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ABSTRACT

In recent years, global climate change and energy shortages have become serious issues of
common concern internationally. The majority of roads and highways are paved using hot mix
asphalt (HMA) technology. The manufacturehaft mix asphalt is a key source of energy
consumption, greenhouse gas emissions and air pollution. As such, efforts have been made to
develop sustainable techniques to reduce energy consumption by lowering manufacturing
temperatures, which in turwill reduce CQ emissions and subsequent negative impacts on

the environment. Cold bituem emulsion mixtures (CBEMSs) are an excellent alternative to
traditional HMA from both an economic and environmental point of weMowever, there

are certain issues reldt¢o the mechanical properties of CBEMs that make them inferior to
HMA, limiting their use to low traffic roads, reinstatement works and footways. Accordingly,

the development of a CBEM with high early strength and minimal curing time is of increasing

interest to researchers in the asphalt industry.

The aim of this researcliork was to develop a new, higlerformance and environmentally
friendly, surface courseold bitumen emulsion mixture for heavily trafficked roads. This aim
has been adbved by i) adressing the lorgganding problems associated with conventional
bitumen emulsions, namely large and fumiform distribution of bitumen droplets within the
emulsion, and ii) reducing the long curing time of CB&M replacing conventional limestone
filler (LF) with a new secondary cementitious filler mgutemarily from waste materials.
Ultrasound technology was used to reduce the size of the bitumen droplets threugh
cavitationphenomenonA cationic bitumen emulsio(C50B4)was treated using ultrasound
apparatus, over differemgeriodsof time. The results revealegh 85%reduction in mean
droplet size (), under 7 minutes sonication treatment compared to the untreated sample.

Reductions in g and Do were 90% and 86%, respectively, in comparisothéountreated



sample. The particle size distribution (PSD) curve shows more uniformly distributed droplets
closer to the mean values, in comparison to the untreatedsien. The viscosity of the
7minute sonicated bitumen emulsion decreased by 28%, cothjmatiee untreated emulsion.
CBEM-LF, made with 7minute sonicated bitumen emulsion, showed an enhancement in
indirect tensile stiffness modul{srSM) at 3 days curing by approximately 70%ompared

with the same mixture containing conventional bitumenlsion.

To eliminate the long curing time requiredCBEMS, a new cementitious filler was developed
from waste materials and used as a substitute to conventional LF. The new alkali ternary
blended filler, ATBF2, comprises ordinary Portland cement (OR@G)gh volume of waste
sewage sludge fly ash (SSFA) aralcium carbide residue (CCR.waste calcium hydroxide
solution was used as a replacemientthe aggregate preetting water in the CBEM. CCR
played a vital role activating the SSFA by breakingdlassy phases of the namorphous

silica in the SSFA, while the waste calcium hydroxide solution increased the hydraulic
reactivity of the cementitious components. Scanning electron microscopy (SEM}rapd x
diffraction (XRD) were used to investigate tthevelopment of hydration products in the new
CBEM. Concentrations of heavy metals in the samples incorporating AW&#2 observed

to be less than the regulatory levels determined for hazardous materials.

The mechanical properties of the novel CBEM mpawating both the sonicated bitumen
emulsion and ATBF2 filler, were investigated in termsIf&M at different curing times,
rutting resistance, fatigue resistance, water danragistance and age hardenimbe said
mixture offers a substantial improventen stiffness modulus, compared to HMA and CBEM
containing conventional emulsion and LF. The ITSM for thelpevelopedCBEM at 3 days

of age increasedy approximatelyl9times that of the conventional cold mixture, and almost

2.5 times that of trational 100/150 HMA. The new mixture also displayed considerably higher



resistance to permanent deformation in comparison to the reference cold aasphait
mixtures, demonstrating its potential for use in heavily trafficked roads. Resistance to fatigue
was significantly enhanced by the use of both ATBF2 and the modified emulsion in the, CBEM
compared to conventional cold and hot mixtures. This mixture is more durable because of
improvements in resistancew@ter damage and enhanced ltergn ageing péormance. This
improvement has been achievwdthe presence simaller bitumen droplets that provide more
bitumen surface area and evewoating of aggregate particleshis helps form a cohesive
mixture working in parallel with the hydration products whiesulted from the hydration

process of the cementitious filler in the presence of water within the bitwaiten solution.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Overview

Roads play an essential role in the economic and social development of all countries. As such,
roads are designed to withstand the stresses and strains induced by traffic loads and changing
/ challenging environmental conditions thgtout their service life, without any disruption to
operation. Asphalt pavements are the major structural-daaging element of roads
comprising superimposed layers above the subsoil, thegjolgprimarily todistribute traffic

loads to sufrade leels. Of paramount importance regarding pavement structures is that
stresses induced by wheel loads, should not exiteeblearing capacity of the griade, this

is achieved by minimising transmitted stress

A typical asphalt pavement must provide the followiigthew and Krishna Rao, 2007)

1 Adequate distribution of wheel loadess to the surade soisuch thaho deformation
occurs

1 The ability to withstand all types of stresses.

1 Sufficient skid resistance.

1 Acceptdle surface riding quality.

1 Low noise from moving vehicles.

1 Long service life with low cost of maintenance.

Hot mix asphalt (HMA) is the most common material used to construct asphalt pavements. It
is prepared, laid and compacted at elevated temperaangisg from 110 to 180°CSu et al,

2009) Due to these relatively high temperatures during production, large amounts of fuel are
needed to heat the aggregates and bitumen. As a consequence, a substantial proportion of

pollutant gases are generated and emitted during the manufacturing [{apesdo et al,
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2012) Rubio et al (2012¥ktated that one of the main sources of pollution within the road
industry is the HMA manufacturing sectorjsitontributing to global warming. Health and
safety issues due to fumes and dust during production, add adistédrantagéo the uses of

HMA. All these raise the necessity for more economic and sustainable pavement material

alternatives.

From the viewoint of developing more environmentally friendly and sustainable asphalt

pavement construction practices, cold mix asphalt (CMA) technology has gained the attention
of the road pavement industry in that many researchers have tried to develop suchea mixtur
Due to its environmental, economic and safety advantages, cold bitumen emulsion mixture

(CBEM) has emerged as the most common type of CMA.

1.2 Benefits of CBEM

Cold bitumen emulsion mixture (CBEM) is the result of scientific studies aiming to reduce
energyconsumption and greenhousmissions while improving cosffectiveness. CBEM is

considered to have the following benefits

1. It is an environmentallyriendly product asio heat is required durints production
and construction becau§¥BEM is a waterbased systemthere isno environmental
footprint attributedto it. CO; emissios during the manufacter of CBEM are
approximately 14% of thogeroduced byHMA (Kennedy, 1997)It eliminaes dust
emissions because there is no need totheatygregate

2. No need ofheat redues the cost of CBEM by minimizing the energy used. The
production of one tonne of CBEM costs about 13% of the energy needed f
conventional hot miXle Bouteiller, 2010)

3. A reduction inthe potential exposure of workers to fuel emissions, fumes and other

chemical gass Workersin aHMA job site are usually exposed to 0.1 to 2 myhh

2
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bitumen fumes, which corita10 to 200 ng/mof benzo(a)pyrene toxic gé&€hauhan
et al, 20D).

4. It extendsthe paving season, as there is no threat of a critical loss of tempehature
workable over a range of air temperatures and can belaidt or humid conditios
CBEM canalsobe stockpiled and hauled over long distances with nofoe@usulated
trucks(Needham, 1996)

5. It maximises the use of recycled asphalt pavement, waste apbdyct materials,
which increases cosffectiveress.

6. It eliminatesthe problems associated with the heating process such as binder hardening
through oxidatiorduring thestorage and construction stad@s-Busaltan, 2012)The
probability of producing waste frothe CBEM construction process is limited, due to

theelimination of the ned to heat if{Al-Busaltan, 2012)

1.3 Drawbacks of CBEM and Problem Statement

Despite CBEM having so many advantages with respect to environmental, economic and safety
issues, there are some shortfalls apparent during its stages of production and service life
performance that make it inferito HMA. These shortfalls form a barrier to use as a structural
layer (Oruc et al, 2013)Consequently, its application has been restrictegreventive
mantemance of pavement3he main drawbacks of CBEM, as stated by previous studies and

applicationg Thanaya, 2003; AHdabi, 2014; Dulaimi, 2017tan be summarized as follows:

1. Poor early life strengtbue tothe presence of watereaning that éng curing timds
requiredfor the trapped watéo evaporate and achieits ultimate strength. Laboratory
andfield studies have been conductedtbg Chevron Research Company to evaluate

the performance of CBEM in California. They concluded bettveer? to 24 months
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are needed to obtain full curio§CBEM in the field,this de@ndenton the constituents
of the mixture and the weather conditigheech, 1994)

2. High air voids content in compacted mixtures.

3. Inadequate aggregate coating percentage due to large amshiftmmly distribution
bitumen droplets in the emulsion.

4. High water sensitivity, givig low early resistance to rainfall.

5. Adding cement and additives improves the performance of CBEM, but this
substantially increases the cost of production.

6. Standards and specifications for CMA are not available.

The research problem tackled in this thesas &s a result of a critical appraisal of the literature.
A number of unclear, or unresolved issues and knowledge gaps related to CBEM performance

were identified, as summarized in the following paragraphs.

There are several parameters affecting the pegoce of bitumen emulsion such as the source

of bitumen, type and amount of emulsifier, type of equipment used in its manufacture and
particle size in the emulsion. Bitumen particle size is one of the vital parameters influencing
the breaking behaviour dfitumen emulsiongRayner and Marchal, 1991As the bitumen
droplets redced, the interfacial area between the bitumen and the water incréasedrease

in the surface area leads to an increase in the number of contact points and the capacity for
emulsifier adsorption at the bitumerater interface, thereby accelerating Ibheaking process
(Needham, 1996)n contrast, the larger the particle size distribution, the more free emulsifier
in the water phase. This will rapydhttach to the aggregate surface and prevent the binder from
breaking onto the aggregaf@larchal et al, 1993)This in turn, leads to coalescence of the
bitumen droplets away from the aggregate meaning that a poor binding matrix is formed. In

addition, the lager the particle size, the less stable the emulsion. Larger particles are more
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prone to settlement, which can result in an increase in particle size during $hbeagbam,

1996)

Most of the previous studies in the literature have shown that the performance of CBEMs can
be improved by using cement to absorb trapped water in the mixture through the hydration
procesgThanaya, 2003; Oruc et al, 2007; Niazi and Jalili, 20094é4bi et al, 2014a; Fang

et al, 2016a)However, using cement in relatively high percentages, increases costs and cement

demand worldwide, this consequently increasing €issions.

1.4 Aim and Objectives of Research

The present study primarily aims to improve the mechanical performance of CBEM by
addressing two issues pertaining to bitumen emulsion and curing time of CBEM. This will
involve: i) reducing the size of the bitumen droplets amdlpcing a more uniform emulsion

and ii) enhancing the curing time of the new CBEM by replacing conventional limestone filler
(LF) with a new secondary cementitious filler (SCF) with low CO2 emissions. The new
bitumen emulsion will be developed by reducihg bitumen droplet size using an ultrasound
technique. Smaller droplets lead to an increase of the surface area per unit volume, thus
increasing the area of the aggregates coated by the bitumen binder. The new SCF will absorb
the trapped water in the CBEtrough the hydration process and produce hydration products
which working in parallel with the bitumen binder to form a cohesive mixture. This improves
the performance of the CBEM in terms of mechanical properties, such as stiffness modulus,
resistanced rutting and fatigue. The research outcomes ought to eliminate the restrictions
imposed by road engineers on the use of such mixtures in road surface layers, due to the earlier

said shortfalls; weak early strength and long curing time.
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The novel factors this research include:

1. The production of a sutmicron bitumen emulsion, using a new ultrasound technique
which has never been applied before in the asphalt pavement domain.

2. The conversion of waste materials; low calcium sewage sludge fly ash (SSieAjad
desulphurisation (FGD) gypsum and calcium carbide residue (CCR), into a high value,
secondary cementitious filler (SCF), adopting new LIMU activation techniques.

3. The application of the bitumen emulsion modified by ultrasound technology, and the
new SCF, as replacements for conventional materials, to produce a high performance

CBEM suitable for road surfacing.

The aim of the research will be achieved through the following objectives:

1. An upgrade of the properties of conventional bitumen emulsion, wsimgpvel
ultrasound technique, to reduce the bitumen droplet size of the said emulsion+o a sub
micron level. This technical development will improve the characteristics and
performance of the bitumen emulsion in the mixture and produce better interlocking
between the mix contents.

2. Selection of the optimum ultrasonic irradiation time to ensure that the bitumen emulsion
is dispersed and approaching a monodisperse state.

3. Specification of the characteristics of the upgraded bitumen emulsion in terms of
viscosty, droplet size and droplet size distribution.

4. Selection of candidate waste materials, namely SSFA, FGD and CCR, to produce SCF
to replace the limestone filler in conventional CBEM, and study their physical,
chemical, mineralogical and morphology propestiComparison of these to ordinary
Portland cement (OPC) to predict their potential for use as cementitious and/or

pozzolanic materials, individually and/or collectively.

6
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5. Carrying out laboratory work on the said waste materials aiming to activate them
medianically and chemically, using grinding energy and chemical activation
techniques, respectively.

6. Production and optimisation of SCF, made from 4 and 5 above, by blending the selected
waste materials with OPC in different proportions, using binary andriebiending
procedures. Indirect tensile stiffness modulus (ITSM) was used as an indicator of
improvement in the performance of the CBEMs containing the new filler.

7. Understanding the development in the ITSM of the new CBEM by using scanning
electron micrgcopy (SEM) and »ay diffraction (XRD) analysis to investigate
changes in the microstructure of pastes bonding in the CBEM matrix at different curing
ages (3, 7, 14 and 28 days).

8. Investigation of environmental issues by conducting a Toxicity Charaatdresiching
Procedure (TCLP) test on the waste materials, new cementitious filler and the newly
developed CBEM, to analyse the leachate for heavy metal concentrations.

9. Complete a laboratory study on the performance of the new CBEM, containing the new
modified bitumen emulsion and the new SCF, to specify its mechanical and durability
properties in terms of ITSM, resistance to permanent deformation, resistance to fatigue
cracking, temperature susceptibility, water sensitivity and ageing, using Liverpool
Cente of Materials Technology (LCMT) lab at LIM&dbmplying withBS EN codes
of practice.

10. Conducting a critical analysis and discussion on the importance of the new products

and their use in the pavement industry.
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1.5 Research Significance

Developing a CBEM with igh early age strength, strong resistance to water ingress and with
minimal time delay requirements before structural loading, would be considered as a
breakthrough in CBEM research. First time, worldwide application of a new technology
ultrasound techrogy - to produce bitumen emulsion, can improve its properties which in turn,

can increase the performance efficacy of bitumen emulsion in pavement construction.

Using a sustainable filler derived from the candidate waste materials in combination with
cemant, provides enhanced properties for CBEMs and offers a potentially positive effect on
sustainability by reducing the need for cement in CBEMs. The current research will contribute
to the wider utilization of CBEMs in the construction of highway and pawemmaterial,
facilitating positive environmental and economic impacts. The use of a high percentage of
SSFA when producing CBEMs would also provide the benefit of minimising the volume of

waste disposed to landfill.

1.6 Thesis Structure

This thesis is orgargsl into eleven chapters as follows:

1 Chapter 1: includes the background to the research topic, and the advantages and
disadvantages of using CBEMs in road construction. The research aim and objectives
and the significance of the research are also presentieid chapter.

1 Chapter 2. presents an intensive literature review of the research topic, including
reviews on bitumen emulsion, cold asphalt technology, with more detail on CBEMs

and ultrasound techniques as applied in emulsification practices.
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1 Chapter 3: summarises the methodology followed to accomplish the objectives of this
research. The experimental procedures to characterise the bitumen emulsion and the
selected raw materials are presented together in this chapter with the mix design and
the tesimethods chosen for development of the CBEM.

