper. At 190kN,
a noticeably large shear crack developed at the left rail seat as shown in figure 6-5. This indicates that
polymer concrete might be more resistant to shear cracking as well as flexural. The beam could not
physically be loaded beyond 195 kN. At maximum load, it was noted that the no concrete spalling

was observed. Figure 6-5 shows the nature, type and size of the cracks developed in the sleeper.

Figure 6-5: Cracking observed in the polymer concrete sleeper at the middle support and the rail seats

6.4 Destructive Test Results and Discussion

6.4.1 Determining Possible Modes of Failure

After conducting the destructive tests, it was apparent that both sleepers failed well before they
reached the calculated rail seat load of 117.12 KN which was used as the basis of all reinforcement
design calculations. A rail seat load of this magnitude would be equivalent to an applied load of
234.24 kN as the two experimental rail seat loads were applied by a single hydraulic ram. The
Portland and polymer concrete sleeper could not be loaded past 160 and 195 kN respectively. This
result indicates that both sleepers have failed in an unusual circumstance or the proposed 5-point bend
test doesn’t accurately replicate how the sleeper would be loaded in track. Potential problems

associated with manufacturing the sleeper, the strength of the concrete, the bond of the GFRP bars
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with the concrete and the GFRP reinforcement design itself can be disregarded as non-destructive
testing has proven that these potential problems are non-existent.  Therefore, it is likely that the
experimental setup itself is the reason why the load at failure was must lower than expected.

As highlighted in section 6.2, it appears as though some diagonal tension failure cracks were
developed in the Portland concrete sleeper and could be a cause of failure. This indicates that high
shear stresses were developed in the shear span; the region between the rail seat and the outside steel
support. It was also noted that some concrete had begun to crush. After the Portland concrete was
unloaded, some of the spalled concrete was manually flaked away to expose some of the internal
GFRP reinforcement, as shown in figure 6-6. After closer inspection, it was observed that one of the
longitudinal GFRP flexural bars was actually ruptured; refer to figure 6-6. It appears as though this
bar has failed in shear as the fracture is approximately 45° and replicates the direction of the major
diagonal tension crack. After reviewing the mechanical properties of GFRP bars themselves in
Appendix E, the transverse shear capacity of the longitudinal bars is approximately 41 kN meaning it
is quite possible that the sleeper has ultimately failed in shear.

Figure 6-6: Spalled concrete was removed to reveal a ruptured longitudinal GFRP bar

Due to the size of the crack developed at the middle support, especially when testing the polymer
concrete sleeper, there is a possibility that the sleeper has failed at this location in bending before
failing in shear. The sleeper is vulnerable to flexural failure at the middle support as the sleeper only
has 2 flexural bars in the tensile region, compared to 8 flexural bars in the tensile region at the exterior
supports.  Essentially, if the neoprene rubber didn’t dampen the moment at the middle support as
much as expected, the moment may have surpass the maximum negative moment used to design the
amount of reinforcement required. If the sleeper did fail in this manner, the test setup should alter to

ensure flexural failure occurs at the bottom of the sleeper where the 8 flexural bars have been
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positioned. It is best to simulate flexural failure at the bottom of the sleeper as this is where the most

critical moment acts when positioned in-track.

To help distinguish how both sleepers failed, the 5-point bend test shall be modelled in Strand 7 to
determine the moment and shear forces acting on the sleeper at the point of failure. These values
should then be compared against the values listed in table 3-4. To model the 5-point bend test, the
exact load acting on the sleeper at failure must be determined. It is best to model the sleeper in
Strand 7 as the test setup is statically indeterminate.

6.4.2 Load at Failure

Portland Concrete sleeper

Experimental strain data was recorded using strain gauges which were attached to a data logger while
the sleeper was incrementally loaded. This data was then exported into excel for analysis. One strain
gauge was attached directly underneath the rail seat while the other gauge was attached above the
middle support. Consequently, both strain gauges should only record positive strain as they are both
positioned in a tensile region. However, by looking at figure 6-7, it appears as though some negative
strain was recorded when testing the Portland concrete sleeper. This indicates that the strain gauge
positioned at the rail seat may have been damaged prior testing or it was damaged during the test. As
a result, strain data recorded at the rail seat was ignored when trying to determine the load at failure

for the Portland concrete sleeper as this data appears to be unreliable.

Portland Concrete Sleeper

Centre tensile strain Rail-seat tensile strain
200

180
160
140

Load (kN)
> N
o o

[e:]
o

40
20

-0.001 -0.0005 0 0.0005 0.001 0.0015 0.002
Strain

Figure 6-7: Load verses strain plot for the Portland concrete sleeper
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Strain data recorded at the middle support seems more plausible as it’s positive. However, the data
seems to have a high level of variance as load increases. In conjunction with the observations made
during the test, a large cracking noise was heard around 100 kN. This observation imitates with an
anomaly in the strain data as it reduces from 0.00139 to 0.00044 quite quickly around the same load.
The load acting on the sleeper instantaneously changes from 100.47 kN to 95.99kN. This anomaly
suggests that failure has occurred. After observing this significant reduction in strain, strain at the
middle support never returned to the same magnitude.  Therefore, it can be concluded that the
Portland concrete sleeper has failure at a load of 100.47 kN.

Polymer Concrete Sleeper

Strain data recorded at the middle support and the rail seat appear to be more accurate for the polymer
concrete sleeper. This can be said as both strain gauges recorded positive strain while strain at the
middle support doesn’t vary rapidly with load, as observed with the Portland concrete sleeper. As
shown in figure 6-8, recorded strain at the rail seat is almost linear with load. This indicates that the
bottom portion of the sleeper, designed with 8 flexural bars, was not close to failing due to the
moment generated by the applied load. Alternatively, the strain gauge at the middle support, which is
also fixed to the top of the sleeper, indicates that failure has occurred as figure 6-8 clearly shows a
major anomaly in strain once the applied load reached 95.49 kN. At this load, strain instantaneously
changed from 0.00781 to 0.001886. This confirms that the sleeper has either failed in the top portion

of the sleeper instead of bending at bottom where failure is most desired.

Polymer Concrete Sleeper

Centre tensile strain Rail-seat tensile strain

-0.002 0 0.002 0.004 0.006 0.008 0.01 0.012
Strain

Figure 6-8: Load verses strain plot for the Polymer concrete sleeper
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In comparison to both composite sleepers, a timber sleeper was also tested. As seen in figure 6-9, the
timber sleeper significantly out-performed both composite sleepers as it did not fail even though it
was subjected to a load of 300kN, the maximum safe load of the test equipment. Based on the strain
data collected, it appears as though the timber sleeper was yet to even exceed its elastic limit as both

strain gauges behaved almost linear elastic and essentially returned to zero strain once unloaded.