1 Chapter 4: provides the results of the ultrasound technology treatment process of the
bitumen emulsion used to obtain the optimum upgraded bitumen emulsion. This chapter
also presents an investigation on the praps of the newly upgraded emulsion and its
performance in the CBEM compared to the conventional CBEM.

1 Chapter 5: provides the detailed results of the mechanical, physical and chemical
properties of the selected waste materials, compared to LF and GE&fféct of
applying activation techniques on the performance of these materials is also presented.
This chapter also includes optimisation of the constituents of a binary blended filler
after combined application of the activation techniques.

1 Chapter 6: addresses and discusses the experimental results of the optimisation process
for the ternary blends used to develop the new secondary cementitious filler. The results
for the CBEM in terms of ITSM are also compared with those of CBEMs containing
LF and OPQndividually.

1 Chapter 7: deals with the mineralogy and microstructure of the developed CBEM
using XRD and SEM microanalysis tools. This will provide an understanding of the
improvements in the performance of the new cold mixture in terms of ITSM, water
sensitivity, rutting and fatigue resistance.

1 Chapter 8: includes the development of a novel surface course CBEM, incorporating
both the modified bitumen emulsion and the developed secondary cementitious filler.
This chapter includes an evaluation of the lyeseveloped CBEM in terms of ITSM

and its durability properties i.e. water sensitivity and ageing.
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1 Chapter 9: provides the findings of the mechanical performance of the developed
CBEM in terms of resistance to permanent deformation and fatigue resistance.

1 Chapter 10: details the environmental investigation on heavy metal concentrations in
the waste materials, new secondary cementitious filler and new CBEM.

1 Chapter 11: contains the conclusions derived from the findings of this study.

Recommendations for fute works are also reported.

10
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Chapter 2: Literature Review

2.1 Introduction

A comprehensive literature review, describing the background of the current study is presented
in this chapter. It includes three sections, the first providing a general @veo¥icold mix
asphalt (CMA) practice and summaries of attempts to enhance the performance of cold bitumen
emulsion mixtures (CBEMSs). The second section covers the most important aspects of bitumen
emulsion technology. The last section reviews the ultradachnology used in different
emulsification applications such as food, cleaning products, cosmetics, pharmaceutical and

biomedical manufacture.

2.2 Cold Mix Asphalt (CMA) Overview
2.2.1 Classification of Asphalt Mixtures

Asphalt mixtures are composite materiatmposed of graded mineral aggregastsck
together by a bitumen binderhd@ type and proportionsf the constituents of an asphalt
mixture, will determine the quality, performance and serviceability of the resulting asphalt
mixture (Jakarn, 2012)There arewo maintypes of asphalt mixtures classifiaccording to

the proportion andggregatesize distributionnamely continuoug graded and gagraded
Continwoudy graded mixturebave various sizof aggregateThe voids formed by the coarse
aggregates are filled up by fine aggregates, bitumen andTilerstrengthemg the aggregate
skeleton(Roberts et al, 1991An exampleof a continuosly graded mixture issphaltconcrete
(AC). It is typically used fo construting surface courseen lightly trafficked pavements
binder and baseourses in major road$he range oAC mixtures variesfrom 4 mm, fine

graded surface course t82 mm, heavyduty AC. The difference between these tyjzelsased

11
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on the propdions of coarse aggregate, fine aggregate, filler and bitgEwenpean Committee

for Standardization, 2016b)

In gapgraded mixturesthe gralatingof aggregates isot continuous. This createsore air

voids because of the lack of small particles to fill in the voids between the larger particles
during compactiorfRead,1996) The structural strength of gapaded mixturess based on

the mortar of sandhitumen and filler.As such, continuouslgraded mixtures offer better

deformation resistance than ggpded mixtures

Depending on the mixing temperature and eneoggemed in the process of heating, asphalt

mixtures are divided into three different types as described {#aitkus et al, 2009)

2.2.1.1Hot Mix Asphalt (HMA)

Hot mix technology is most commonly used to produce road pavement materials, accounting
for around 90% of the total mixes produced, because of its flexibility, eesthistance and
ability to repel water. It is manufactured in a central mixing plant where the asphalt and
aggregates are heateda temperature between 150 and 190°C (based on the hardness grade
of the bitumen), proportioned correctly and mixed. Thengleted paving mixture is
transportedby trucks to thepaving sitespreaddy a mechanical spreader in a smooth layer then
compacted by rollers while still hot. Soon after the material has cooled to the ambient

temperature, the pavement is ready to operaftic (Read and Whiteoak, 2003)

However, the production process of HMA is considered a substaatiace ofcarbon
emissionsthese having serious impact on thenvironmen{U.S. Environmental Protection
Agency (USEPA), 2011)Health hazards are created due to gas emissions from the heating
process, the risk of fire and burns from mejtintumen. The annual production ofygpical

asphalt plant is approximately 200,000 tonnes of HMA, which in turn produces 13 tonnes of

12
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carbon monoxide (CO} tomes of volatile organic compounds, 2.9 tes of nitrogen oxides,
0.65 tomes of total hazarous air pollutants and 0.4 toes of sulphur oxidesas estimated by

U.S. Environmental Protection Agency (USEPA) (2000)

2.2.1.2Warm Mix Asphalt (WMA)

Warm Mix Asphalt (WMA)technologyallows asphalt mixtures to be produced apieadat
significantly lower temperaturethan HMA. With this technology mixing and compacting
temperatures can be reduca®dund20 to 40C lower than that required for HMA without
affecting the mix qualityRubio et al, 2012)While there are numerous WMA technologies
usearound the worldthe most common technologies used to reduce bitumen viscosity are the
use of organic additives, chemical additives and waased or watecontainng foaming
processe$Zaumanis, 2010)Loweringthe temperature during productiorducesthe energy
required and thusuel consurption. It also decreasdbe plant's carbon footprinthereby
improving working conditions at the plant and paving Siieuropean Asphalt Pavement
Associaton, 2010) WMA can also be hauled ovilenger distanceandhas arextended paving
seasoras itcools at a lower ratdeHowever,there is still a certain reticeneenen it comeso
use these mixtures ashey are still atthe experimentation and standardliion stage of

developmen{Zaumanis, 2010)

2.2.1.3Cold Mix Asphalt

Cold mix asphalt (CMA) S a versatile and sustainable alternative to HMA as rixed,
applied and compactedt ambient temperatureithout heating(Jenkins, 2000)1t is a
combination ofgradedmineral aggregate and emulsifient cutback asphalandadditives.
There are several factors driving the developmentACincludingits envionmentaimpact,
energy savings ral cost effectiveness. From the viewpoint of energy inp@vA

manufacturing consumesuch lesenergy thatHMA. The manufactue of one tonne of CMA

13
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requires 13% of the energy used to manufacture the same amount of(leNBauteiller, 2010)
The CQ emissiors from preparing CMAareapproximately 14%f thoseproduced byHMA

production

Althoughthe advantages of CMA are very attractive with respect to envirdameoonomic
and safety issues, there are some shortfalls resulting from theppdormance of such
mixtures that make it inferior to HMA. These shortfalls are apparent in the manufacturing

stages and service life performarftdanaya, 2003

2.2.2 PracticesAssociated with the Manufactureof Cold Mix Asphalt (CMA)

Over the last century, it has been established that CMA has several advantages over
conventional HMA in terms of sustainability and energy savings, as it produces almost no
emissions & discussed in the previous section. As such, many efforts have been made by
researchers and producers to improve these mixtures to increase their competitiveness and
potential utilizatioGomezMeijide and Pérez, 2014Jhese efforts have led to several CMA

practices in use around the world, as detailed below.

2.2.2.1Cold Lay Macadam

In this type of CMA the bitumen uset$ liquefied by adding a solvenr flux oil (cutback
emulsion). Flux oil is a nomolatile fraction of petroleum used dilute bitumen to a more
useful consistency. The performance of these mixisrgsverred by the evaporation of flux

oil from the mixturethis depenihg on flux vdatility and weather conditions. These mixtures

are often usedas surface dressings, macadam mixtures and temporary fill material in
reinstatement work which has suffered from low stiffness as a result of the presence of flux

(Robinsm, 1997)
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There are some drawbacks asated with these mixtures includitigatthe solvents useaire
considered pollutants, flammable and usually expensive. As a result of their environmental

impact,the use obuch mixtures habeen restricteflLeech, 1994)

2.2.2.2Foamed Asphalt

This technologyvasfirst developed in 1956 by Prof. Ladis H. Csanyi at lowa State University,
USA. It is manufactured using a foamed bitumen which is produced by injecting water into hot
bitumen The ensuing steam is trapped by thousands of tiny bitumieblds resulting iran
increasein the volume of the bitumen aral temporarydecreasen viscosity Due tothe
expansionn volume, the aggregates will be coateé &iwer temperature during the foamed
state. Further devgbonents havesubsequentlgnhancd the productiorof this, ae type of
thesemixturescarried out by Mobile Oil Australia in 1968y adding cold water instead of

steam, creatingsimpler and more economic production metfiddthen, 1998; Ebels, 2008)

Another development made in the riiI90s by Wirtgenwas wherboth water and air were
injected into the hot bitumen in an expansion chamber. Compressed airta/GPolwater by
mass of bitumerwas injected into hot bitume&40 to 180C), whichconvered thewater into
vapour, generating tiny bitumen bubb{&sina, 2015)After theair escaps thefoam collgpses
leaving a bitumen residue wigioperties similar to the originaltumen to coat the aggregate.
The main feature of this technologyista small ratio of water, mmally about 2% by bitumen
mass, is requiretheaning that foamed bitumean be operteto traffic almost immediately.

It remairs workable for longeandcan be stockpiled for later ué&/irtgen, 2004)

2.2.2.3Grave Emulsion

Grave emulsion was first produced in France and sulpesgiecification in 1974Needham,

1996) It refers to enulsion stabilized aggregate applications, in which the bitumen emulsion
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is mixed with prewetted aggregate. In France, grave emulsion is used in warm regions because
of its water sensitivity. It has a lower binder content (3 to 3.5%), which allows parditihg

of the aggregate compared to other types of CMA.

Grave emulsion could be a ce$tective replacement to traditional HNAespecially in remote
areas where the nearest hot mix plant is some distance away. These mixtures are favoured as

base andwgface courseéThanaya, 2003)

2.2.2.4Cold Bitumen Emulsion Mixture (CBEM)

CBEM isthemost popular type of CMA, usirgtumen emulsion as a bind@mhanaya, 2003)

It consistsmainly of graded mineral aggregate, bitumen emulsfiler and water.CBEM
technology allowmixing, laying and compaction of a mixtunéth no reat.Contrary to HMA,
CBEM experiences some drawbacks including low early life strength, high air voids and long
curing times, needing 2 to 2donths to reach its ultimate strength. Accogly, applications

of CBEM have been limitetb low/medium trafficked roads, footways and reinstatemeviask
(Leech, 1994; Read and Whiteoak, 2003; Ojum, 20%B)ce CBEM is higly sensitive to
rainfall at ealy stages of construction, it is rarely used as a structural pavement layer,
particularly in countries with cold, humid and wet conditions like the(D#&yle et al, 2013)
CBEMs show evolutiomproperties especially during early life, where the initial cohesion is
low and builds up progressively, as reporteSlkyfass eal (2004) In itsearly life, it exhibits
unusual behaviogmwhich are governed by a group of factassch aghe existence of water,
reactivity resulting from aggregatender film coalescence and cohesion buifd Thanaya
(2003) demonstratednadequate aggregate coating percerstayge to anncompatibility
betweencoarseaggregates and emulsiasthe emulsion is floccakted on the fines pton.
CBEMs caralso experiencproblems with binder drainage and binder stripping during storage

and compactioibecause of thiw viscosity ofthe bitumen emulsio(irhanaya, 2003)
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2.2.3 CBEM Developments

CBEM is considered to bef alow quality in comparisorto HMA, mainly in terms of its
mechanical properties, the prolonged period required for curing to achieve an optimal
performance and its poor strengttearly ages (Dulaimi et al, 2017)Because of thistudies

have beer implemented to investigate and understand the behaviour of €BdMo enhance

its poorperformanceby applying different preparatioapproacheand incorporating various

types of materials.

2.2.3.1Compactionimprovement

The mechanical performance of CBEMsdsectly affected by compactioas adequate
compaction is required to achieve optimal performance. Various laboratory compaction
methods such as Marshall Compaction, static compaction, vibratory compaction and gyratory
compaction have all been used in poe¢ studies to investigate the effect of compaction on
their mechanical properti¢sleedham, 1996; Thanaya, 2003; Niazi and Jalili, 2009; Oke, 2011;
Miljkovil and . Brawh eamdbNeadlgam (2Q000Lrgl thatas compaction
increasedthe degree of emulsion coalescemtso increase@vhenusing granite aggregate
with a 20 mndensebitumenmixture(DBM) specification.The specification limitef air voids

for CBEMs @nbe achievedy adopting heavy compaction (120 revolution, 240 kPa, 2° angle
of gyration) rather than medium compaction (8@alution, 240 kPa, 2° angle of gyratipak
demonstrated byrhanaya (2003)His results also showed that targét void conterg of
compactedCBEMs 6 to 10%) could beattained by applyin@40 gyrationsthis categorised

as extra heavy compactiofhe application of heavy compaction is important to ensure that
theemulsionbreaks and that the mix achieves adequate stréhigmaya, 2007 Serfass et al
(2004) proved that increasing compaction influences the mechanical rpespeas seen in

Figure2.1.
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Different studies have discussed the influence of fluid content ocotheaction of CBEMs

as the compaction process is complicated due to the presence of both water and bitumen phases.
The applied stress due to compaction, has a role in impréek@goalescence of bitumen
droplets by breaking the narrow gap of the aqueous phase betweerf thEml j k o v i |
Radenberg, 2016Yhis helps the interface between the bitumen droplets and the aggregate to
develop, thus affecting the entire emulsion breaking process. The majority of studies suggest
applying heavy compaction to ensure that the emulkséts, achieves the correct volumetric

properties and thereby proper mechanical propefiibalid and Eta, 1996; Thanaya, 2003;

Serfass et al, 2004)
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Figure 2.1: The effect of compaction degree on stiffness modul{Serfass et al2004

2.2.3.2lmprovements by incorporating Fibre Reinforcement & Polymers

The stragth and bonding of asphalt mixtures can be improved by adding fibre reinforcement
(Ye et al, 2009) The mechanical propees of fibrereinforced, densgraded, emulsified

asphalt mixtures have been investigatedi®ys. Bueno et al (2003)hree percentage8.1%,
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0.25% and 0.5%0f staple polypropylene fibresf 10, 20 and 40 mmwere added to the
mixtures. The results indicated thide inclusion of fibres redusedry density, Marshall
Stability and mixure resilient modujicompaed to the mixture with no fibresAbtahi et al
(2010)explained that the role of fibre reinforcementasncreasehe tensile strength of the
resulting mixtures andextend thestrain resistance to fatigue cracking and permanent
deformation However, here are some factotisataffect the performance of asphalt mixtures
with fibres such as type and contatigmeter, length and surface text(ifesami et al, 2014)
An experimental study conducted Bgrrotti et al (2014¢xaminel the characteristics of a high
performance BEM reinforcal by three types of fibres, namadgllulose, glasselluloe and
nylon-polyester cellulose, at two percentag®@43%6 and 0.36, by weight of aggregate. The
samples were examined at different curing tines7, 14 and 28 ays underwet anddry
conditions.The results revealed thae mix with 0.15% cellulse fibres shoed acomparable,

or evenbetter performancthanthat ofthe conventional mixture (with no fibres).

ChavezValencia et al (2007paddresed the effect of polymer modified emulsion on the
compressive strength oBEMSs. In this studypolyvinyl acetate emulsion was addeda rapid
setting bitumen emulsigno enhanceahe compressive strength thfe CBEM. Two types of
CBEM were prepared the first wherebyaggregate were coatedwith a film of asphak
polyvinyl acetate bindegndthe second, thaggregate mixed with a dilutgdlyvinyl acetate
emulsionto coverthemwith the polymer. The results revealed that the second type o#iered
31% improvement in compressive strength due to the improvement in void coAtesther
recent study carried oby Xu et al (2015)was to develop a neAC-13 asphalt mixturesing

a specially developedolymer modified emulsifierlt was concludedhtat the developed
mixture met thgperformance specification requirememserms ofmoisture susceptibilitgnd
high and low temperature crackesistance, along with an improvement in permanent

deformation resistance.
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2.2.3.3Improvements by incorporating Cement

Cements a very fine powdery substance that if mixed with other roahesive particles the
presence of wategives a hardnedmass Cement stting and hardeningre aresultof the
hydrationprocess a chemicakeactionbetweenthe cement compoundsd water, yielding
very strong and durable binding materi@l® 6 F | a h e. Ortinary Patlanatément (OPC)
is widely used aa replacement to limestone filler (LF) in CBEKMiazi and Jalili, 2009; Du,
2015) The incorporation of cement in asphalt concrete megus not a new concept. OPC
has been used asfull replacement of conventional filler in warm mix asphait order to
avoid binder stripping from the pdried aggregatelt has also been usdd improve the

coating of wet aggregate with bitumen or(fBransport Road Research Laboratory, 1969)

A series of thre@ioneerstudies were conducted Berrell and Wang (1971B5chmidt et al
(1973)andHead (1974)looking atthe influence of cement on the resilient modulus of treated
CBEMs. Their results revealed that the addition of up to 3% cement accelerated the rate of
developmat of resilient modulus in the early stages of cuniegching up to 200%depending

on the type of emulsion.

As well as this the incorporation of cement into CBEMs increh$iee stiffness modulus,
permanent deformation resistance, fatigue crackingtegsie (at initial strain below 200
microstrain) and enhanakthe moisture sensitivityNeedham, 1996)Milton and Earland

(1999)demonstrated that cement could be used either as a primary biader supplementary
binder to work as an adhesion agent orsaigbe enhancement of the shtemm properties of

compacted mixtures. The addition of cemmsnbf substantial valugroducing outstanding
creep performance and high stiffness modulus inrltboy samples, even after immiersin

water.
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A furtherstudycarried outby Thanaya (2003)nvestigated the effect of using 1 to 2eapid
hardening cement on the mechanical properties of CBHWMs.results showed a significant
improvement in strength, resistance to rutting and fatigue at early@geset al (2006and

Oruc et al (2007karried out work to assess the mechanical properties of emulsified asphalt
mixtures containing 0 to 6% OPC rapement for mineral filler. The resultevealed
significant improvements in the mechanical properties with higher OPC coasesgen in
Figure2.2, which led them to propose using cement modified asphalt emulsion mintoess
constructing structural layers. They also stated that motbement, CBEMs perform poorly

andarevery sensitive to moisture.
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Figure 2.2: Effect of incorporating cementon resilient modulus of theCBEMs (Oruc et al, 2007)

Wang and Sha (201@Jso indicated that the mictwardness of the interface of aggregate and
cement emulsion mortais influenced by the fineness of cement and mineral filler. A study
conducted byBocci et al (2011bn the effect of temperature on stiffness evolution during the

curing stage of CBEM treadewith OPC lead them to deduce that the rate of evaporation of
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water increases with an increase in curing temperatlire to the existence of hydraulic
material. They also established that treated CBEM has lower thermal sensitivity compared to

HMA, meanng that these mixtures experience less distortion and rutting during hot seasons.

CBEMs with various contents of cement have been examin&almjia et al (2013)sing the
Marshall stability test and when cured at different humidity lev&8s 70 and 90% relative
humidity (RH). The results showed that samples cured at B6Phardenednoreslowly than
samples cured at loRH. Their results also revealed that the combination of cement and asphalt
emulsion resulted in a material which had beneficial properties for both asphalt and concrete.
They demonstrated that cement causesigés in the pH of the emulsion which leads to it
breaking quickly, as seen Figure2.3. Wang et al (2013have studied the influence of pH

and water loss on emulsion stabiliag caused by cement hydratiinding tha the chemical
stability of cationic emulsions is strongly influenced by pH value. By increasing the pH value,
the charge and cationic emulsifiers on bitumen droplets are rapidly broken down, leading to

fast flocculation and coalescence of the emulsion.
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Figure 2.3: Schematic diagramrepresentingthe hardening process of an asphakmulsion

composite(Garcia et al, 2013)

A new cement treated CBENIhade witha gap gradingwas developed byAl-Hdabi et al

(2014a) using OPC as a full replacement of conventional mineral filler. They investigated the

mechanical properties and water damage resistance of the developed ,ntirduesults

showing significant improvements in mechaal properties, water damage resistance and

temperature susceptibilibA study carried out bifang et al (2016aimed at accelerating the

improvement of mechanical properties of CBEMsusing rapid hardening cement. They

found that the improvements in the mechanical properties of CBEM incorporating calcium
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sulpho-aluminate and calcium aluminate cement after one day of ¢uverg comparable to

those containing OPButachieved after one week of curing.

From previous studiest can beseenthat cement has been widely used to enhance the
properties of CBEMdHowe\er, the production process of cement, consumes a massive amount

of energy which creates a negative impact on the environ{@atheider et al, 2011)
responsible for 5%of total global carbon dioxide emissor{f O6 Rour ke et al ,
Accordingly, researcher@d industrial companieare paying a great deal of attention to the

use of wasteand byproduct materials as a replacemaott partial replacemenfor cement

(Ravikumar et al, 2010)

2.2.3.4lmprovements by incorporating Waste and fpyoduct Materials

The use of waste or hyroduct materials as a filler replacement in the road construction
industry, paticularly in the manufacture of CBEMs, facilitates economic and ecological gains
as these materials have low, or no, manufacturing costs and the reuse of these materials will
reduce the need for expensive disposal. These materials are technically dledsifigo types
depending on their reactivity; hydraulic and pozzolanic materials. Hydraulic materials react
with water and generate cementitious products, while pozzolanic materials do not react with
water as they do not have any cementitious propdstiesvhen mixed with cement or any

other cementitious materials, they will react to form cementitious products.

Severalstudies have been conductedreestigatehe use of waste and industrialpgsoduct
materialsto replacelLF in conventional BEMs. In a study carried out byhanaya (2003)
different waste materialwere introducedo CBEMSs to improe their mechanical properties.
It was establiskd thatred porphyrin sandndsynthetic aggregates made from sintering quarry
fines and crushed glass, can easily be incorporated into CBEM®yY willoffer satisfactory

stiffness values.
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In the same researchhanaya (2003fpunda risk ifusing steel slag as it leads to an expansion
in volume in wet conditions. Latefhanaya et al (2006)sed pulverized fly ash (PFA) as a
filler in CBEMs at full curing conditions. The resultereshowed that the CBEMsstiffness

was comparable tahot mix, confirming its suitability for use.

Recently,paper sludge ash (PSA) waste cementitious matemate addedo cold graded
emulsified asphalt mixtures [l -Busaltan et al (2012) he results revealed thitie stiffness
modulus, resistance toepnanent deformation and water susceptibilitgre improved
specifically when more than 50% of the new cementitious materéat=used as a replacement

for limestone filler.A laboratory study using a waste domestic fly ash, namely LW,

was conductedy Al Nageim et al (2012) This material was used as a replacement for
conventional limestone filler and was found to generate a second binder from the hydration

process between LJIMBAL and the trapped water.

Al-Hdabi et al (2013¢onducted a studptimprove the propertiesf gapgraded, coldolled
asphalt (CRA)which included a waste fly ash (WFA&s a fillerreplacementalsoaddinga

high silica byproduct material as an activator. The results showed a promising enhancement
to the mechanical properties of the CRAterms ofmoisture damage resistaniffness
modulus and uniaxial creep tesBulaimi et al 016c)developed a binary blended filler
material, produced from higtalcium fly ash and high siliealumina naterial namely fluid
catalytic cracking catalyst (FC3R)t was found that using such materialprovides
improvements imicrostructural integty thereby providindgastcuring cold asphalt concrete
for binder course mixtus2lmprovements in the mechanical properties of CBEMs using binary
and ternary blended fillers (BBF and TBF), has been investigatdthbsar et al (2016Yhe

BBF consisted of fly ash andaundgranulated blasiurnace slagGGBS), silica fume (SF)

added to the BBF to produce TBF. Thesults showed that the TBF achieved more
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improvements in mechanical and durability properties in comparison to BBF. The addition of

SF has been found to accelerate the generation of hydration products.

More recentlya new fast curing and environmentalfriendly CBEM for binder coursewas
developed byulaimi et al (2017)A waste alkaline NaOH solutionas used to activathe
binary blended fillerto generate an alkadictivated, binary blended filler. Substantial
improvements were achieved regarding mechanical properties and water sensitikiggy in t

developed CBEM.

2.2.4 Curing of CBEMs

Curing conditions have a critical impact on the performance of CBEM, its strength and
stiffness, as reported in the literatyiNeedham, 1996; Thanaya, 2003; Oruc et al, 2007;iBocc
et al, 2011)Specific curing times are required for CBEMSs to build up their ultimate mechanical
properties, as seen Figure2.4 (Bocci et al, 2011)The evolution process in ITSM values
includes breaking of the emulsion, loss of moisture anddtigsh of cementitious materials

when treating CBEMs with cement/cementitious mate(i@krcia et al, 2013)

Jenkins (2000¢haracterised the curing process in thregsyavater loss over evaporation,
particle charge repulsion and pore pressure induced flow paths. The reduction in moisture
content results in an increase in the strength of the mix. The curing process itself is affected by
several parameters, as reported Jenkins and Twagira (20Q8Yhese includeclimatic
parameters i.e. temperatureinmdity and wind, aggregate gradation and properties, type and
thickness of the layer, initial water content, binder content, filler type, deir@uditions and

traffic loads.

26



Chapter 2: Literature Review

SOIK) 5
=t ° o
= o— g o °
& 6O / 8 PN
= /
s , -
” |
= g ° o °
= °
= 4000
g °
i °
74
Y °
= 2000 4
b=
7
(I T T L4 T T L4 L4 1
il 10 20 30 40 S0 6 70 Xl
Curing time [days]
® 28 days at 40°C curing model T=40"C
@ 63 days at 20°C curing model T=20"C
¢ SO days at 5°C + 14 days at 40°C curing model T=5°C
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Kim et al (2010khowed that the strength gained by CBEMs is directly related to moisture loss,
thisbeingobvious at higher temperatures over time. This is true when the CBEM includes inert
LF, while in the case of an active filler such as cement, the story is different as the hydration
process requires the existence of water. Excessive evaporatioo High temperature, can

hinder the full potential of the cement hydration process, as confirmBodxy et al(2011)

Their results showed that specimens subjected to a high curing temperature, had less resistance
to moisture damage, attributing this behaviour to the lackniform density of hardened

cement at high curing temperatures. This resulted in wealens in the microstructure of

CBEM, as indicated birovnanik (201Q)

With most laboratory curing protocols used by previous researchers, common curing
temperatures are 20 and 40C. The performance of CBEMs is considerably improved when
both curing temperature and tinaee increased: 14 days curing at°20is more or less

comparable to 7 days curing at°@0(Bocci et al, 2002)Serfass et al (2004ssessed and
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compared different curing proceduresoposingan accelerated curing of 14 days at 35°C to

be suitable for road engineegtisis in line with the view that curing at temperatures higher than
50°C dries thesamplegoo quickly causing premature failut@ardone et al (201%)vestigated

the curing process of CBEMSs treated with cement by analysing the influecement dosage

and curing temperature (2D and 40C) on moisture loss and evolution of complex modulus.
Their findings revealed that the increase in stiffness of the mixtures was controlled by moisture

loss through the evaporation process, as higher tatupes accelerated the curing process.
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2.3 Bitumen Emulsion Technology

The early part of the J0century witnessed thereation ofbitumen emulsion production and
application in road constructiqgdames, 2006)I oday, this technology lsagained worldwide
attention due tothe low temperature required foapplication, hence reducingnergy
consumptionand greenhousgasemissions.Regardless of the application, bitumgmould
behaveas a liquid to increase workability and facilitate theximg process. This can be
achievedoy reducing its viscosity using four main methduitumen heating, hitmen fluxing
with flux oil (cutback bitumen), bitumen foaming (foamed bitumen) and bitumen

emulsiication (bitumen emulsionjRead and Whiteoak, 2003)

Emulsions are a class of dispersion systems consisting of two immiscible lmpedsf which

is usually water (Akzo Nobel, 2008) According toJames (2006and Akzo Nobel (2008)
emulsionscan be classified into three categomdsch dependan the nature of the dispersed
phasei) oil-in-water (O/W) in which th dispersed phase is an oily liquid and the continuous
phase is wateii) waterin-oil (W/O) in which the continuous phase is oil and the dispersed
phase is water, and iii) multiple phase emulsion in which the dispersed droplets themselves

contain smalleglobules of a third phase, usually the same liquid as the continuous phase.

In the case of bitumen emulsion, the bitumen is dispersed in a continuous water phase as minute
dropletsof 0 . 1 t o 5 0, stabifized by anremulsiier. The emulsifier kedjpe bitumen
droplets in permanent suspension by supplying them with electrostatic cli@eges and
Whiteoak, 2003)A diagram ottypical bitumen emulsion particle size distribution is shown in
Figure2.5. The particle size distribution of a bitumen emulsion is affected by its constituents
and the manufacturing parameters at the flamgras et al, 2005Hu et al (2009¥tated that

particle size distributiomot only affectsphysical properties such as viscosity and storage

stability of the emulsion, but is key for interactions with cemertitumen emulsion bound
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asphalt mixturesTherefore smallerparticle size leads to improperformance in both mixture
and spray appliceons (Salomon, 2006) Accordingly, the ability to control particle size

distribution during the emulsification process influences the properties of the emulsion.
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Figure 2.5: Typical particle size diagram of bitumen emulsion droplet{ Mi | j R0&4y i | ,

2.3.1 The Benefits of using Bitumen Emulsion

The use of bitumen emulsions results in the following benefits:

9 High viscosity bitumen is retained in a form which can be handled and applied at low
temperatures.

1 The possibility of thermal degradation of the bindemisimised because of the low
temperature of application and storage.

T I't hasndbwetting and adhesion properties.

1 It improves safety when used in pavement construction because it is applied at a low

temperature, minimising fumand burrhazards.
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1 Since bitumen emulsion does not need heat, there are no issues regarding flammability
during its storage, transportation and paving.
1 It reduces the use of energy as no heat is required during application.

1 It possesses ardtripping properties.

2.3.2 Composition of Bitumen Emulsions

2.3.2.1Bitumen and Water

Bitumen is thebasiccomponent of a bitumen emulsion; it makeshgtween50 and75% of

the emulsionThegrade or hardnessf a htumen significantly affectghefinished emulsion.

Most emulsions are made whiitumen in therange of 4Qo 250 penetratiofSalomon, 2006)
Occasionally, climatic conditions may influence the type of base bitumen to be used as low
viscous base bitumen ssiitalde for colder climates and vice ver€ames, 2006)rhat aside,
compatibility of the emulsifying agent with the bitumen is crucial to produce a stable emulsion.
Bitumen is a colloid composedf large hydrocarbon moleculg®ulaimi, 2017) The
interactiors of these moleculeare complex which makes italmostimpossible to predict
preciselythe behaviour of the bitumen to be emulsifigdality control is necessauringthe

manufacture obitumen emulsion.