Timber sleeper

Centre tensile strain Rail-seat tensile strain

350
300
250
200
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-0.0005 0 0.0005 0.001 0.0015 0.002 0.0025
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Load (kN)

Figure 6-9: Load verses strain plot for the timber sleeper

This result is quite significant as it suggests that the two composite sleepers cannot withstand loads
similar to its timber counterpart. However, the influence of the test setup has not been determined yet
as the reinforcement within these composite sleepers may not suit the loading configuration of the 5-
point bend test. Results from Strand 7 must now be obtained before further commenting on the

performance of the composite sleepers.

6.4.3 Modelling the 5-point Bend Test

A model was created in Strand 7 to calculate the moment and shear forces acting on the sleeper at
failure. As this model is simulating the 5-point bend test, nodes were positioned as illustrated in
figure 6-10. Nodes at the exterior steel supports were restrained in such a way to allow rotation but
restrict movement in the x or y plane. The middle support was restrained differently to account for

the use of rubber as its modulus is significantly different to the steel supports. The modulus of
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elasticity for polymer rubbers such as neoprene can vary between 0.001 and 4.8 GPa (Data Materials
Book, 2003). Due to a lack of time, determining the exact modulus of the neoprene rubber used at the
middle support was abandoned. For modelling purposes, it was assumed that the rubbers modulus
was in the higher range of this bracket as it only compressed around 2mm underneath the sleeper at
maximum load; hence it can be assumed that its stiffness is reasonably high. The middle support was
modelled as a spring support with a stiffness equivalent to that of the neoprene rubber. This was done
using a function in Strand 7 known as ‘translational node stiffness’. The basic model and node
constraints applied can be seen in figure 6-10.

Figure 6-10: The node and element configuration of the 5-point bend test in Strand 7

As determined earlier, the load at failure for the Portland and polymer concrete sleepers was 100.47
kN and 95.49 kN respectively. These loads were applied in Strand 7 and the following results were

obtained. Results are shown below.

Portland Concrete Sleeper

U5, 7256 10% 10°

1,242366x 10 v M ) N 1242366x 10
5.885412x 10 £:885412x 10

-5.073500x10 kN -5.023500x10' kN

7.504358x 10 7.504398x 10°

Figure 6-11: Bending moment diagram at failure for the Portland concrete 5-point bend test
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Figure 6-12: Shear force diagram at failure for the Portland concrete 5-point bend test

Polymer Concrete Sleeper
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Figure 6-13: Bending moment diagram at failure for the polymer concrete 5-point bend test
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Figure 6-14: Shear force diagram at failure for the polymer concrete 5-point bend test
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6.4.4 Evaluating 5-point Bending Test Results

The purpose of using neoprene rubber at the middle support was to achieve a moment ratio of 2.37
between the moment at the rail seat and the sleeper’s mid-section. The actual ratio, based on the
results obtained from Strand 7, was approximately 1.38.  This result suggests that the neoprene
rubber didn’t dampen the moment at the middle support enough to accurately mimic how the sleeper
would be loaded in-track. For comparison, another model was created with three steel supports to
determine how the spring support changed the bending moment diagram. By using a spring support
with a stiffness equivalent to that of the neoprene rubber, the moment at the middle support has only
been reduce by approximately 1 kNm.

The use of neoprene at the middle support slightly increases the shear force at the rail seat.
Noticeably, the shear force diagram is significantly different to the theoretical shear force diagram
which was based on beam on elastic foundation theory. This change means that more than minimum
shear reinforcement would actually by required through the midsection of the sleeper because shear is

now greater than @Vuc which differs from previous calculations.

Table 6-1 summarises the results of the 5-point bend test and compares them to the theoretical design

values (table 3-4) to help determine the mode of failure.

Table 6-1: Comparison between theoretical and experimental results

Theoretical Experimental
Portland Concrete | Polymer Concrete
Maximum positive moment (kNm) 16.142 7.904 7.514
Maximum negative moment (KNm) 5.229 5.726 5.444
Shear (kN) 68.188 26.296 24.995

Based on these results, it appears as though flexural failure has occurred first at the middle support as
the maximum negative moment exceeds the moment used to calculate the number of flexural bars in
the top of each sleeper. This result does not align with the predicted failure mode, concrete crushing,
which was based on the non-destructive test results. It is more likely that flexural failure has occurred
before shear as the magnitude of shear in both sleepers is comparatively much lower than the

theoretical shear value.
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Results from Strand 7 helps justify why loud cracking noises were physically heard when the load
reached 95 to 100 kN and why strain recorded at the middle support suddenly changed. As the
sleeper failed in this unforeseen manner, the rail seat load at failure only reached 42.7% and 40.6% of
what was expected for the Portland and polymer concrete sleeper respectively. The compressive
strength (f¢c) or small variances in the manufacturing process could have caused the small variance in

load at failure between the two sleepers.

To overcome this issue, the amount of flexural reinforcement in the top of the sleeper could be
increased or the neoprene rubber could be replaced with a material that has a lower modulus to further
reduce the magnitude of the maximum negative moment at the middle support as the goal is to
achieve a moment ratio of 2.37 with the maximum positive moment. It would be more practical to
replace the neoprene as adding more GFRP bars would unnecessarily increase the cost of the sleeper

which is undesirable.

Results obtained from 5-point bend test still don’t fully justify how the GFRP bar at the rail seat
shown in figure 6-6 failed in shear. Based on the observation made during testing that the severity of
shear cracks at the rail seat increased considerably around an applied load of 150 kN, this load was

applied to an additional Strand 7 model to determine shear at this particular load; refer to figure 6-15.

942141 10 I3.923459:( 10t

5.611741%10° \595239% 10" 5.576541x 10°
|
-1,243921x 107 1.243921x 107
1 1
-7.500000x10" kN -7.500000x10" kN
-3.575541x 107 -3.595239x10°  -3.611741x10° .
-3.923459x% 10 -3.942141x 10

Figure 6-15: Experimental Shear force at 150 kN

Results indicate that the shear force at the rail seat is around 39.23 kN. This indicates that shear is
approaching 41 kN, the transverse shear capacity for 6mm diameter GFRP bars (refer to appendix E).
Based on what was observed, it can be assumed that the GFRP bar ruptured because it reached its

transverse shear capacity. This result highlights a design flaw as this parameter was not identified as

104



a potential cause of failure when designing the sleeper. Evidently, both composite sleepers would
have failed well before their predicted failure load of 234.24 kN even if the sleepers didn’t fail in
bending at the middle support first.

It can be approximated that shear failure would have occurred around 155 kN, the same load at which
concrete directly underneath the rail seat started to spall. To improve the sleepers design, the
diameter of the flexural bars used in the top portion of the sleeper should be increased. A bar
diameter of 12.7mm has a transverse shear capacity of 67 kN which is much closer to the maximum
theoretical shear; refer to Appendix E. The test-setup itself could also be improved as diagonal
tension cracks were able to form in the sleepers shear span was three times greater than the sleepers
effective depth; 300mm > 3*96.825. Therefore, additional modelling or testing could be performed
to optimise the position of the supports and help reduce the degree of cracking in the shear span.

Even though the polymer concrete sleeper initially failed before the Portland concrete sleeper, this
sleeper was able to withstand a higher load before ultimate failure. This can be accredited to the fact
that polymer concrete can withstand higher strain values than Portland concrete; as mentioned in
Chapter 5. Importantly, polymer concrete is used around the exterior of the concrete core, which is
also where maximum strain is measured because strain increases with distance from the neutral axis.
This has two benefits; the polymer concrete can resist higher strain at the sleeper’s surface while it
reduces the distance from the neutral axis to the verge of Portland concrete core. This means the

sleeper can resist higher loads before the Portland concrete core reaches its strain capacity.

6.4.5 Serviceability Considerations

Images taken from the DIC device were analysed and the following graphs were produced. All of the
deflection curves seem very incremental as the sleepers weren’t loaded at a constant rate. Deflection
at the rail seats was a lot higher than anticipated. However, considering that both composite sleepers

failed at a much lower load than anticipated, higher deflection values are somewhat justified.

The DIC software has determined that deflection at the right rail seat is higher than the left for the
Portland concrete sleeper; refer to figure 6-16. This result is unusual as deflection at both rail seats
should be approximately equal. Interestingly, during the test it was observed that the degree of
cracking around the right rail seat was much higher than the left meaning this result is plausible.
When the beam initially failed in bending around 100 kN, no real anomalies exists. In comparison,
when the load exceeded 150 kN, the predicted load for shear failure, the rate of deflection at the right
rail seat increased greatly. This justifies why the sleeper couldn’t be loaded past 160 kN as the

sleeper didn’t have the capacity to resist the load anymore.
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Figure 6-16: Destructive Load vs deflection diagram for the Portland concrete sleeper

The DIC software has again found that deflection at the right rail seat is higher than the left; refer to
figure 6-17. As both sleepers have behaved in this unusual manner, the experimental setup or the
testing equipment itself might be causing bias deflection at the right rail seat. It should be noted that
deflection at the middle support or the compression of the neoprene rubber is maximum around 95
kN. This is the same load at which the sleeper has failed in bending at the middle support. This
further validates the assumption made that the sleeper failed in bending before shear. The rate of
deflection increased once the applied load reached 190 kN which suggests that the sleeper didn’t have

the capacity to resist any more load.
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Polymer Concrete
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Figure 6-17: Destructive Load vs deflection diagram for the polymer concrete sleeper

As discussed in Chapter 5, the two composite sleepers have a much lower effective modulus
compared to regular timber sleepers. Therefore, it’s not surprising that the timber sleeper deflected
very little in comparison to the two composite sleepers; refer to figure 6-18. The DIC software has
determined that deflection at the left and right rail seat are quite similar but deflection at the right rail

seat was again slightly higher.

Timber Sleeper
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Figure 6-18: Destructive Load vs deflection diagram for the timber sleeper
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It isn’t logical to compare experimental and theoretical deflection values as the sleeper is now
supported in the middle thus changing the location of maximum deflection from the middle to the rail
seat. Deflection at significant loads have been summarised in table 6-2 for comparison. Even though

the timber sleeper didn’t fail, deflections at similar loads have been provided.

Table 6-2: Deflection at failure

Initial failure in Bending Failure in Shear

Load Middle support | Average rail seat | Load | Middle support | Average rail seat

(KN) | Deflection (mm) | deflection (mm) | (kN) | Deflection (mm) | deflection (mm)
Portland | 155 47 1.542 4.968 150 1.782 8.387
Concrete
Polymer | - g5 49 1.443 6.568 150 1.32431 13.883
Concrete
Timber
Sleeper 100 1.889 1.646 150 2.459 2.352

At initial failure, the average rail seat deflection for the Portland and polymer sleeper was 302% and
399% greater than timber respectively. This is a major increase and highlights that deflection may be
a limiting factor in design. These results validates claims made by T.Baker (2016) and A.Baker
(2018) as their theoretical models suggested that excessive deflection was a potential problem with
GFRP reinforced railway sleepers. As deflection is much higher than timber, it wouldn’t be easy to
integrate the two together in-track. This means that the entirety of a track segment would have to be
replaced at a single time. Although the magnitude of deflection is significantly higher, it is important
to remember that both sleepers were still able to meet the minimum effective modulus set by
AREMA.

The use of polymer concrete in comparison to Portland concrete has increased deflection by 24.4%
which is a similar result to the non-destructive tests. Although deflection has slightly increased, the
use of polymer concrete is still favourable as it reduces the degree of cracking. Therefore, to
minimise deflection while still utilising the non-crack characteristics of the polymer concrete, the
compressive strength of the traditional concrete core could possibly be increased from 32 MPa to

improve the sleeper’s modulus.
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Chapter 7 Conclusion

7.1  Project Outcomes

The aim of this research was to designed, manufactured and evaluated the performance of two new
composite sleepers using Portland concrete and epoxy based polymer concrete reinforced with GFRP
bars. The scope of this work was to determine the sleeper’s maximum flexural capacity, the mode of
failure, measure deflection and observe cracking behaviour. Destructive and non-destructive test
methods were used to evaluate these parameters and determine whether GFRP bars and polymer
concrete have any significant advantages which could improve the design of narrow gauge track

railway sleepers.

By completing this research project, the following outcomes with respect to the research objectives

were achieved:

1. Research the properties of polymer concrete and the behaviour of GFRP reinforcement

Although the popularity of GFRP bars continues to rise around the world, no codes or standards
currently exist in Australia which is severely affecting their acceptance in the broader construction
industry. After completing the literature review, a list of key design factors relating to GFRP

reinforced sections was compiled:

* Reducing the bar diameter increases peak bond strength

» The shear strength of GFRP bars is generally 20% of its tensile strength

» GFRP reinforced specimens achieve about 60% of the bond strength compared to steel

» At the same reinforcement ratio and geometric size, GFRP and steel reinforced beams
roughly have the same bearing capacities

» GFRP reinforced have poorer crack control.