Water is the second largest ingredient in a bitumen emulsion, comprising 25 to 50% of the
emulsion(James, 2006)ontributing to the desired properties of the finished produetayt
contain minerals that positively or negatively affect the production of stable emulsions, for
example,magnesium and calcium io@se beneficial fothe formation of a stable cationic
emulsion while theycan be harmful in anionic emulsionss suchimpure water should not

be used in emulsion manufactuas it results in animbalance of the components of the
emulsion components, whiaddverselyaffects the properties of the final produdbwever,

pure drinking water might not be an option in the niaciwre of bitumen emulsions.
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Water isa polar medium comprising of ionimoleculessuch as HO*, OH and H, as well as
the polar water molecule itselfherefore when mixing water and bitumemder normal
circumstancesthe compound will separatguickly after mixing. Ths separation happens
because the molecules in the polar medium tend to cotmeath other to eliminate positive
and negative charge regions. In order to achieve stability, an emulsifier shergtbrebe

added

2.3.2.2Emulsifiers

Emulsifiers, or surfactarg aresurfaceactive agergwhich areconsidered the most important
component required to produce a homogeneous emuldiegmake up between 0dhd2.5%
of a bitumen emulsion and can be defined as a vsaleble chemical whose existanin a

solution significantly changes the properties of the solvent and the surface it cOhsabisit

Institute, 2008)The properties of the bitumen emulsion are highly dependent on the properties

and the contents of the emulsifier. A large interfacial area between water andrbjthases
will be created during the production of bitumen emulsion; approximately 50@Boussad
and Martin, 1996)The essential roles of an emulsifier are as follfRsad and Whiteoak,

2003)

1 Facilitates bitumen dispersion in water by reducing the interfacial energy between the

bitumen and watephases.

1 Keeps the bitumen droplets in permanent suspension by forming a barrier between the

water and bitumen.

1 Provides each bitumen droplet with an electrical charge.

1 Enhances the mechanical properties of the emulsion such as the tendency to settle and

adhesivity.
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A typical emulsifier has two groups of molecules: a hydrophilic (satervi ng) O0head?o
and a hydrophobic (6ll ovi ng) dJanzes, ROD6)Igertal grpup comprises a long
hydrocarbon chain (R), consisting of 8 to 22 atomwisich oriens towards the oily bitumen

phase, while the head group orients towainé water phase.

Chemical surface agents can be classified into three types according to their dissociation

characteristics in the water. These are:

I.  Cationic Emulsifiers
Typically, these emulsifiers are acidic systems (pH < 7). The electrovalent and polar
head groumarepositively charged and imparts a positive charge to the ssrécke
bitumen droplets. A typical example of this kind of emulsiisenctadecyl ammonium
chloride (CHs(CH2)17NHs*C 1),E which dissociates in water into positive

CHs(CH217/NHsfand ani on chl orFigwe6.( Cl E), as seen

RO NH3 Cl E

Il.  Anionic Emulsifiers
These emulsifiers are generally alkaline systems (pH > 7). The electrovalent and polar
head group is negatively charged, imparting a negative charge to the surfaces of the
bitumen droplets. An example of an anionic emulsifier is sodium stearate
(CHs3(CH2)16COONa), which dissociates in water into negative stearate anions

(CH3(CH2)16 COQO) and paitive sodium cations (Na

RO COOE Na
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[ll.  Norrionic Emulsifiers
In nontionic emulsifiers, the hydrophilic head group is a covalent polar and dissolves
without ionisation. Any charge on the bitumen emulsion droplets, is derived from ionic

species in the bitumen itself. It is rarelyedsor road emulsions.

Rd COO (CHC H0)xH

s :
- Head Group
a - (Water Loving)
- ° Hydrocarbon Chain (Ol Loving)
fé : { |
2. |
. Counterion ¢
ﬁ" (Water Loving)
la ™0

Figure 2.6: Schematic diagram of charges oa bitumen droplet and the gructure of a cationic

emulsifier (James, 2006)

2.3.2.3Stabilizers

Due to insufficientdesalting of crude oil, bitumen may contain salt which causes bitumen
droplets to swell through osmosis by which water is pulled into the bitumen droplet. This
phenomenon increases emulsion viscosity and affects its stability. Calcium chloride, or other
sduble salts, is added at 0.05 to 0.2% into the water phase of the cationic emulsion to reduce
the effect of water osmosis. I3odium polyphosphate is used in anionic emulsions for the

same purpose.
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2.3.2.4Solvents

Solvents maypeaddedto bitumen emulsiasnto improve emulsification, minimize settlement,
and enhance curing ratat low temperatures or to provide the right binder viscosity after
curing(James, 2006 olvents such as white spirit will improve coating abijlag reported by

Thanaya (2003)

2.3.2.5Sodium Tripolyphosphate

To improve the quality of the emulsion, sodium tripolyphosphate is included at 0.1% as a water

softener in anionic emsilons which are sensitive to hard wgigkzo Nobel, 2008)

2.3.2.6Thickeners

Thetaskof these additives which are water soluble in the emulsdo,increasé¢he viscosy
of the emulsion and decreatbe escag of the emulsion in opegraded mixes. They ag be
added at 0.020 0.20% to the water phase or to the finished emulsion. The type of thickener
should be chosen carefully as it influesthe breaking and adhesion thie emulsion(Akzo

Nobel, 2008)

2.3.2.7Adhesion Promoters

These additives are included time emulsion to promote the adhesiortha bitumen to the
aggregates, which in turreduesthe risk of stripping. They can be added to the bityroen
to the finished emulsion. Surface active amine compounds are often used as gr@aoEs,

2006)

2.3.2.8Asphalt Peptizer

Many benefits can be gained by adding asphalttipapto the emulsion including;

improvements in the quality of themulsion by enhancing emulsifiability, eteng smaller
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droplets, decreasing settlement, increasiagosity andmprovingadhesior{Thanaya, 2003)
Regarding paving grade emulsions, the most compemtizersare styrene butadiene rubber,

poly-chloroprene and natural roér latex(James, 2006)

2.3.2.9Latex

Latex is a watebased dispersion of polymer which is ugednodify emulsionsBitumen
properties such aohesion, crack resistance at low temperatures and resdtaflow at high
temperaturesare improved whe a polymer is added. However, considerable care should be
taken wherselecting the type of lateas it should be harmonized with the emulsion. Latex is

available in cationic, neronic and anionic formgAkzo Nobel, 2008)

2.3.3 Categories of Bitumen Emulsion

According to the sign of the charge on bitumen globules, bitumen emulsions are classified into

four categoriegRead and Whiteoak, 2003)

9 Cationic bitumen emulsion
M Anionic bitumen emulsion
9 Non-ionic bitumen emulsion

1 Clay-stabilized bitumen emulsion

Cationic bitumen emulsion is commonly used in road construction. It has positive charges on
bitumen globuleswhile the bitumen droplets of anionic emulsions have negative charges. Non
ionic emulsions include bitumen particles with neutral charges-&#dylized emulsions are

often emulsified by fine powders which are natural or processed clays, or bentonites.

Cationic emulsion, which is under consideration in this study, is more effective than anionic

emulsion in terms of coating aggregates in all weather conditions. The positively charged
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bitumen droplets in cationic emulsions are more attracted to negativetged aggregates
such as granite. However, there is no attraction between negatively charged anionic emulsifiers
and the negatively charged surface of idealized grani@d F|1 a h e.r A norrioni 0 0 7 )
emulsion israrely used in highwagpplicatiors while claystabilised emulsions are used for

industrial applications.

Bitumen emulsions aralsoclassifiedinto three groupsccording to their reactivityi) Rapid
sdting (RS) emulsion setguickly oncein contact with cleamggregates of lowurface area
and isnormally used in chip seals (surface dressimpMediumsetting (MS) emulsionsually
setsless quickly than RS and che mixed with aggregates with low surfaceaasuch as open
graded mix, and iii) Slowetting (SS) emulsion, which mixes with reactiggregates of high

surface are@James, 2006)

2.3.4 Manufacturing Process of Bitumen Emulsions

When producingemulson, it is necessary to keep the viscosity of the bitumen at a suitable
level for emulsification. As such, it is usually heated to between 120 and 180°C, corresponding
to a viscosity of 0.2 Pa.s (2 poig&joblom, 2005) Most emulsifiers are either unstable or
have a very short lipanat these temperatures. Therefore, the common practice in bitumen
emulsification is to mix the emulsifier intbe water phasg Mi | j k o vTio Bvpid ilng 4 )

the water and exceeding the emulsifier thermal stability demands, the temperature of the water
phase is adjusted so that teenperature of the resultant emulsion is less than gRéad and
Whiteoak, 2003)However, in practicethis varies between 45°C and 60°C, as reported by

Miljkovil (2014)

Two processes are usually used to manufacture bitumen emulsions; continuous or batch
processing. Most bitumen emulsions are produced in a continuous processing plant which sees

the controlled mixing of water, emulsifier and bitumen using a colloid mill. In the colloid mill,
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the hot bitumen and the emulsifier solution are fed separatelgjrhultaneously, and a high
shar action is produced by a higipeed conical disc (rotofRead and Wheoak, 2003)
Depending on the geometrical properties of the mill and the desired particle size distribution,
the revolution speed of a stationgwgirt (stator) ranges from 1,000 to 10,000 Hifihe typical
clearance between rotor and stator is betwe2®h &d 0.50 mm and is usually adjustable. The
shear force applied by the colloid mill, helps to break up the bitumen and emulsifier mixture
into small droplets, which assistscoating the bitumen globules with emulsifier and initiates
electrical chargesn said globules. The resulting electrostatic forces prevent the globules from

coalescingRead and Wheoak, 2003)

In batch mixing, the colloid mill is replaced by a static mixer, initiating the globules from a
highly turbulent flow. The required shear is generated from a series of baffles that result from
pumping the bitumen at high speed. The batclegs® can be used to produce small volumes
of emulsion(Read and Whiteoak, 2003Jhe manufacturing presses of cationic emulsions

are demonstrated iRigure 2.7. They are very similar to anionic emulsion manufacturing

processes.
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Continuous process plant

Solvent Liguid Acid Calcium

emulsifie chloride

2R R

exchanger

Bitumen

Water

Flow control of

the bitumen phase the aqueous phase

Colloid mill
—=T0o bulk storage

Emulsion catch tank

Batch process plant Batch metaring for emulsifier,

acid, and calcium chloride

Ligquid Calcium Acid
emulsifier] | chioride

Water |

Bitumen
storage

Flow control of
the aqueous phase

Flow control of
the bitumen phase

Colloid mill
—==To bulk storage

Emulsion catch tank

Figure 2.7: Schematic diagram illustrating continuous and batch process plants for

manufacturing bitumen emulsions(Read and Whiteoak, 2003)

39



Chapter 2: Literature Review

2.3.5 Properties of Bitumen Emulsions

The most important properties of bitumen emulsionsstability, viscosity, breaking and
adhesivity (Read and Whiteoak, 20Q3)\ typical emulsion will be stde under storage,
transport and application conditions, but will bréa&parated fronthe aqueous solution and

form a thin film cover materialspapidly after application, leaving a binder with the properties

of the original bitumen adhering to the aggate. Although it is generally assumed that the
bitumen recovered by the breaking of the emulsion is the same as the bitumen that was used to
produce the emulsion, there are exceptions. The emulsifier used may modify the recovered
bitumen, specifically, & surfacedependent properties such as adhesion. The properties of the

recovered bitumen can be addressed by modifievsi | j kovi I, 2014)

2.3.5.1Stability of Bitumen Emulsions

Emulsion stabilityis a measure ahe abilityof a particular emulsioto resist change to its
properties over timen a stableemulsion the propertiesof the emulsiorwill change more
slowly over timeyvarious physical and chemical processes contributing to stability. Emulsion
stability is very important in storage, transport and(Dsdhghan, 2009)Several processes are
involvedwhenthe systenapproaches a state of equilibrium. Typically, settlement, flocculation
and coalescence take pasimultaneously at fairly wetlefined rates, continuously changing

the properties of the stem.

 Settlement

Under normal circumstances, the grades of bitumen normally used in emulsions have a density
that is slightly greater than that of the aqueous phase of the emulsion. Consequently, bitumen
globules tend to separate and settle in the aqueloase, resulting in a bitumeith lower

layer and a bitumedeficient upper layefRead and Whiteoak(0B3). Bitumen emulsions can
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be said to be stable in storage until this settlement §tdrémaya, 2003)rhetwo main factors
that hinder or accelerate se#tinent are gravity anthe repulsive/attractivéorces between

bitumen dropletsproduced by the layers of emulsifier on the droplets.

Bitumen emulsions with low bitumen content and low viscosity are more prone to settlement.
Bitumen emulsionsvith high btumen contentietween67 and 70%), generally have fewer
problems with storage stability than those with a low bitumen content (from 40 to 60%)
(Sjoblom, 2005)This can be explained as most of the spaces in the former are filled by bitumen
particles such that there is practically no room for settlement to occur, while the distance
between the bitumen droplets in the latter is so large, thatalmost impossible to avoid
settlement. However, bitumen emulsions with low bitumen content are widely used, thus some
settlement must always be expected. This emphasises the importance of agitating the emulsion

carefully before use.

One method of reduainsettiementis to equalze the density of the twanain constituerst by

adding a salt, for examplealcium chloride, to the aqueous pha&aother wayto reduce

settlement is by reducing the mean particle size, or the range of particle sizes, as lictps par

settle faste(Read and Whiteoak, 2003)he risk of settlement during pumping, transport and

ag tation is increased when the bitumen dropl

are more sensitive to mechanical stress.

9 Flocculation and Coalescence

Settlement represents the first stage of emulsion instability and is followed by floccatadion
coalescence. Bitumen globules in emulsions have small charges from both the emulsifier and
ionisable components in the bitumen itself. These small charges on the droplets provide an

electrostatic barrier when they are close to each other. Howeven drbplets do achieve
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enough energy to overcome this barrier and get close, they adhere to each other, i.e. flocculate.
Flocculation is defined as the aggregation of bitumen droplets (with no change in thal origin
droplet size) into larger units. Flocatibn can be reversed by agitating, diluting or adding

more emulsifier.

Over time, the water layer between droplets in a floccule will become thinner and the droplets
will coalesce. Coalescencedsscribedas the process of thinning and disruption oflitpeid

film between the particles resulting in the fusion of two or more dro@t=0 Nobel, 2008)

This process igreversibleand eventually results in a complstparation of the emulsion into

two distinct liquid phases. The process of flocculaamd coalescence of a bitumen emulsion

is illustrated inFigure2.8.

Stable emulsion
The dargeon emulsion dropletensures the droplet:

remain physically separated

Flocculation
The dose proximity of droplets leads tadhere to
each other water layer between them become

thinner over time

Coalescence
Water drains between droplets agrdulsionfilm

breaks down; droplets fuse, trapping some wal

Coalescence
Trapped water diffuses.

Figure 2.8: Schematic diagram illustrating the destabilising process of a bitumen emulsion

(Akzo Nobel, 2008)
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2.3.5.2Viscosity of Bitumen Emulsions

The viscosity of bitumen emulsions is of primary intpoce as they are almost always applied

by spraying, either for surface dressing or when mixing with aggregates. It should be low
enough to permit even spraying, but at the same time, high enough to prevent escape from the
aggregate surface once it is sggd and mixedSjoblom, 2005)The particle size distribign

of the emulsion is dependeon the flow rate through the mikspeciallywhen the bitumen

content is higher than 65%. Particle size distribution and visadsatyge as a result of packing

bitumenglobules relatively clodg together.

Emulsionswith a high concentratioim the disperse phase (bitumen), seldaxe Newtonian
viscositycharacteristics, i.e. apparent viscosity changesnthe shear ratehangesEmulsion
viscosity isfairly independent obitumenviscosityand because of thaamulsionswith hard
bitumen (< 10 pen) which are easily poured at 10°€an be manufacture(Read and
Whiteoak, 2003)The effect of increasing bitumen concentrations at low level content is small
However, at high bitumen contents, a small increase in concentration can induce a dramatic

alteration in viscosity, which may get out of contfiekad and Whiteoak, 2003)

The viscosity of a bitumen emulsion is strongly dependent on aqueous phase composition
(Sjoblom, 2005) The viscosity of conventional cationic emulsions can be increased by
decreasing the acid content or increasheemulsifier contentHowever, controlling the salt
content in bitumen may produce an osmotic effect whichdség water inside the bitumen
particles, resulting in an expansion of the particles and a decrease in the continuous water
phase, thisesulting ina rise in viscosity. This effect can be overcome by adding d amaunt

of a salt, for examplealcium tloride, in the aqueous phase, this helping to decrease osmotic
pressure. Special additives can also be used as viscosity ma@tieis and Whiteoak, 2003;

Sjoblom, 2005)

43



Chapter 2: Literature Review

2.3.5.3Breaking of Bitumen Emulsions

Bitumen emulsion should be converted to continuous bittifimarcoating aggregate particles

to act as a Ioider in road materials. This requires separation from water, adherence to the
aggregate surface and bonding of the aggregate partidtexiham, 1996)This process is
described as breaking of the emulsion and it involves a number of steps as (Bjaivism,

2005)

1 Destabilisation of the emsibn through adsorption of emulsifiers on the added mineral
aggregate;

1 Agglomeration of emulsion particles forming a solid, +tacky and brittle material (a
socalled cheesy state);

9 Coalescencef bitumen droplets resulting increasedtiffness of the bhumen;

1 Complete water evaporation giving full adhesion to the aggregate surface and full

strength of the asphalt mixture.

The breaking process varies depending on the type of application. In some applications, a fast
break is preferred, while in others,dalayed process is preferred. For example, in surface
dressing applications, breaking should be as fast as possible, creating good adhesion to the
aggregate. Conversely, the breaking process in bitumen emulsion bound asphalt mixtures must
be delayed to &w enough time for transportation, application and compaction after the
aggregates have been mixed with the bitumen emulsion. After compacting, breaking should
occur as quickly as possible to produce the properties required by the layer to sustaastraffic

soon as possible, preferably within hours rather than (&gblom, 2005)
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Different explanations of the breaking mechanism are deschibéue literature including
breaking under the influence of the adsorption of emulsifiers, breaking due to evaporation of

the water (drying) and breaking due to pH change.

U Breaking Due to Adsorption of Emulsifiers

Emulsifier molecules are found in both tlater and on the surface of the droplets in a bitumen
emulsion. Some emulsifier ions form micelles and, in a stable emulsion, equilibrium exists, as
shown inFigure 2.9. As soon as these emulsifiens are adsorbed by oppositelgarged

mineral aggregates, this equilibrium will end. Therefore, the breaking rate of the emulsion
depends on the adsorption rate of emulsifiers into the mineral aggregate, which is controlled
by the surface area and chemical nature of the mineral agg(&banaya, 2003)This starts

the breaking procesas shown irFigure2.10. A point is reached where the charge on the
surface of the droplet is so depleted that rapid coalescence takes place. At the same time, the
layer of emulsifier sticking to the aggregate will make the surface hydrophobic, promoting
coating of the agggate by the liberated hydrophobic bitumen. The emulsifier here is acting as
an adhesion promoter. The adherence between the bitumen and the aggregate is just enough to

squeeze the water from the system.
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Figure 2.9: A schematic diagram illustrating emulsifier ions forming a micelle in a stable

emulsion(Read and Whiteoak, 2003)
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Figure 2.10: A schematic diagram illustrating the breaking procesgRead and WHteoak, 2003
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U Breaking Due to Water Evaporation

The breaking of an emulsion is heavily influenced by the evaporation of water from the
emulsion system. This, in turn, is influenced by environmental conditions such as temperature,
humidity and wind velocyt. Water evaporatioresulting in an increase in the concentration of

the bitumerdroplets withmoredirect contacbetween dropletsAs the bitumen droplets start
merging, the interfacial area decreases. Emulsifiers spread from interfaces to the solution,
forming emulsifier micelles. The process of water evaporation can take years as water can be
trapped in closed pores within the bitumen this explaining why GidAtinuous togain

strength even after many years.

U Breaking Due to pH Change

The speed of thenaulsion breakis influenced bythe type and concentration of emulsifying
agentused in the manufacturing procegg¥as, 2008) Since emulsifier soaps are created by
altering emulsifiers with acids or alkalis, the surface chafgheoemulsifier depends on the

pH. For example, fatty amines, known as cationic emulsifiers, are insoluble in water but soluble
in acid. They are usually dissolved bydnochloric acidHCI) to obtain a watesoluble soap.

This soap is then blended witbttbitumen in a colloid mill to produce bitumen emulsion. This
means that emulsifiers may lose their function soon after cationic emulsions come into contact
with mineral aggregates, or cement particles, due to arise in pH. When cement is blended with
catonic emulsion, the pH can be reversed immediately. The stability and setting time of
bitumen emulsions are usually evaluated using cement; however, it should be noted that some
emulsifiers such as quaternary amines, do not lose their function when tisechBinged

(Salomon, 2006)
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In conclusion, it has been shown that cationic emulsions break chemically when in contact with

aggregates with the aid of emulsifiers. Cationic effiais work as adhesion and astripping

agents, the breaking mechanism being highly dependent on emulsifier adsorption and a rise in
pH. For anionic emulsions, the breaking mostly depends on the evaporation of volatiles through
the emulsion system. Thiakes longer, and less adhesion can be expected in comparison to

cationic breaking mechanisms.

2.3.5.4Adhesivity of Bitumen Emulsions

The amount of adhesion betwete bitumen emulsion and aggregaiesletermined byow
much surface area is coate@demulsion In all applications using bitumen, it is essential that
the bitumen adheres to the surface of the aggreg@ais.will not be achievel unlessthe
aggregate surface islightly damp toensure easylistribution of the emulsion over the
aggregate surfacéccording toRead and Whiteoak (20Q3he adhesion, or bonding quality

between emulsion @naggregate, is influenced by several factors:

1 The type and amount of emulsifier.

1 The grade of bitumen and its components.

1 The pH of the emulsifier solution.

1 The particle size distribution of the bitumen droplets in the emulsion.

1 The type of aggregate.

The appropriate selection of an emulsifieain improve the situation since certain cationic
emulsifiers displace water from the surface and promote good adhesion between the bitumen
and the aggregate. Cationic emulsifiers are preferable for acidic aggregates such as

granite and quartzite, while anionic emulsifiers are appropriate for lbagiegatedike
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limestone or basalt. That said, cationic emulsions have a good affinity with all types of

aggregate, as shown by various studies.

2.3.6 Applications of Bitumen Emulsions

As a result of the development of CBEM technology tretiemandfor bitumen emul®ns
for different applicationshie consumption of bitumen emulsisirising. Worldwide emulsion
production is estimated to be around 12 million tonnes,loélw30% is manufactured in the
USA and 10% in Francguerol Sola, 2013)lhese two countrieproduce the modiitumen
emulsionfor road applicationsn secondary and rural networks with medium to low traffic

(Corroler, 2010)

Bitumenemulsionsthat wereproducedn the early 1900s8vere mainly usedfor dust control
and other spray applications. Todalyey are successfullysed overa wide rangeof road
construction anghavement preservation projects, sucltalsl mix asphalt, soil stabilisation,
slip coats, protective coats, slurry seals and fog séaigical applications ofbitumen

emulsions withdifferentbreaking ratearesummarised ifable2.1.
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Table 2.1: Bitumen emulsions applications with different breaking rategJames,2006

Application Breaking or setting rate
Rapid Medium Slow
Plant mixes
Open graded a
Dense graded a
RAP mixes a a
Stockpile mix 3
Pre-coated chips a a
Mix paving
Open graded a
Slurry seal a
Slurry for Cape seal a
Micro-surfacing a
In-place mixes
RAP mixes a a
Dense graded a
Soil stabilisation a
Spray applications
Chip seal a
Fog seal a a
Tack coat a a
Prime coat a
Dust palliative a

Penetration macadan

an
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2.4 Ultrasonic Emulsification

Therange ofhuman hearing ibetween20 Hzand20 kHz. Sound waves which have higher
frequencies thathose which humans can hea2Q kHz), are termed agdtrasonic The upper

limit of the frequency ofiltrasoundhas not been clearly identified but is usually considered to

be 5 MHz in gases and 500 MHz in liquids and solids. The application of ulsathin

this large frequency range can generally be divided into two areas. The first area includes low
amplitude (higher frequency) propagation, commonly known as low power (high frequency)
waves, between 2 to MHz; thisis used in medical scannindyamical analysis and the study

of relaxation phenomena. The second area is that of high energy (low frequency) waves
referred to as @powekHzantd 100 kHg, usedsfar cleanng,,plastice t we e

welding and, more recently, to effect chemielctivity (Kuldiloke, 2002)

Emulsification was one of the first applications to use powerful ultrasoundirsheelated

patent dating back more than fifty yeé8wiss Patent, 1944¥%ince then, many scientists and
industrialists have used various types of ultrasound devices to produce different ftypes o
emulsions. Ultrasonic emulsificatios a very effective processing methoébr producing
dispersions and emulsions with small particle sizes(sigbon). It has been used extensively

in industry includingapplications related tfwod, paint, pharmaceugtls, cosmetics, cleaning

products and agriculture, to generate stable emulsions. Such emulsions are often more stable
than those produced conventionally and often require little emulsifier. Smaller droplet sizes

that lie within a narrow size distributioare obtainedby ultrasonic emulsificatiog Mi | j k ovi | |

2014)

2.4.1 Mechanisms of Ultrasound

A reduction in particle size during the ultrasonic process is mdirdyo the mechanical effect

of ultrasonic cavitation. Whea liquid is sonicating at high intensit sound waves that
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propagate into liquid mediereatealternating high pressure (compression) and pogssure
(rarefaction) cyclesates depending on the freapcy(Hielscher, 2005)Duringlow pressure
cycles, small bubbles in tHiguid will be created by higimtensity ultrasound waves. &e
bubbles grow over several cycles until they no longer absorb enéngy then collapse
violently during highpressure cycke causingpowerful shock wavewhichradiate throughout

the solution, thergbbreaking the dispersed liquias seein Figure2.11. This phenomean is
known as cavitatioand is characterized by intense localtimep(5000°K), significant heating

and cooling rates (20° °K/sec),high pressures (1000 atrand liquid jet streams400 km/h)
(Hielscher, 20058) A twostep mechanism has been proposed for ultrasound emulsification
(Canselier et al, 2002In the first $ep, a combination of interfacial waves and instability result
in the eruption of dispersed phase droplets into the continuous phase. The second step consists

of breaking droplets up via cavitation near the interface.

compression compression compression compression

VA A AN
VEVEVEVEV

rarefaction rarefaction rarefaction rarefaction rarefaction

5000K
2000 ats
4000 m/

bubble formation » bubble growth » unstable size *bubble implosion/

over several cycles violent collapse

Figure 2.11: Schematic diagram of growth and collapse of a bubble in acoustic cavitation

process(Hielscher, 2005)
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2.4.2 Ultrasonic Process Parameters

2.4.2.1Frequency

Using the appropriate frequency is coresetl to be an important, extringiontrol parameter

for the production of ultrasoniassisted, sumicron emulsions. Theecent literatureshows

that a frequency range of 20 to 24 kHz is regularly used as it is found effective for the initiation
of cavitaion (Amani et al, 2010; Chalothorn and Warisnoicharoen, 2012; Kaltsa et al, 2013)
Low frequencies are preferred for the production of figlver wavegBermudezAguirre et

al, 2011) the power ) generated inverselylegded to the square of the frequenfly &s given

in the following Equation:

P (2.1)
04 ys
The relation above indicates that high power ultrasonic waves can be generated at lower
frequencies. As the frequency increases, the time available for the expansion and collapse of
bubbles decreases, reducing the extent of cavitgfi@mg and Yang, 2011)At higher
frequencies $100 kHz), the cavitation threshold increases, this making the sonication process

less efficient as additional power is required to initiate the cavitation pr¢8assos et al,

2008)

2.4.2.2Treatment Time

The length of ultrasonic treatment timéas a profound &fct on droplet size. Increasing
treatment time leads to an increase in the amount of energy available to disrupt droplets, this
decreasing the mean droplet diamegalviaTrujillo et al (2013)studied the influence of
sonication time on the a\age diameter of a droplet of lemongrassaldinate Naneemulsion.
Increasing treatment time gradually decreased the droplet diameter, resulting in a final average

droplet diameter of 4.31+0.18 nm after 180 seconds of treatment.
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Basil oil naneemulsion (oili surfactant ratio of 1:1) was examined at different ultrasonic
treatment times bghosh et al (2013)n thatstudy, the droplet diameter decreased from 57.75

to 41.15 nm when sonication time increased from 5 to 15 mirtitedarly, Leong et al (2009)
formulated 15% sunflower oilanaemulsions with 5.6% sodium dodecyl sulphate and 13.6%
polyethylene glycol, using a glass batch cell with 5, 10, 15 and 20 minutes residence time. The
average droplet diameter deased gradually with an increase in time, from approximately 100

nm at 5 minutes to 40 nm at 20 minutes.

Up to a certain limit, increasing the residence time leads to a decrease in the emulsion droplet
diameter. Above that optimum limit (threshold limigny further increase in ultrasonic

residence time (energy), has the reverse effect on droplet digMatdrand Mosavian, 2013)

2.4.2.3Temperdure and Viscosity

Series of explosions and implosions in an emulsion samplegdinercavitation process create

high temperatures and pressure. The overall temperature of the liquid increases over time as a
result of heating cycles that occur at the wscale bubble interface (due to cavitation). The
increase in temperature due to cavitation, results in a reduction in the viscosity of the dispersed
and continuous phases of the emulsion, thereby lowering the interfacial tension and Laplace
pressuréCanselier et al, 2002; Jafari et al, 2Q@Bynsequently, less enengyrequired for the
emulsification and production of swubicron emulsions.Although cavitation processes
increase with a rise in temperature (as the number of nuclei increase), vapour pressure also
increases, thereby reducing the intensity of the acosstick waves and damping the
cavitation bubbleg¢Canselier et al, @2; Jafari et al, 2008 herefore, there is an optimum
temperature at which the viscosity is low enough to improve cavitation bubble formation, while

still being low enough to avert the impact of dampening.
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The dynamic agitation and shear stress pradiiica fluid when placed under hightensity
sound fields, affects its fluid properties, specifically, the viscosity. Newtonian fluids usually
preserveheir characteristics, but dilatant and thixotropic fluids tend to either stiffen or become

less viscos, respectivelyEnsminger, 1986)

2.5 Summary

Although comprehensive works have been carried out across different topics related to
CBEMs, to date, the problems relating to CBEM curing time, low early strength, mechanical
properties and durabilitgavestill not been flly addressed. Therefore, improving CBEMs by
addressing the above issues would be a breakthrough for CBEM practice. Although bitumen
droplet size affects many of the emulsion properties that are critical to achieving success in
application and service, treeis no single study worldwide which has investigated the effect of
reducing the particle size using ultrasonic waves. Most of the studies in the literature have
shown that the performance of CBEMs can be improved using cement as a replacement for
conventonal limestone filler. However, this would increase the cost and demand for cement,
and produce more G@missions. Therefore, developing alternative cementitious fillers made
from waste and byproduct materials, will have a positive impact on sustaiitaliy reducing

the need for cement in CBEMSs.
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Chapter 3: Research Methodology, Materials and Mix Design

3.1 Introduction

The main aim of this research is to develop a novel, high performance, cold mix asphalt with
mechanical and durability properties similar to #o$ traditional hot mix asphaltised for

road surfacing. This aim will be achieved by modifying bitumen emulsion using an innovative
technology and developing a new secondary cementitious filler from industrial waste or by
product materials. This chapteonsists of three main parts, the first summarizing the testing
methods that were used. The second provides the essential characteristics of the candidate
materials used in this study: limestone filler (LF), ordinary Portland cement (OPC), sewage
sludge fy ash (SSFA), flue gas desulphurisation (FGD) gypsum and calcium carbide residue
(CCR). The final part presents the mix design procedure and the selected gradation, mixing,

compacting and curing of the cold bitumen emulsion mixtures (CBEMS).