Some research claimed that polymer concrete products can surpasses some of the structural benefits
of Portland concrete and can reduce carbon emissions related to cement production. Most
importantly some research already supports the idea of using polymer concrete to manufacture
railway sleepers. Polymer concrete is more durable in harsh climates, more resistant to cracking and
chemical attack. Research also highlighted that its modulus is quite low in comparison to traditional
concrete.  Therefore, it was hypothesised that the polymer sleeper would be designed with a

traditional concrete core to help improve sleeper stiffness and reduce manufacturing costs.
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2. Review existing standards relating to railway sleepers and GFRP materials

The most widely accepted and recognised GFRP standard, CSA S806-12, was used to design the
flexural reinforcement while the shear reinforcement was designed in accordance with AS3600 for
simplicity. Although CSA S806-12 suggests applying a significantly large reduction factor (0.25) to
the total fu value of GFRP bars, this was ignored to minimise the amount of reinforcement required.
The factor of safety or the @ value was also slightly increased to reduce the amount of reinforcement
required.

The rail seat load was calculated in accordance with Australian Standard AS1085.14; Railway track
material — Prestressed Concrete Sleepers. Accurately calculating the rail seat load was an essential
component of this research project as all design parameters are dependent on its magnitude. The rail

seat load was calculated as 117.12 kN.

3. Theoretically determine maximum bending moments and shear forces acting on the sleeper

and predict the sleeper’s general behaviour under loading in Strand 7

Two finite element simulation models based on elastic foundation theory were created to determine
maximum bending moment and shear force acting on sleepers. The accuracy of both models was
validated against the analytical and empirical method outlined in AS1085.14. It was determined that
the sleeper needed to be designed for a maximum positive bending moment of 16.142 kNm and a

maximum shear force of 68.188 kN. The GFRP reinforcement cage was then designed.

4. Manufacture two railway sleepers and conduct experimental testing

The reinforcement cage was constructed first at USQ in accordance with the illustrated detail
drawings in Chapter 3. Three strain gauges were attached to the flexural GFRP bars and the concrete
was poured. After 28 days, the sleepers were taken out of their precast moulds. It was quite
noticeable that the sleeper made from polymer concrete was significantly lighter than Portland

concrete sleeper.
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5. Critically analyse the test data and compare results with the theoretical models and

previous research

Non-destructive tests proved that both sleepers achieved an acceptable effective modulus of elasticity
in accordance with AREMA standards. By using polymer concrete, the sleeper’s modulus was
reduced by 29.44% compared to Portland concrete. This result further justified the use of a traditional
concrete core to retain an acceptable effective modulus. Stress analysis principles were then used to
predict that both sleepers will fail due to concrete crushing while the GFRP bars at failure will only
utilised up to 70% of their tensile strength. This helped to justify that GFRP bars are a suitable
replacement for steel reinforcement. Importantly, non-destructive results were relied upon when the
destructive tests didn’t go as planned as both sleepers failed at a much lower load than expected.
Potential problems related to the manufacturing process, the strength of the concrete, the bond of the
GFRP bars and the reinforcement design itself were disregarded as non-destructive testing proved

otherwise.

The 5-point bend test didn’t accurately replicate how the sleeper would be loaded in-track. This
theory was proven when the test setup was simulated in Strand 7. The model in Strand 7 indicated
that flexural failure first occurred at the middle support which isn’t ideal and doesn’t align with the
predicted failure mode. Although both sleepers failed prematurely, some creditable results were

found:

» Flexural failure first occurred around an applied load of 100 kN as moment at the middle
support surpassed the maximum negative design moment

» Once the load approached 155 kN, the 6 mm diameter GFRP bars reached their transverse
shear capacity causing ultimate failure

» At initial failure, the average rail seat deflection for the Portland and polymer sleeper was

302% and 399% greater than timber respectively

Based on these results, it appears as though shear and deflection are the two limiting design factors.
This coincides with some previous research which identified that excessive deflection might be a
concern. However, both sleepers were still able to meet the minimum effective modulus set by
AREMA. Therefore, it would be worth measuring and comparing deflection when the sleepers are

actually supported by ballast.

111



6. Conclude whether polymer concrete has any noticeable advantages over traditional
Portland concrete

The use of polymer concrete is recommended as it definitely helped to reduce the degree of cracking;
one of the major causes of concrete sleeper deterioration. Significant flexural cracking was first
observed around an applied load of 90kN which is considerably higher than 64 kN, the load at which
flexural cracks first appeared in the Portland concrete sleeper. The use of polymer concrete also
seemed to reduce the number of shear cracks and no concrete crushing was observed. Testing also
demonstrated that the polymer concrete sleeper could withstand a greater load than its Portland

concrete counterpart because it can be subjected to higher strains.

1. Provide comments on the sleeper’s performance and give recommendations if necessary

The destructive 5-point bend test configuration should be altered so the moment ratio between the rail
seat and the sleeper’s mid-section is closer to 2.37. This ratio is most desirable as it best mimics how
the sleeper would be loaded in-track. The actual ratio achieved during testing was much lower than
2.37 meaning the sleeper failed in bending at the middle support which was undesirable. Although
neoprene rubber was used to reduce the magnitude of moment at the middle support, it was not able to
sufficiently dampen the moment at the middle support as its stiffness was too high. Due to this
unforeseen problem, both sleepers failed well before their predicted failure load meaning their true
performance is still somewhat unknown. Therefore, more destructive tests are required to determine
which type of rubber can achieve the best moment ratio.  The location of the supports could also be
slightly altered to reduce the chance of cracking in the shear span. With these modifications, the load

at failure would be more representative of the sleeper’s ultimate flexural and shear capacity.

Based on the results obtained, the sleepers design could be further improved. The diameter of the
flexural GFRP bars must be increased to improve their transverse shear capacity while the
compressive strength of the concrete core could be increased to nullify greater deflection due to the

addition of polymer concrete.
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7.2  Future Work

Further research could be done to determine whether using a rectangular GFRP hollow section could
outperform GFRP bars; refer to figure 7-1. If it was possible to use a rectangular GFRP hollow
section, manufacturing would become considerably more efficient as it would eliminate the need to
assemble a GFRP reinforcement cage, which was quite a tedious task. Another benefit of this design
would be that the Portland concrete core and the exterior polymer concrete coating could be poured at
the same time, in the same precast mould as the two cementitious materials would be separated by the
premade GFRP section.