3.2 Methodology

The methodology involves four main stagéilse first stagecomprisesa comprehensive
literature review about cold mix asphdechnology, bitumen emulsioand ultrasound
technologyused for emulsificationThe fcond stageetails the modification ahe btumen
emulsion using novel technolog. The characteristicsf@éhe modified bitumen emulsicare
specified, th@ptimization ofthe modification technologyescribed. The aim te manufacture
acold bitumen emulsion mixture (CBEM)hichincorporaesthe modified bitumen emulsign
with optimal mechanical performanada,terms of indirect tensile stiffness modulus (ITSM).
The hird stage covershe developnent of a newsecondarycementitious filler(SCF) by

executingmineralogical and morphological analysithe candidate materialsittentify their
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pozzolanic or hydraulic properties. Optimiion ofthe mix designwith different types and
dosages of the selected materials on the ITSM of the GBtikalsoimplemented during

the third stage. The last gja includes developing the novel CBEMcorporatingboth the
modified bitumen emulsion and the develop&CF Extensive evaluations of the
microstructure, durabilitand mechanical performance in terms of permanent deformation and
fatigue resistance of ¢hdeveloped CBEMwill be detailed. A schematic diagram of the entire

methodologyis summarizd in Figure3.1.
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) l Ultrasound technologyin producing
_ Cold Mix Asphalt - Bitumen Emulsion emulsions

Identifying Fhe general chara_cterlstlcs Identifying the properties of Identifying the mairmechanismof
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Figure 3.1: Research methodology flow leart
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3.3 Programme of Laboratory Experiments and Testing Equipment

3.3.1 Characterisation of the Bitumen Emulsion

In this studythe upgrade of théitumen emulsiorwill be achievedoy reducing the particle

size of the bitumen droplets to a smiicron level. Ultrasound technodyy is one of the fast
growing technologies in recent yeadnaving a range @pplicationsespecially ithefood and
pharmaceutical industrieas a novel delivery system for drugs and lipophilic materials such
as flavours, colours and fatty aci@ao et & 2009) This technology has never been applied

in the bitumen emulsion domain. Ultrasonic apparatus purchased by Liverpool Centre of
Materials Technology (LCMT) has been used during this study to produce, for the first time, a
novel, submicro, bitumeremulsion. The following laboratory study approach adgptedo

identify the characteristics of the developed bitumen emulsion.

3.3.1.1Ultrasonic Apparatus

A Dr Hielscher series, Model UP 40080Watts 24 kHz)wasusedin this study It is a probe
system casising of a generator, ultrasonic converter (transducer), metal horn and probe
(Santos et al, 2008Yhe ultrasound generator schematic diagram is showigime3.2. The

heart of the converter is a leaniconate titanate piezoelectric quartz crystal tlzetexpand

and contract under an alternating current. This type of ultrasonic apparatus is commonly used
to produce sumicron emulsions. Electrical wavaseproduced by the generator of a specific
frequency (normally 24 kHz), while the ultrasonic transducers convert electrical oscillations
into mechanical vibrations @fsimilar frequencySantos et al, 2008 the form of acoustic
waves, the generated mechanical vibratiomsamplified and further propagated through a
probe attached to the horn. Whbeprobe is immersed ialiquid sample, the ultrasonic waves

aretransmitedinto the sample. These sinusoidal waves apply pred)r&iiown as acoustic
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pressure, on the sgle and are dependent on ting frequencyf) and the maximum pressure

amplitude Pa, may Of the wavgPatist and Bates, 2011)

0 0y OEJOD (3.1)
Pa, maxOf the wave is directly proportional to the power input of the transducer. Acoustic

streaming is the predominant phenoweat lower amplitudeswhile acoustic cavitation is

initiated at higher amplitudg®atst and Bates, 2011)

 — [ Electrical Energy ]
Generator ——p

[ Mechanical Energy }

Transducer—

-
Amplifier [ Acoustic Energy ]

Probe

[ Heat Energy ]

Figure 3.2: Ultrasonic setup and the sequence of energy transformationtaifferent levels of

operation
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3.3.1.2Viscosity Measurement

Viscosity can be defined éiseresistance to flow of a fluidrhis testvasconducted according

to BS BN 13302(European Committee for Standardization, 20,18aing a rotating spindle
apparatusasshown inFigure3.3. The apparatus used in this study is a BrookfieldIDMPro
Viscometer, which consists of two parts: a head unit with a motor and a spindle that is driven
by the motor. In principle, the DU+ Pro operates by means of a disk shape spindle that is
immersed in a liquid sample measuring the resistance of the substance at a selected known
speed. The resistance results are the measurement of the viscosity according to the flow
characteristics of the reference spindle. The instrument calculates the aesudisplays the
viscosity that is reported in centipoise (cP) uing the following formula:

pmmm (32)

&O3AMBEIOALAEQD 4+ 3 - # 50

where:

TK= DV-lI+Pro Torque Constant (for the RV model = 1) a8MG Spindle Multiplier
Constant.

The viscosity for all the bitumen emulsion samples, treated at diffeoantation times, was
measured at ambient temperature, along with the normal (untreated) emulsion sample for
comparison purposes. The viscosity result for each sample is the average of three

measurements.
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1
(BROOKFIELD

Figure 3.3: Viscometer used to measure the viscosity of the emulsion

3.3.1.3Patrticle Size and Particle Size Distribution in Bitumen Emulsions

Particle size and particle size distribution are important varigsetheycan substantially
impactviscosity, stabiliy and the overall performance of the emulsion. They are governed by
the formulation of the emulsion, raw materials and the instrument used to manufacture the
emulsion(Baumgardner, 2006)There are two main types of equipment usedneasue
particle size andarticle size distributin, namely theElectroone Method developed by
Coulterand Laser Light Scattering. Laser Light Scattersigased orthe diffraction patters

of laser light emerging from particle dispersion. After a complicated calculation method which
uses the opticalrpperties of the particles under assessment, particle size distribution can be

determinedNeedham, 1996)

In this study, a Beckman Coulter Laser Dititian Particle Size Analyser LS 13 320 with
Variable Speed Fluid Module (VFMJFigure 3.4), wasused to measure the particle size
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distribution (PSD) by volume perceagteof the bitumen emulsion droplets for quality control.

This instrument uses reverse Fourier optics incorporated in a patented fibre optic spatial filter
system and a binatar lens system. According Beckman (2016)this helps the analyser to
optimize light scattering measurements through the widest dynamic range, from 40 000to 2,

pum, in a single scan in aqueous liquid mode. To prepare the samples of the bitumen emulsion,
distilled water which was made acidic (pH 5 2.3.0) with hydrochloric acidndwas used to

dilute the bitumen emulsion sample to 50:50. The diluted sugpensis then added drop by

drop to the VEM to a suitable obscuration. An average of five consecutive runs was recorded

as a measurement of each particle size.

Figure 3.4: Laser diffraction particle size distribution analyser

3.3.2 Characterisation of the Candidate Mineral Fillers

The main aim of conducting the following experimental analytical techniques is to investigate
the physical and chemical characteristics of the selected materials, as well as explain the

relationship between the physichemical structures of the materials under study. This
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investigation will identify similarities to OPC, as well as unpack their behaviour in the CBEM,

individually or collectively, with OPC powder.

3.3.2.1Energy Dispersive Xay Fluorescence (EDXRF)

In this study, the composition of tledements comprising theelected filler materials (major
oxides and trace elementgasanalysed usinghe Shimadzu EDX 720 energy dispersive X
ray fluorescence spectrometéFigure 3.5). This equipment performs qualitative and
guantitative element analysis and is ideal for-destructive applications. It works by applying

X-rays to the sample and analysing thematted characteristic fluorescentrXy.

Figure 3.5: Energy dispersive Xray fluorescence (EDXRF) spectrometer

3.3.2.2X-ray Diffraction (XRD)

X-ray diffraction relies on the dual wave/particle nature @B to obtain information about
the structure of crystalline material$ie primary use of this technique is the identification and

characterization of compounds according to their diffraction pattern. Frey eam is
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targeted at a sample in a powder statelthe pattern of the diffracted rays recorded. The
intensity and th angle of the diffracted-Xay beamareanalysed after encountering a plane of
atoms inthe materialunder analysigAlizadeh, 2009)A Rigaku Miniflex Diffractometer with

CuK X-ray radiation, voltage 30 kVgurrent 15mA, scanning speed of 2.@edmin in
continuous scan mogdeith analuminium sample holdé€Figure3.6), was usd to identify the

phase composition for the candidate waste materials. Patterns were identified by comparison
with standard patterns for different compounds available in the powder diffraction file

database.

a—ra  —

Minifiex
o =bunlln b

Figure 3.6: Rigaku Miniflex X -ray Diffractometer

3.3.2.3Scanning Electron Microscopy (SEM)

Scanning Electron MicroscopéSEM) use a focused beam of hgergy electrons to generate
a variety of signals at the surface of solid specim@imey areusedto investigate the
microstructure of particles and the surface characterization of matekia@uanta 200
ScanningElectron Microscope(Figure 3.7), was used twiew images of the materials under
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study. To increase conductivity, the specimens were coated with a thin layer of gold or
palladium, using an auto fine sputter coater. Test conditions included an SEM resolution of 3

to 4 nm, high vacum and a test voltage of 5 to 25 kV.

Figure 3.7: Quanta 200scanning electron microscope

3.3.2.4Laser Particle Size Diffractometer

The same apparatas describeth subsectior8.3.1.3 wasused tomeasurahe particle size

distribution (PSD) for the materials under study

3.3.2.5pH Value Measurement

The pH value can be defined as the concentrationydfolgen ions (F) in a solution. A
solution with a high concentration &f" has a low pH, wite a high pH indicates the solution
hasalow concentration of H Hydraulic and pozzolanic materials are pH dependent and thus,
the measurement of the pH value is a crucialttesbntrol for different reactionshich may

occur.The pH value should ndite lower than 8 for materials used to produce cementitious
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materials, as recommended by BS EN -45(European Committee for Standardization,
2012a) To measure the pH value for thdested mineral fillers, a pH meter was calibrated
usingastandard buffer solution prior to the test. Suspensions of water with the selected fillers
(1 part by mass with 5 parts distilled watevgrestirred for 30 minuteghe pH measured at

lab temperatre using the instrument shownkigure3.8.

Figure 3.8: pH meter

3.3.2.6Particle Density

The particle density of the selected mineral fillwess measured by an automatic gas expansion
multi-pycnometer, shown iRigure3.9. Solubility issues, which might be encountered with a
liquid pycnometer, have been eliminated. The dry sample was weighed, placed in the sample
cell and degassed by purging with a flow of dry helium gas by vacuum. The sample cell was
then pressurised to amximately117 kPa the value recorded. Following this, the selector
valve was rotated to allow the gas to be extended into the reference, this lower prassure

also recorded. The volume of the sample was determined accurately from these two
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measurementsusing the volum@ r essur e rel ationship known

expressed as follows:

06 06 (33)

WhereP: andVi are the initial pressure and initial volume respectively, whikndV; are the

final pressure and final volume, respectively.

Figure 3.9: Multi -pycnometer used for measuring the density of fillers

3.3.2.7Standard Consistency

The standard consistency of a cement pastefigedeas that consistency which permits a
standard plunger to penetrate to a point 5 to 7 mm from the bottom of the mould. The standard
consistency of the selected filler materials (LF, OPC, SSFA, FGD and CCR), aasex

using Vicat apparatug-jgure 3.10). Different trials of pastes, with varying percentages of

water for a filler sample, were prepared and tested according to BS ER (EQ6opean
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Committee for Standardization, P&c) The standard consistencyBdmm penetration from

the bottom of the Vicat mould, was measured using the following equation:

T AE.GEER ORIOA A A (3.4)

Figure 3.10: Vicat apparatus

3.3.2.8Heavy Metal Concentrations

Pavement layers which include waste materials, are responsible for the chronic emission of
pollutants, esprally heavy metals which are believed to be of specific ecological, biological
and health significanggdalim et al, 2003)These layers are in direct contact with both surface
and underground water, this which increasing the potential for metatgras dispersal into
underground water supplies thus inducing the contamination ofModarres et al, 2015)

High concentrations of heavy metals can generate risks for human health because of chronic
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toxicity (Halim et al, 2003) Such elements include lead (Pb), copper (Cu), nickel (Ni),

cadmium (Cd), zinc (Zn), strontium (Sr) and anfom (Cr).

In this study, the leaching of these elements was determined using a Toxicity Characteristics
Leaching Procedure (TCLP) test which will be described in detail in Chapter 10. This method
has been adopted by several researchers suteast al (2009andModarres et al (2015)o
determine heavy metals leaching from CBEMs. An atomic adsorption spectrofigtae (

3.11) was used to conduct the measurements.

Figure 3.11: Atomic adsorption spectrophotometer

3.3.3 Characterisation of the Developed CBEMs

To identify the performance of asphalt pavement mixtures, thereraeertiain properties to
consider:mechanical properties, duréity and volumetric properties. To dattere is no
specific procedureo follow to design CBENM, testing protocols or specificatisas is the case

for HMA (Nassar et al, 2016Yherefore, HMA test methods have been routinely used by
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researchers to characterize CBEWM$h some amendments to cover compatibility of emies
under relevant testing temperature, curing and conditioning times. The tests used in this study

to investigate theroperties of th€BEMSs arelisted inTable3.1.

Table 3.1: Tests used to specify the properties of CBEMs

Properties Tests Standard Specification

Indirect Tensile Stiffness Modulus
o _ BS EN 1269726: 208
(ITSM) on cylindrical specimens

Mechanical Properties Fatigue Test (foupoint bending test) BS EN 1269724,

on prismatic specimens Annex D: 20B

Wheel Track Test on a slab sample BS EN 1269722: 2003

Water Susceptibility BS EN 1269712: 2(18
Durability )
Ageing Test SHRP AO0O03A
Dry Bulk Density BS EN 126976: 2012
Volumetric Properties ) )
Air Void Contents BS EN 126978: 2018

3.3.3.1Mechanical Properties

Three types of tests were conducted to evaluate the mechanical properties of the proposed
CBEMs which incorporate modified bitumen emulsion andmentitious materials,

individually and collectively.