32 MPa Portland

concrete N

)

s
&

[

Rectangular GFRP
4 hollow section

32 MPa Polymer -

—
concrete T

a4

Figure 7-1: Future research could be done on a sleeper reinforced with a rectangular GFRP hollow section

To help reduce high maintenance costs associated with timber, the rail industry is continuously
looking for sleepers that a more durable. Consequently, these sleepers have purposely been designed
with GFRP bars and polymer concrete in an attempt to improve durability as research indicated that
these products are very robust in harsh climates. As destructive and non-destructive tests have now
proven that it mechanically plausible to use these materials, some deterioration testing could now be
conducted to determine the expected design life of these sleepers. It is expected that the average

design life of these sleepers should surpass what is currently available on the market.
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Appendix A ENG4111/4112 Research Project

For:  Jacob Verrall

Title: Comparative Evaluation of the flexural Performance of GFRP Reinforced Railway Sleepers
Major: Civil

Supervisors:  Allan Manalo

Enrolment: ENG4111 — ONC S1, 2019
ENG4112 — ONC S2, 2019

Project Aim:  To successfully develop and evaluated the flexural performance of a GFRP reinforced
railway sleeper in accordance with Material Supply Specifications (TRACK-CT.172)

released by Queensland Rail.

In conjunction, two different railway sleepers will be manufactured for comparison
purposes; one from Polymer cement and the other from ordinary Portland concrete.
The aim is to evaluate the flexural performance of GFRP reinforced railway sleepers
in order to determine their suitability for narrow gauge track applications across

Queensland.
Programme: Version 2, last updated on the 27" of March 2019

1. Refine project objectives and provide a background of the research project. This research
should particularly focus on current demands, trends, products and standards associated with
the rail industry in Australia. This information should be used to justify how this research

project will benefit the civil and rail industry.

2. Conduct a critical review of the literature including railway sleepers and how they are
designed, the physical properties of GFRP bars and the advantages/disadvantages of polymer
cement. During this phase, it will be critical to start examining relevant standards to help

identify what materials and testing equipment will be required.
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3. Finite element analysis using BOEFM to evaluate the bending moment and shear forces acting

on the sleeper based on the loading conditions specified by Queensland Rail. This bending

moment and shear forces will be used to design the amount of GFRP reinforcement for the

polymer concrete and normal concrete following appropriate design standards.

4. Experimental testing and evaluation to assess the overall performance of a railway sleeper. The

testing will focus on the following parameters as specified in TRACK-CT.172:

The flexure of the sleeper in service

Failure under ultimate loading

Material strain failure based on characteristic or appropriately tested values
Deflection under serviceability loading

Local failure if any

All of these variables can be measured in a single test. TRACK-CT.172 specifies that a

sleeper’s performance can be measured by applying two point loads to replicate a passing

train. The distance between the point loads should equal the track gauge.

5. Critically analyse and interpret test results. Comparisons should be made between theoretical

predictions

6. Submit final dissertation on research, theoretical analysis, testing, results and conclusion

If time and resources permit:

e Evaluate the overall cost of sleeper and determine whether the GFRP reinforced polymer

cement sleeper is practically feasible.
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Appendix B TRACK-CT.172 Design Specifications

Key snippets have been taken from TRACK-CT.172 Design Specifications.

Y < QuecnslandRail

Material Supply Specification
TRACK-CT.172

Alternative Sleepers

Revision: Initial
Updated: 14/05/2015

Copyright in all content of this document, including all text, images and logos, is owned by Queensland Rail Limited. Except as
permitted under the Copyright Act 1968 (Cth), no person is entitled to reproduce, publish, communicate, adapt or otherwise exercise
any of the rights comprised in the copyright in the contents of this document, except with the prior written consent of Queensland Rail
Limited. This document contains confidential material relating to the business and financial interests of Queensland Rail Limited.

d Rail is to be in accordance with Part 3, Division 3 Section 37 of the Right to Information Act 2009 should any
Government Agency receive a Right to Information application for this document, Contents of this document may be either in full or part
exempt from disclosure pursuant to Schedule 3 Section 8 of the Right to Information Act 2009,

© 2015 Queensland Rail Limited. ABN 71 132 181 090
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QUALITYPOINT |  TYPE

Rejection of out of Quality
specification sleepers

71 Storage of sleepers Quality
T2 Loading of sleepers Quality
2 PRODUCT PERFORMANCE

REQUIREMENTS

2.1 Performance Principles

Alternative sleepers and associated components
designed, manufactured and supplied in
accordance with this specification shall:

Conform to all requirements of this
specification.

Provide acceptable performance for the
duration of the designated design life when
installed and maintained in accordance with
Queensland Rail’s normal practice.

Performance includes the ability of the sleeper
to restrain the rail in order to maintain track
gauge, and restraint against and transfer of
repeated lateral, vertical and longitudinal forces
to the supporting ballast and formation. Loads
include rail vehicle live loading, thermal loading
and loads generated during maintenance and
handling.

Minimise vibration and noise from passing
trains.

Have a lateral, longitudinal and vertical stability
greater or equivalent to timber sleepers. This
may be achieved through surface slip
resistance and sleeper shape.

Shall not warp, sag, permanently deform, split
or crack under loading for the duration of its
design life.

Shall not degrade due to in track conditions,
including but not limited to wear from ballast
abrasion, exposure to sunlight or extreme
temperatures.

Be electrically insulating in order to avoid rail to
rail shorts (additional care to be taken where
steel is incorporated into the design).

Do not require the use of specialised or non-
standard Personal Protective Equipment (PPE)
during handling, installation or maintenance.

Defined failure mechanisms to allow
identification that the sleeper has reached the
end of its operational life and requires repair or
replacement.

2.2 Product Application

Alternative sleeper types listed in clause 1.1 are
intended for use in the following applications:

e As atimber-replacement sleeper in mixed-
traffic lines with traffic to a maximum of 16
tonne axle load.at 120km/hr or20 tonne’akle
loadlat0eKm/h:

e As turnout and special long-length sleepers in
all applications throughout Queensland Rail’s
network with traffic to a maximum of 25 tonne
axle load at 100km/h and/or 20 tonne axle load
at 160 km/h.

e Installed on a face or as interspersed sleepers
with existing in track timber or steel sleepers.

e Installed under mechanical joints.

2.3 Environmental considerations

The environmental performance and benefits
associated with the design, manufacture and
utilisation of alternative sleepers shall consider
whole of life impacts and serviceability.
Environmental claims should be demonstrated as
applicable — this may be via the provision of
Environmental Product Declarations, life cycle
analysis, or similar, if available.

Whilst ensuring technical performance and other
requirement as per this specification, preference
will be given to products that:

¢ Have intrinsically lower embodied carbon
characteristics. Carbon balance credentials (or
similar) should be provided

¢ Do not leach toxic or hazardous chemicals over
the design life specified in clause 4.1

e Do not generate hazardous waste during
manufacture, use, fire events and disposal

¢ Use renewable materials and/or with a high
recycled content

¢ Are reusable and/or repairable, including with
replacement components as applicable

* Are recyclable, or partially recyclable at end of
life

¢ Do not require the use of toxic or hazardous
* chemical applications as part of maintenance or
repair processes.

3 GENERAL REQUIREMENTS FOR DESIGN
3.1 Sleeper design requirements

Alternative sleepers and associated components
shall be designed, manufactured and supplied in
accordance with this specification. s

Sleepers shall be designed for both structural and
fatigue failure modes associated with normal
operation loading conditions. Sleepers shall also be
designed for a range of environmental factors,
durability, exposure, chemical resistance, biological
resistance (e.g. infestations), UV stability and
temperature extremes relevant to a railway
environment in Queensland.

© 2015 Queensland Rail Limited
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QUEEI

Queensland Rail upon 'fequest.

(ii)

running rail

Centre of gravity of vehicle types above top of

Narrow gauge rollingstock operating on Queensland
Rail lines typically has a loaded centre of gravity in the
range 1800mm + 200mm above rail level.

Information for specific rollingstock is available from
Queensland Rail upon request.

inter car spacing

(iv) Train consist configuration including axle loads
and associated axle spacing, bogie spacing and

Information for specific train configurations is available
from Queensland Rail upon request.

Track information:

(i) Nominal track gauge

Refer to Clause 4.3 of this Specification

(i)  Rail size

Mainlinersleepers 2IR:
thyoughitor60kg/mias Used within'the Queensland/Rail
network. ™

Turnout, diamond and catch point sleepers — as shown on
the drawings, available from Queensland Rail.

Guard rail sleepers shall be designed to accommodate
guard rails the same or one size smaller than the
nominated running rail size. Alternative derailment guiding
systems may be proposed by the supplier for approval by
Queensland Rail.

Splay rail sleepers shall be designed to accommodate
splay rails of AS41, AS47, AS50 or AS60kg/m

from 27kg/m'rail'sections

(i)

Nominal cant of rails

Queensland Rail may specify variations to the
nominal rail cant requirements for sleepers-for
specific applications, however generally rail cants are:
Turnout sleepers — zero rail cant

Rail cant transition sleepers — 1 in 30, 1in 40 and 1 in 80.
All other sleepers — Zero rail cant or 1 in 20

S

(iv)  Depth of ballast

Nominal depth of 150 - 250mm (consideration to be given
1o special cases where ballast depth may be as low as
100mm).

(v Type and quality of ballast

Ballast is crushed, screened rock to Queensland Rail's
specification. In-service condition of ballast varies from
good to moderately fouled.

Specific technical information on ballast may be
available from Queensland Rail upon request,

(vi)

Design bearing pressure

The design bearing pressure exerted by a sleeper on
the supporting ballast shall not exceed 750 kPa or the
maximum pressure nominated by the supplier and
accepted by Queensland Rail. .

(vii)  Quality of formation

Formation quality varies from engineered subgrades to in-
situ materials, ranging in capacity typically from CBR3 to
CBR&0.

Information on formation quality for specific lines or
locations may be available from Queensland Rail upon

[ request.

©2015 Queensland Rail Limited
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 REQUIREMENTS

(vii) Track modulus

Shall be determlned by the Supplier:

- From field measurements relevant for the application
of the sleepers, or

- Calculated using industry-recognised methods from
information on track structure configuration and
condition provided by Queensland Rail.

Any special installation requirements

(ix)

Sleepers will be installed using both mechanical
equipment and manual handling.

The Supplier shall provide information on handling and
installation methods required to assure the
performance of the product in accordance with this
Specification.

Sleeper assembly design information:

(i)  Sleeper spacing

Turnout, diamond and catch point sleepers — between
550mm and 660mm in accordance with bearer layout
drawings

All other sleepers — '61;0_ .or 685mm as’.per CETS - Module
A L

Refer to Clause 4.6 of this Specification

(i)  Minimum length of sleeper and any additional limits

on cross-sectional dimensions
(iii)  Details of the fastening type Refer to Clause 3.2 of this Specification
(iv)  Acceptable types of pads and attenuation Refer to Clause 3.2 of this Specification

requirements.

Testing facilities:

Facilities for type testing must be NATA-certified and

(i)  Qualification and level of independence of the |
facility carrying out type testing. independent of:
- The Supplier, and
- Providers to the Supplier of any products or services
associated with the design or manufacture of the
sleepers and associated components.
(i) Qualification and level of independence of the Facilities for proof testing must be NATA-certified.

facility carrying out proof testing.

If not independent of the Supplier, testing must be
conducted in accordance with a process agreed with
Queensland Rail and embedded in the Supplier's
Quality System.

Packaging information:

(i) Rail wagon loading details

Shall be agreed with Queensland Rail

Associated fastening packaging requirements

(i)

Refer to Clause 7.3 of this Specification

© 2015 Queensland Rait Limited
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. Maintenance inspection period
requirements and frequency, noting the
variance from the requirements in accordance
with CETS.

. Repair methodologies, e.g. plugging
holes

The design report shall be RPEQ certified.

Queensland Rail review and acceptance shall not
relieve the contractor of responsibility in respect to
the requirements of this specification.

3.4 Sleeper design drawings

Along with the sleeper design report (clause 3.3)
RPEQ certified drawings shall be submitted to
Queensland Rail and include dimensions, design
loading, manufacture requirements, tolerances,
reference relevant standards, cut and drill limits,
fastening details and reinforcing fibre
details/sleeper cross section.

Any subsequent drawing revisions shall also be
submitted.

4 SPECIFIC REQUIREMENTS FOR DESIGN

4.1 Design life

Products shall have a minimum design life when
installed and maintained in accordance with
Queensland Rail's normal practice, of:

e Sleepers — 50 years

e Incorporated (cast in) fastening components —
50 years

¢ All other loose fastening components — 25
years L !