1 Indirect Tensile Stiffness Modulus (ITSM)

Stiffness Modulus can be defined as uniaxial stress divided by corresponding strain. It is
considered an indicator of adequate structural design becaugeldtes] to the capacity of

individual pavementlayers to spread traffic loads to the layer undernedlie diffness
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modulus of CBEM is highly dependent on the temperature and frequency of IRdadjand
Whiteoak, 2003)The indirect tensile stiffness modulus tesinprisingdiametric pulsed loads

on a cylindrical specimen is widely used to evaluatestiffness modulus of asphalt mixtures
because it is simple, quickly conducted and-destructive This allows repeat tests on the
same specimens at different curing ages to avoid variability in the mixtures and to derive

reliable results for stiffnessvaluation (Nassar, 2016)

Many researchers have used this test as an indicative test to rank CBtadaya, 2003; Oke,
2011; AlBusaltan et al, 2012; AHdabi et al, 2013; Ojum, 2015; Dulaimi, 2017he
measurements of stiffnesan alsabe used as an indicator of the mixtsreusceptibility to

temperature, aterdamageand aging (Sunarjono, 2008)

ITSM was carried out according to BS EN 1268y (European Committee for
Standardization, 2018hijsing Cooper Research Technology HZb testing apparatus, seen

in Figure3.12. In the test, the sample was exposed to five transient load pulses across its vertical
axis, the resulting indirect deformation along the horizontal axis measured using Linear
Variable Differential Transducers (LVDTS). The measurements were repaimeg two
orthogonal orientations, the average ITSM values calculated using the following equation:

)43 -5 U TEX (3.5)

where

ITSM indirect tensile stiffness modulus (MPa)
L: vertical load(N)

D: horizontal deformation (mm)

t: the mean thickness of the specimen (mm)

V.Poi ssonbés ratio for the asphalt at the test
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The test was implemented at’20as per publishe®tandardsTo ensure that the samples were
at the required temperak, the specimens were conditioned atQ0n a temperature
controlled chamber for at least 4 hours prior to the fEshle 3.2 summarizes the test

parameters.

| o’
e Loading Cell

Figure 3.12: ITSM test using Cooper Research Technology HYR5 apparatus

73



Chapter 3: Research Methodology, Materials and Mixigres

Table 3.2: ITSM test conditions

Parameter Range
Specimen diameter (mm) 100+ 3
Rise time (ms) 124 + 4
No. of conditioning pulses 5
Loading time (s) 3-300
Transient peak horizontal deformation (i 5
Poi ssonbds r at 0.35
No. of test pulses 5
Test temperature (°C) 20+ 0.5
Specimenttickness 63+3
Marshall Compaction (blows/face) 50

Specimen temperature conditioning 4 hours before testing

9 Fatigue Cracking Resistance

Fatigue crackin@pas traditionally considered to thee most commarand major type of asphalt
pavement degradatip appeaing as a series of interconnected cracks when the pavement
experiencerepeated traffic loading. A number of factors tsad to fatigue crackingf asphalt
pavementicluding continued traffic lading, variations in temperaturelaek of strenth and
compaction of the baser of the subgradevhich induce stresshigherthan the tensile strength

of the asphalt(Read, 1996)As tensile strainarerepeatedfatigue cracking develops in two
stagesthe crack initiation stage during which micopacks coalgcence to generate macro
cracks,andthecrack propagation stage during which the mawaxks grow under additional

application of tensile straif®ead and Whiteoak, 2003)
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In this study, dour-point bending test (4PB{Figure3.13), was used to examine the fatigue
crack resistance for the asphalt mixtures according to BS EN 126@Uropean Committee

for Standardization, 2018d)he device ged is capable of clamping specimens in a bending
frame to provide horizontal translation and rotational freedom at all supports. When cyclic
bending is applied, the two inner clamps are loaded in the vertical direction while the
perpendicular position dhe outer clamps is fixed. Constant movement will be created with

constant strain between the inner loading points.

All tests were conducted at 2D and a frequency of 10 Hz, under a sinusoidal waveform in
controlled strain mode, on shaped prismatic spens measuring 40050 x 50 mm {[able

3.3). The prismatic specimens were cut from a slab and had dimensions 4&gthm, width

305 mm and thicknes$0 mm These were compacted using a Cooper Technology roller
compactor machineF{gure 3.14), following BS EN 1269-33 (European Committee for
Standardization, 2003aln general, fatigue life is defined as the number of cycles of loading
that a material withstands beéofailure(Fatemi et al, 2001)In this research, fatigue life (N

is considered to be the number of cycles required to reach a 50% reduction in the material
stiffness modulus. The relationship between fatigue life and-eiffestrain levels, i.e. 100, 125

and 150microstrain have been investigated for both developed and conventional mixtures.
Linear regression analysis was thepleéed to the natural logarithraf N and the natural
logarithmof the initial strain amplitudé 4) , t o obtain the fatigue |

line can be depicted using the equation below:

) ! I, IR (3.6)
where
Ao: the intercept with the-gxis

Ai: the slope of théatigue line
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Figure 3.13: Configuration of the four-point load fatigue test 4PB)

Table 3.3: Four-point fatigue test conditions

Parameter Range
Control male Constant strain
Test temperature (°C) 20+1

Specimen dimensions (mm) 400 x50 x50

Frequency (Hz) 10
Microstrain 100-150
Initial stiffness end value 50%
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Figure 3.14: Roller compactor equipment

1 Permanent Deformation Resistance

Permanent deformation (rutting) is a longitudinal depression in the wheebpatko the
repeated traffic loadingdt is the most important distress mechanism in flexible pavements,
exacerbated byncreased tyre pressurand axle loads. The accumulation of permanent
deformations irone or more layers of the pavement strugteventually results in a distorted
pavement surface. Many different approaches and devices have been developed to imitate the
effect of a wheel rdihg over the surface of an asphaltic layer. The wheel tracking test is one

of these devices, used by several researchers to investigate permanent deformation in asphalt

mixtures(Bodin et al, 2009; Ma et al, 201Bulaimi et al, 2016c; Shanbara et al, 2018)
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In this research work, the wheel tracking test was used to assess the resistance of both the
conventional and developed mixtures to permanent deformation and to demonstrate their
susceptibility to failure unddoading. The test was carried out to simulate, as much as possible,
field conditions to establish the mechanisms of failure of the CBEMs under controlled

conditions(Ojum, 2015)

The test was conducted in accordance with BS EN 12@9(European Committee for
Standardization, 2003hlJsing a mall model HYCZ5, wheel tracking device~{gure 3.15)

which is normally used to evaluate rutting resistance at moderazy heavily stressed sites,
according to BS EN 1310§European Committee for Standardization, 2016BR)0
temperaures, 45°C and 60°C, were used to conduct the test using a tempecetinoied
chamber;Table 3.4 details the test parameters. During the test, a rubber tyre with a 50 mm
contact width, was applied to the centre of the slab sample, in a forward and backward mode
of motion, at a speed of 42 passes/minute. The vertical displacement of the sanplbel

wheel path was measured by a Linear Variable Differential Transformer (LVDT). The tests

were performed with five specimens per mix type.
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Lif ting Jack Displacefhgnt sensorg-E

Rubber wheel

R St i v . o . S i 2T D8

Temperature sensors

Figure 3.15: Wheel tracking apparatus

Table 3.4: Wheeltracking testconditions

Parameter Range
Tyre outside diameter (mm) 200205
Tyre width (mm) 505
Trolley travel distance (mm) 23010
Trolley travel speed (time/min) 42 +1
Contact pressure (MPa) 0.7 £0.05
Poi ssonbds r & 0.35
No. of conditioning cycles 5
No. of test cycles 10000
Test temperature (°C) 45 & 60
Compaction Roller compactor

Specimen temperature conditionin¢ 4 hours before testing
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To evaluate the resistance to permanent deformafidheomixtures, two parameters were

calculated:

1 PRDaRr representing the proportional depth of the rut after 10,000 cycles (%).
1 WTSar representing the tangent of the angle slope of the rut depth increase

(mm/cycles) using the formula below:

Apmnnmunmnm (3.7)
v

743

where
d5000 and d10000 are the depths of the rut after 5,000 and 10,000 loading cycles,

respectively, (mm).

3.3.3.2Durability Tests

The durability of asphalt pavements can be described adility to maintain its structure,
provide satisfactory performance and lotgym service under increasingly demanding
conditions. Because water sensitivity and ageing have a profound effect on the mechanical
properties of asphaltthe durability of théabricated mixtures has been evaluated in terms of

these.

1 Water Sensitivity Test

Moisturemay bea key factor in the degradation of asphalt pavemghte integrity of asphalts

can be degraded through three mechanisms: a lack of stiffness and cohegiomeh film,
inadequate adhesion between the asphalt and the aggregate, and deterioration of the aggregate
itself. Bitumen is stripped away when the aggregate absorbs water, this leading to premature

asphalt distress andayeventuallylead tofailure ofthe pavement.

80



Chapter 3: Research Methodology, Materials and Mixigres

In this research, the stiffness modulus ratio (SMR) was used to evaluate the water sensitivity
of both the conventional and developed asphalt mixtures in accordance with BS ENL22697
(European Committee for Standardization, 2018g specimenfor testng weredivided into

two sets, each set consisting of three samples which were manufactured using a Marshall
hammer. Th first set wagor the unconditional (dry) test in which the specimens were left in
their moulds for 24 hours before being extrudeallowing this they were kept in the lab at

20°C for 7 dayghentesedfor ITSM at 20C. The second set was preparedlii@conditional

(wet) test in which the specimens were extruded from moulds after 24 hours, stored in the lab

at 20°C for 4 daysand then conditioned as folloWSigure3.16):

1 Placed in a vacuum container filled with distilled water and partially saturated under
the effect of 6.7 kPa vacuum, for 30 minutes at 20°C.
1 Immersed for the next 30 minutes, after carefully releasing the pressure from the
vacuum container, to awdamage to the samples from expansion.
1 Soaked in a water bath at 40+1°C for 3 days.
Thereafter, the conditioned samples were tested for ITSM at 20°C, the water sensitivity
evaluated in terms of SMR, the percentage of stiffness modulus after conditmméng

stiffness modulus before conditioning.
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(b) Vacuum pump & desiccator (a) Water bath

Figure 3.16: Water sensitivity instruments

1 Ageing Test

The term ageingan beused to describe thehange in the rheological properties of bitumen
binders/mixtures due to the changes in chemical composition during constructiots and
service life periodSirin et al, 2018)In general, bitumen ageing occurs in two stages: short
term ageing which takes place as a result of heating the binder duringothetmpn and
construction process, and lotegm ageing due to oxidation over time throughout the service
life of the pavement. Shotérm ageingloes not occur ICBEMs because no heat is applied

during the production process.

In this research, lontgrm ageing for the new asphalt mixtures was assessed by adopting the
long term oven ageing method as recommended by the Strategy Highway Research Program
(SHRP) AO03A. In this method, compacted specimens are cured in an oven at 85°C for 2to 5

days to simulee 5 to 10 years of bitumen ageing in the figdtdewer et al, 1995)
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This test was conduatkeon two types of group samples, tlnecondiioned and conditioned
groups. The samples in the first group were sulgedb normal curing at lab temperatgre
while the samples in the second group were exposed to oven curingCato8% daysto
simulate the agkardening effecbver10 yearsThelTSM wasthenmeasured foboth groups
of samples in accordance wiBS EN 1269726 (European Committee for Standardization,

2018b)at 20°C to assess the hardening ageing in terms of the Stiffness Modulus Ratia (SMR)

3.3.3.3Volumetric Properties

The volumetric properties of the conventional and the developed bituminous mixtures were
calculated followinghe Asphalt Cold Mix Manual (MSL4) adopted byhe Asphalt Institute
(1989) Such properties can be calculated as ¥adlo

. TAEGREO (38)
33 BAECEBE EERGAOAOD

7ADAIT o'é

2" #

$ OBAT OB 7AHAT OEOU (3.9)
pmm2"
. pmm
3 T E (3.10)
3" 3 3" 3"
... $OWAT OEOU
I B6A EAQ * prmp (3.11)
where:

SSD weight of the sample in the saturated surface dry condition,
RBC residual ltumen content,

W: water content at testing time,
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3 ' :maximum specific gravity for the mixture,
CA percentage of coarse aggregate,

FA: percentage of fine aggregate,

F: percentage of filler,

B: percentage of bitumen.

3.4 Materials
3.4.1 Mineral Aggregate

Both the fine and coarsaggregate used in this studgre ofcrushed granite obtained from
Carnsew Quarry at Mabe, Penryn, UK (operated by Colas). These materials are used for
producing asphalt pavement mixtures. The aggregates were completely dried in at oven
110°C, refiled and sieved according to BS EN 433European Committee for
Standardization, 2012BJ he fractionsverethen recombined to achietlee gradation required

to manufactue the mixtures. The physical properties of firee and coarseaggregates with

conventional limestone filler are listed Tiable3.5.

Table 3.5: Physical characteristics of the granite aggregate

Material Property Value
Bulk particle density (Mg/f) 2.60

Coarse aggregate Apparent particle density (Mgfn 2.66
Water absorption (%) 0.8

Bulk particle density (Mg/rf) 2.52

Fine aggregate Apparent particle desity (Mg/m?) 2.58
Water absorption (%) 1.6

Conventional mineral ) ]
" Particle density (Mg/rf) 2.64
iler
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3.4.2 Bitumen & Bitumen Emulsion

A slow setting cationic bitumen emulsion (C50B4), comprising 50% residual bitumen designed
for use in road pavement amgneral maintenance applications, was used to prepare the
conventional and new CBEMShis type of emulsion isalled Cold Asphalt Binder (CARD)

based on 40/60 penetration grade base bitumen and is supplied by Jobling Purser, Newcastle,
UK. The reason fochoosing this type of bitumen emulsion is its high stability and high

adhesion, as recommendediikolaides (1994andThanaya (2003)

For comparison purposes, the hot asphalt mixtures were produced using two lytaden
of 100/150 pen and 40/60 pen. The relevant properties of the selected bitumen and bitumen

emulsion are presented Trable3.6.

Table 3.6: Properties of bitumen & bitumen emulson

Material Property Value
Type Cationic
Appearance Black to dark brown liquid
Bitumen Emulsion Base bitumenpenetratioh 40-60
Bitumen content (%) 50
Boiling Point (°C) 100
Relative Density at 15°C (g/ml 1.07
Appearance Black
Bitumen 40/60 Penetration at 25°C 49
Softening point, °C 51.5
Density at 25°C 1.02
Appearance Black
Bitumen 100/150 Penetration at 25°C 131
Softening point (°C) 435
Density at 25°C 1.05
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3.4.3 Mineral Fillers

The term mineral filler typically refers to the finemaral particles passed through a 0.063 mm
sieve. Mineral fillers have two functions in asphalt mixtures. Firstly, they act as part of the
mineral aggregate by filling the voids between the coarser particles in the mixture and
becoming part of the load béag framework. Secondlyhe extremely fine particlewill be

located in the asphalt films resultingarigh consistency binder matrix called mastat coat

and bindthe coarser aggregate particteseach other. The use of industrial waste and by
product materials as replacements for conventional limestone filler and ordinary Portland
cement to improve the properties and performance of CBEMs, has been investigated
repeatedly. In addition to enhancing the performance of CBEMS, incorporating suclalmateri
could achieve economic and environmental gains in terms of reduciagi@®sions and

reducingthe impact on landfills.

In this study, an extensive investigation was conducted to assess the suitability of different
types of waste and hyroduct materils to use as secondary cementitious fillers (SCFs). The
materials selected for this study are limestone filler (LF), ordinary Portland cement (OPC),
sewage sludge fly ash (SSFA), flue gas desulphurisation (FGD) gypsum and calcium carbide
residue (CCR), ashown inFigure3.17. The most important physical, chemical, mineralogical
and morphological characteristics for the candidate materials were identified to investigate and

evaluate their full potential. The details of their properties are presented in the next chapter.
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SSFA LF

CCR k

Figure 3.17: Selected mineral fillers

3.5 Mix Design

To date there is no universally acceptmix design procedure for CBEMslowever,the
Asphalt Institute (1982ecommendthemostwidely usedmethod and the basis for developing
some procedures by various authorities and researcherslealgns (2000and Thanaya
(2003) but with some modifications. In this research, the Marshall Method for Emulsified
Asphalt Aggregat€old Mixture Design (MSL4) adopted byhe Asphalt Institute (1989Vas

used to desigithe CBEMs mixtures. In this method, the indirect tensile stiffness modulus
(ITSM) test was used as an alternative to the Marshall test. The design method fongrepari

and producing samplesdetailed below.
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3.5.1 Selection of Aggregate Gradation

Aggregate gradings one of the most influential characteristiwhen determining howan

asphalt pavement will perforifTeklu, 2015) The maximum aggregate size in the 1%
methodis specified to be 25 mm or less.variety oftypes ofaggregate have besnggested

for usesuch as crushed stone, rogkavel, sand, silty sand, sandy gravel, slag, reclaimed
aggegate and ore tailings. A clogeaded surface course with &0n gradingvasselected for

this study complying with the standardBS EN 13108l (European Committee for
Standardization, 2016aj\ggregate grading givenin Table3.7 and shown irFigure 3.18.