4.2 Design for serviceability

The designer shall demonstrate to Queensland
Rail:

track structure both laterally and longitudinally, -
including use on tight radius curves.

e That the sleeper base and rail seat have
appropriate resistance to potential abrasion
and/or deterioration in service.

o Thatflexuresefithe;sleepeninisenviées(under
load including temperature effects) will not
result in exceeding allowable track geometry
limits in accordance with CETS.

e The contribution of the sleeper to stability of the \/

v

4.3 Track gauge

Sleepers shall be designed to provide the range of
track gauges shown in table 4.3-1. Tolerances on
track gauge are as specified in Table 5.4-1.

The track gauge shall be determined as the
distance in millimetres between the inner faces of

the two running rails of a track measured 16 mm
below the top of each rail.

Table 4.3-1: Sleeper design track gauge

SLEEPER TYPE
Narrow gauge sleepers 1067mm
3GW gauge-widened narrow 1070mm
gauge sleepers
6GW gauge-widened narrow 1073mm
gauge sleepers
9GW gauge-widened narrow 1076mm
gauge sleepers
12GW gauge-widened narrow 1079mm
gauge sleepers
Standard gauge sleepers 1435mm

Dual gauge sleepers 1067mm and 1435mm

Turnout, diamond crossing
and catch point sleepers

As shown on the drawings.

4.4 Design load factors

For the purpose of calculating the vertical design
rail seat load, the combined vertical design load
factor (ks) for calculation of the design wheel load
(Pdv), shall be greater than or equal to 2.5. (Refer
to AS1085.14 for guidance on calculation of the
Vertical design Rail seat load).

Material reduction factors shall be determined by
use of appropriate industry standard methods,
such as use of the Eurocomp design code for the
structural design of polymer composites.

The designer shall include any other applicable
load factors required to complete the design.

All load factoring may be determined:

e From in-field measurements for a
representative sample of the traffic under
which the sleepers will operate, or

Through calculation or vehicle / track modelling
using industry-recognised methods allowing for
the quasi-static and dynamic effects of vehicle /
frack interaction.

4.5 Axle load distribution factor

The axle load distribution factor, DF, for calculation
of the proportion of the vertical axle load taken by
an individual sleeper may be determined:

* From the information provided in AS1085.14,
or :

e Through calculation using industry-recognised
methods, considering the physical properties of
the rail sections with which the sleepers will be
used.

© 2015 Queensland Rail Limited
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The axle load distribution factor shall be not less
than 48%.

4.6 Sleeper dimensions

Sleepers shall have dimensions within the
envelopes given in table 4.6-1.Table 4.6-1 shall be
read in conjunction with the Notes provided.

Sleeper design shall consider the dimensional
tolerances given in 5.4, in particular the effect of
cumulative sleeper, fastening and rail tolerances on
track gauge.

The sleeper shall have a rail seat area which
allows for all rail foot sizes, gauge variances and
fastening systems.

4.7 Moments at rail seat and track centre-line

Moments at rail seat and track centre-line shall be
determined:

e From in-field measurements for a
representative sample of the traffic under
which the sleepers will operate, or

e Through calculation or vehicle / track modelling
using industry-recognised methods.

4.8 Design for sleeper failure

Given the variability of potential alternative sleeper
design proposals, material type and performances,
the designer shall address the expected failure
modes relevant to the proposal. The parameters
that shall be addressed as a minimum include, but
are not limited to:

* Permanent deformation

o Failure;underultimate Ioading

» Material's rain failure based on;characteristic
appropriately tested values"

Excessiveideflection'under serviceability
loading or residual deflection which results in
track geometry that is out of tolerance in
accordance with CETS (e.g. track gauge).

* Buckling or surface wrinkling

e Local failure (e.g. ply adhesions failures)

* Excessive rail seat abrasion or rail seat cut

Non ductile failure (such as resin or adhesive
dominated failure modes) shall not be permitted.

The sleeper shall be designed to give reasonable
warning of failure before reaching an ultimate limit
state.

4.9 Track stability

The sleepers shall be designed to provide lateral
and longitudinal track stability. This may be
achieved through sleeper shape and surface

©2015 Queensland Rail Limited
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patterns/textures which create a mechanical
interlock between the sleeper and the ballast.

The track stability of the sleeper shall be greater
than that of timber in fully consolidated track, taking
into account the ballast “digging in” to the timber
sleeper over time.

4.10 Thermal Properties

The sleeper shall be stable in a range of rail
temperatures expected in track, typically between
-10°C and 70 °C, site dependant. Thermal
expansion or contraction due to temperature
changes shall not result in out of tolerance track
gauge over seasonal changes. Thermal
coefficients of the sleeper material shall be
provided to Queensland Rail as part of the sleeper
design report.

Consideration shall also be addressed for effect on
the sleeper from track hot work, such as rail
welding, where extreme temperatures may be
encountered.

4.11 Fire resistance

Sleepers shall be designed with consideration
given to the following factors:

« High fire resistance

« Low ease of ignition

» Low surface spread of flame

« Low fire propagation

« Low fire penetration

« Non-combustible

- Very low emission of smoke or low smoke
density

= No emission of toxic and noxious fumes

» Low loss of structural integrity

The design engineer shall use good engineering
judgement and apply good fire safety principles to
select suitable materials applicable to the fire
conditions which a sleeper may be subjected to.

412 Ultraviolet radiation exposure

Sleeper material degradation due to ultraviolet (UV)
radiation exposure shall not exceed 0.08mm per
year. Use of UV stabiliser in the resin mix is
acceptable.

4.13 Materials

Choice of materials shall be made to meet the
requirements of this specification, whilst balancing
cost efficiencies or cost minimisation.
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Table 4.6-1: Dimensional envelope for sleepers

Main line sleepers — Standard Size Length 2125 2175
(115mm)
Width at base 225 255
Depth at rail seat 110 125
: Main line sleepers — Special Size Length 2125 2175
(150mm)
Width at base 225 255
Depth at rail seat 145 160
Sleepers for mounting wayside Length 3000 3100
equipment

Width and Depth As per Main line Sleepers

Splay rail sleepers Length (as per Drawings)

Width and Depth As per Main line Sleepers

Sleepers for turnouts, diamond Length

(as per Drawings)
crossings and catch points ¢

Width and Depth As per Main line Sleepers

Notes to Table 4.6-1:

e ‘Mainline’ sleepers include plain, guard rail, wide gauge, gauge transition, level rail cant, cant transition
and dual gauge (except dual gauge splay rail) types.

e Depth shall be constant for full length of turnout bearers.

¢ Dimensional envelopes for standard or dual gauge sleepers are available from Queensland Rail upon
request.

© 2015 Queensland Rail Limited UNCONTROLLED COPY WHEN PRINTED Page 11 of 18
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Appendix C Table 4.1 from Australian Standard;
AS1085.14

TABLE 4.1
DESIGN PRESSURES AND MOMENTS—EMPIRICAL METHOD
Dristance Length of ballast .
Design values
between rail support beneath (see Note 1)
cenires (g) each rail seat (a) i
m m kFPa or KNm
g>15m a=L-g I Design ballast pressure _ R
(standard and (Pan) Pa&=TiL )
broad gauge) ' '
2 Design positive bending Mo = Ri_f.—g}l
moment at rail seat (Mp.) TR+ g
3 Design negative bending My_ = 0.67 Mpy.
moment at rail seat (Mg_)
a=09(L-g) 4 Design positive bending My, =005R (L - g)
moment at the centre (M)
5 Design For Standard v - R2g-1)
negative gauge: e
bending {see Note 2)
moment at
the centre | O Broad i k(2g-L)*
M) gauge: Mg_ =09 Rag —ugu—g‘JJ—T
e (1600 mm or
greater, _ 4R
see Mote 3) where & EH-‘:H:'
Ilimz2g>10m| a=08(L-g) |6 Design ballast pressure B R
(narrow gauge) (Pae) Pab (0.8wlL - glljl
7 Design positive bending M RlL-g)
moment at rail seat (Mg.) TR+ 6.4
£ Design negative bending My = 067 My,
moment at rail seat { Mg_)
9 Design positive bending Me,=010R (L - g)
moment at the centre (Mg.)
10 Design negative bending Mp_ = as spec by purchaser = 0.67 M.
moment at the centre (M) (see Note 4)

NOTES:
I Calculation of the maximum rail seat positive bending moment mayv be varied by allowing uniform
distribution of the applied load over the foot of the rail and taking moments at the outside edge of the rail foot.

2 Ballast support is assumed to be uniform.

ed

Ballast support is assumed to be as shown in Figure 4.1(b).

4  The purchaser may need to consider the support conditions in determining the value of My_ . An increased
value may provide some measure of confidence in situations where centre binding might occur.

129



Appendix D Materials list

Product Quantity Source/supplier Cost
16 x 2.13m, 6mm Inconmat Australia/ .
GFRP bars diameter University Nil
) i Inconmat Australia/ i
GFRP Shear reinforcement coil 2 University Nil
University .
Hacksaw 1 Nil
Cable ties 100 University $5
Strain gauges and cables 6 University $15 each
Sand paper 1 University Nil
Glue 1 tube University $3
Electrical tape 1 roll Student $2
Individual concrete test moulds 3 University Nil
Precast sleeper mould 2 University Nil
Portland concrete 0.5m? University $100
Polymer concrete 0.5m? University $100
Reinforcement spacers 5 University Nil
Tamping rod 1 University Nil
Slump cone 1 University Nil
Compression tester 1 University Nil
Concrete compacting tools University .
; 1 Nil
(vibrator and trowels)
Crayon 1 University Nil
Hydraulic test machine (SANS 1 University Nil
machine; 3 point bend test)
Hydraulic test machine (300 kN) 1 University Nil
Lab Computer 1 University Nil
DIC Camera 1 University Nil
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Appendix E Mechanical Characteristics of GFRP bars

v s \AL_L V:RDD HM

Revision: Oct 2012

V-Rod HM straight bars only, there are no HM bentbars | #3GFRP | #4GFRP | #5GFRP | #6GFRP | #7GFRP | #8 GFRP | #10 GFRP
V-ROD HM | V-ROD HM | V-ROD HM | V-ROD HM | V-ROD HM | V-ROD HM | V+-ROD HM
Minimum guaranteed tensile strength * MPa 1372 1312 1184 1105 1059 1000 1093
(ASTM D7205) ksi 199 190 172 160 153 145 158
Nominal tensile modulus GPa 65,1 2,5 65,6 £2,5 62,6 2,5 63,7 +2,5 62,6 2,5 66,4 +2,5 651 2,5
(ASTM D7205) ksi 9435 4363 | 9507 £363 | 9072 +363 | 9232 +363 | 9072 +363 | 9623 +363 | 9435 +363
Tensile strain % 2,11 2,00 1,89 1,73 1,69 1,51 1,68
Poisson’s ratio (-) 0,25 0,26 0,25 0,25 0,26 0,28 0,28
Nominal Flexural strength MPa 1734 1377 1239 1196 1005 1064 1105
(ASTM D790) ksi 251 200 180 173 146 154 160
Nominal Flexural modulus GPa 65,5 64,9 63,5 60,2 60,0 65,4 65,8
(ASTM D790) ksi 9493 9406 9203 8725 8696 9478 9536
|Flexural strain % 2,65 2,12 1,95 1,99 1,68 1,63 1,68
Transverse shear capacity [ kN | 41 | 67 | 94 | 127 | 156 | 187 | 232 |
(ACI 440.3R B4 two cross sections) | bis | 9217 | 15062 | 21131 | 28550 | 35069 | 42038 | 52154 |
Nominal Bond strength MPa 14
(ACI 440.3R B3) psi 2029
Bond dependent coefficient (-) 0,8
Longitudinal coefficient of thermal expansion xE-6/C 6,2
(ASTM E831) xE-6/F 3,5
Transverse coefficient of thermal expansion XE-6/C 23,8
(ASTM E831) XE-6/F 13,2
oisture absorption (ASTM D570) % 025 | 038 | o044 | 03 | o021 | 029 | 02
% vol 65
Glass content (ASTM D3171) % woight el
\Weight g/m 243 380 558 811 1156 1524 2488
9 Ib/ft 0,163 0,255 0,375 0,545 0,777 1,024 1,672
Effective cross-sectional area (including sand coating) ** mm’ 170,0 197,0 291,0 394.0 550,0 674,0 1028,0
(CSA S806 Annex A) inch 0,2635 0,3054 0,4511 0,6107 0,8525 1,0447 1,5934
- . mm® 71,3 126,7 197.9 285,0 388,0 506,7 791,7
Nominal e ! : , 3 8 , s i
NG CIRss-sonln e inch” | 0,105 0,1963 0,3068 04418 06013 0,7854 1,2272

* the minimum guaranteed tensile strength must not be used to calculate the strength of the bent portion of a bent bar. Instead use the minimum guaranteed tensile strength found
in the technical data sheet of bent V-Rod bars.

** Please contact the manufacturer for dowelling applications.

Development and splice lengths are available upon request but should be properly calculated by a design engineer.

Please refer to the bent bar data sheet for designs using bent V-Rod bars.
It is the responsibility of the design engineers to contact the bar manufacturer to get the latest updates of this technical data sheet (also available
at www.pultrall.com).
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