This selection was made in order to ensure an appropriate interlock between the aggregate
particles in the mixturess recommended bfEuropean Committee for Standardization,

2016b) It is suitablefor all pavement layers and for all traffic conditions.

Table 3.7: Aggregate gradation for AC10 surface course

Test sieve aperture size (mm % by mass passing range % by mass passing mid

14 100 100
10 100 100
6.3 62-68 65
2 2531 28
1 14-26 20
0.063 6 6
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Figure 3.18: The gradation of AC 10closegraded surface course

3.5.2 Determination of Initial Bitumen Emulsion Content (IBEC)

The initial residual bitumen content (P) for producing CBEMs was calculated using the

empirical equation sug@gted by MSL4. This equation is as follows:

0 muv! ™" ™# T (3.12)

where
P: the percentage of initial residual bitumen content by the total weight of dried aggregate.
A: the percentage of aggregaetained on a 2.36 mm sieve.

B: the percentage of aggregate passing through a 2.36 mm sieve but retained on a 0.075 mm

sieve.

C the percentage of aggregate passing through a 0.075 mm sieve.

Some modifications were madeline with common practice in the UK by which sieve 2.36

mm was replaced by a 2 mm sieve, and sieve 0.075 mm replaced by a 0.063 mm sieve. The
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value of P for the selected grading mixture was calculated to be 6.16%. The initial bitumen
emulsion content (IBECwas determined by dividing P by the percentage of bitumen content

in the emulsion as below:

) " o g (3.13)

where

X: the bitumen content of the emulsion which is 50%

IBEC=6.16 / 0.5 = 12.32%f aggregate weight.

3.5.3 Determination of Optimum Pre-Wetting Water Content (OPWC)

Thecoating ofaggregateby the bitumen emulsion is essentially controlled by thexmting
water content. Insufficient preetiing water leads tdine particlesballing in the bitumen
resulting inanundesiablecoating.When there is adequate preting water, this will helpgo
facilitate auniform distribution of bitumen emulsion on the aggregate surfadg@evinga
better coatingThanaya, 2003)rhom (2009ktated that aggregatesedto be wetted tensure
appropriate binder coating. The function of -pretting water iso lubricate aggregates and
activakethe surface charges on the aggregate particles before adding bitumen e(@jisign

2015)

Thecoating testasrecommende bythe Asphalt Institute (1989)wasconducted to determine
the OPWC Different samples of aggregate and emulsion nmwxee preparegdkeeping the
same quantity of bitumen emulsion content (as calculatedjuation3.13), while varying the
water conent. Five petentages of prevetting water content, 2.5%, 3%, 3.5%, 4¥d 4.86
of the totalweight of aggregatewere investigatedo indicatethe lowestpre-wetting water

contentat whichthe maximum coating of aggregateccurs,makingthe mixture neithr too
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sloppy nor too stiff. By visual assessment, @#s selected athe OPWC as seen ifrigure

3.19.

Figure 3.19: Percentages of prewetting water content

3.5.4 Determination of the Optimum Total Liquid Content at Compaction (OTLC)

The compaction of specimens is strongly influenced by the percentage of water used. A high
percentage of water results in dissipated compaction effort, low density and unsatisfactory
mechanical propees, while low workability of the mixture is the result of low water content.

As such, optimizing the water content during compaction will improve the desired properties

of the mixture.

The OPWC by coating test was 3% by total weight of aggregate, the IREZ2%, as
measured in the previous sections, meaning that the total liquid content was 15.32%. According

to MS-14, different water contents at compaction (the loose mixtures were prepared at 15.32%
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and compacted with different water contents in 1% dbgpair drying) were investigated as
Mar shall s speci mens. This gives thenevalafdi cat i

compaction at which the dry density of the sample is at a maximum.

To find the OTLC at compaction, five percentages of totplitl content werénvestigated
15.32%, 14.32%, 13.32%, 12.32% and 11.32%. The water content for each mix was measured
prior to compaction, after leaving the loose mixtures for various periods to reduce the total
liquid content. Afterwards, 50 blows perctaof specimen, were applied using a Marshall
Hammer. The dry density was then calculated according tdM@sphalt Institute, 1989)
Figure3.20 shows that 12.32% was the optimum percentage of total liquid content giving the
highest dry desity. Every single point irFigure 3.20, represents the average of three

specimensd results.
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Figure 3.20: The percentage of optimum liquid content
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3.5.5 Determination of the Optimum Bitumen Emulsion Content (OBEC)

Above and bel ow the deter mi ned ispecimensavere bi t um
prepared with different bitumen emulsion consewnthile keeping the value of the total liquid

content at 15.32%. The optimum residualitmen emulsion contenivas obtained by

measuring the ITSM for dry arebaked samples, as seerkrigure3.21. It was observed that

the optimum residual bitumen was 6.2% of the total weight of aggregate (12.4% bitumen
emulsion content) for soaked samples, while for dry samples, the ITSM decreased when
increasing the residual bitumen content. However, 12#4men emulsion content was

rounded and considered to be the optimum emulsion content because the wet condition is the

governing case.

250
—&—Dry ITSM
200 + —&— Soaked ITSM
S 1m0t
2
=
2 100 |
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0 1 1 1 1 ]
5 5.5 6 6.5 7 75
Residual bitumen content (%)

Figure 3.21: The percentage of optimum residual bitumen content

3.5.6 Preparation of Samples

All the CBEMs were prepared accordinglie method outlined by thesphalt Institute (1989)

The aggregate and filler materials, with the specifiedweting water content (3%), were
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placed into the mixing bowl of a Hobart mix&igure3.22a) and mixed for 60 seconds at low
speed. The bitumen emulsion (12.5%) was then added gradually over the next 30 seconds, the
mixing continuing for the next 90 seconds at the same speed. A Marshall HaRiguee (

3.22b), was used to compact the 100 mm diameter samples with 50 blows to each face. Finally,
the specimens were left inside their moulds for 24 hours, then extruded using a hydraulic de

mouldingmachine

For comparison purposes, two typésiot mix asphalt with two different bitumen grades were
preparedan AC 10, closgraded surface course witsoft bitumen 100/150 pen and an AC

10, closegraded surface course withharden bitumen 40/60 pen. According to PD 6691
(European Committee for Standardization, 201f6ib)AC 10 closegraded surface courses,
5.2% optimum binder content by weight of aggregate was added. The mixing temperature for
the 100/15@nd 40/60 AC 10 surface course was 150 to 160°C and 160 to 170°C, respectively.
The compactiormethodand the number of blows applied for tHMAs were the same as

CBEMs

(a) Hobart mixer (b) Marshall compactor

Figure 3.22: Steps of preparing samples of CBEMs
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3.5.7 The Curing Regime for the CBEMs Samples

Curing of CBEMs can be defined as the process whereby the mixture loses water through
evaporation. The strength gained by the CBEM is stroregfted to moisture logsee et al,

1983) The performance of the cold mixes improvedrkedly by increasing the curing
temperature and time as reportedBmcci et al (2002)Previous researchers suchldmnaya

(2003) Al-Busaltan et al (2012ndAl-Hdabi et al (2013have usedhigh temperature curing

regimes e.g. 40°C for CBEMs due to the weak early strength of such mixtures.

In this research work, a room temperature of 20°C was adopted as the normal curing
temperaturdor all the prepared mixtureghen testindgor ITSM. This regimevas followed in

order to mimic thgroduction, laying and compaction of such mixtures in field conditions and
also avert any premature ageing of the bituSmfass et al, 2004; Khalid and Monney, 2009;
Ojum et al, 2014)The earileststage of curing started when the samplesein their moulds

for 24 hours before extrusiomhe samples werthenkeptat lab temperature unttesing at

different curing agei.e. 3, 7, 14, 28, 90 and 180 days.
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3.6 Summary

To summarise, the testing programme in this study can be divided into different stages of

experimental works as follows:

1 Experimental work to modify the bitumen emulsion and specify its characteristics in
terms of viscosity, particle size, particle size distribution and performance of CBEMs
containing the modified bitumen emulsion.

1 Experiments used to identify the physical and chemical characteristics of the selected
candidate materials for producing SCHheToutput at this stage is to select a group of
three waste materials, SSFA, FGD and CCR, which were involved in further
experimental works.

1 Optimisation stages for the production of SCF where binary blending optimisation
using SSFA and OPC, and ternargrading optimisation using SSFA, OPC and CCR,
were carried out. Investigation of the effects of mechanical activation (grinding) with
FGD as a grinding aid agent, was also carried out. Optimisation was carried out in terms
of compressive strength for thegba and indirect tensile stiffness modulus for the
CBEMs.

1 The investigation of hydration kinetics for both the conventional LF paste and the new
SCF, was carried out using XRD and SEM analyses. The output at this stage was
explanation of the reasonshied the development in strength of the CBEM containing
the new filler.

1 Investigations of the durability and mechanical characteristics of the developed CBEM
incorporating both the modified bitumen emulsion and the new SCF, were conducted
in terms of watesensitivity, agenardening, resistance to permanent deformation and

fatigue resistance.
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Chapter 4: Application of a New Technology- Ultrasound Technology-

in Bitumen Emulsion

4.1 Introduction

Bitumen emulsion technology is anvironmentally attractivenethodwhich minimizescosts

and energy consumption. It can be defined as apfwase system where bitumen globules
(dispersed phase) are suspended in water (continuous phase) by the effect of electrostatic
charges supplied by an emulsifi&ead and Whiteoak, 2003itumen emulsions are usually
produced using colloid mills by forcing a mixture of molten bitumen w&ater through a
rotating rotor and stator discs under the action of centrifugal forces. The diameter of bitumen
droplets typically ranges between 0.1 angiB0 There are several factors affecting the particle

size in bitumen emulsions, related to its paments and the operating conditions of the

manufacturing plantGingras et al, 2005)

Bitumen emulsions have different applications in the pavement industry such as surface
dressing, prime and tack coatsond coat,chip seals, micrsurfacing and cold asphalt
mixtures. Regardless of its application, therefave essential physical parameters controlling

the overall performance of bitumen emulsions: viscosity, stability, coating and breaking. These
parameters are strongly affected by the bitumen particle size distribution (PSD) which also
plays a significantole in the interactive bond between the cement and bitumen emulsion in
the asphalt mixturéHu et al, 2009)Macro emulsions are inherently in an unbalanced state,
attempting to achieve dage of equilibrium over time througtedimentationflocculationand
coalescence. As a result of these destabilising processes, the droplet size distribution will alter,

this eventually leading to complete separation of the pl{&geislom, 2001) Emulsions with
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small globule size are more kinetically stab@ginst sedimentation becauseha increas@

the repulsive forces between the particdes to the almwbed layer of surfactant and ald®
movement of the droplets dbe gravitational forces is hindered by their neighbptirereby
givensufficient time before separate into their phases. This leads to an increase in the repulsive
forces between partide reducing the effect of destabilising actigiadros et al, 2004)n

general, smaller particle size produces noticeable enfmamig in the performance of bitumen

emulsion in both mix and spray applicatig@eneuvillers and Samanos, 2000)

Recently, interest has grown in the developmem¢ciinological process for theprodudion

of bitumen emudionin order to control its physical and performance properties by adjusting
the patrticle size and particle size distribution during the manufacturing process. Currently,
ultrasound technology is the most promising and is appliedarious industrial seors

offering several improvemenis performanceeompared to normal manufacturing processes.
This study has therefore investigated, for the first time, the influence of ultrasound technology
on the operational characteristics and performance of a bitemetsion, by changing the
particle size and particle size distribution of the bitumen droplets. This has had an outstanding
influence on the viscosity of the new emulsion (ultrasonic emulsion) as can be seen in section

4.3

4.2 Sonication Treatment of the Bitumen Emulsion

Ultrasound habeen showiits ability to produce emulsions with smaller particle sizes thanks

to the cavitation phenomenon responsible for ultrasonically induced dffagtsooriya et al,

2004) The propagation of acoustic waves through aqueous media causes pressure fluctuations
in simple sond waves which result in the formation and violent collapse of small bubbles

during the expansion cycles. This breaks coarse particles down into smaller sizes.
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In this study, a pr@repared, cationic bitumen emulsion (C50A4), containing 50% residual
bitumen content with macroscale bitumen droplets, was subject to ultrasonic agitation
treatment using a higlpower ultrasonic device. A probe system ultrasonic processor
manufactured by Hielscher Ultrasound Technology, Model UP 4Bi@g8re4.1), was used to
modify the bitumen emulsion. The horn tip of a 22 mm diameter cylindrical titanium probe
was dipped in the conventional bitumen emulsion, the sonication process was then turned on

to the highest power (100% amplitude), at a condtaqtiency of 24 kHz.

Generator

Transducer

Amplifier

Figure 4.1: Ultrasound apparatus

Sonication time has a profound impact on the resulting droplet size. As treatment time
increases, the amount of energy used to disintegrate thetdralso increases, this decreasing
the particle diameteBalviaTrujillo et al (2013)conducted a study to investigate the effect of

ultrasound processing parameters on the characteristics of lgrass oHalginate nanc
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emulsions. Thie resuls demonstrated that an increase in sonication time led to a decrease in
droplet diameter. SimilarlyTang et al (20133tudied the effect of sonication processing time

on the size of aspirinanaemulsions. He deduced that the average particle diameter reduced
as sonication treatment time increased uplteeconds; after that time, no changes in particle
size occurred. Prolonging treatment above a certain limit, the optimum limit, is counter
productive (Maali and Mosavian, 2013As such, in this study, the length of sonication
treatment time was changed from 5 to 60 minutes in order to assess the effect of ultrasonic
process time on the physical and performance characteristics of ttex tegaulsion. All
experiments were carried out in a 5@0plastic beaker at room temperature, in triplicate.

As the field of emitted sound is usually heterogeneous in ultrasound instruments, it is important
to recirculate the emulsion sample so thabaillmen droplets experience the same shear rate
and achieve a reasonably uniform particle size distribution. During the sonication process, the
temperature of the treated emulsion was raised gradually because of the cavitation
phenomenon. A digital thermater was put on the side of the beaker to measure the
temperature of the emulsion sample at the end of treatfigate 4.2 shows the elevation in
temperature by the increase in processing time. The temperature at 0 to 20 minutes sonication
processing time, increased linearly by approximately 275% compared to the normal (untreated)
sample. After 20 minutes, the elevationemperature was only 7% up to 60 minutes treatment.

At the beginning of the sonication process, a violent turbulence in the emulsion sample was
noticed, this accompanied by a loud sound which was attributed to the occurrence of cavitation.
As the treatrant time increased, the processing action became much steadier and calmer. This
explains the considerable elevation in the
In order to eliminate the impact of temperature rise on the properties of dtedti@tumen

emulsion, all treatments were performed in a cold water bath.
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The influence of ultrasound treatment on the physical characteristics of the processed bitumen
emulsion was investigated in terms of viscosity, particle size and particle sidautish. The
threshold treatment time was selected in light of the results of the latter properties. The
performance of the treated (modified) bitumen emulsion in CBEMs was evaluated and

compared to CBEMs made with untreated (normal) bitumen emulsion.
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Figure 4.2: Effect of sonication treatment time ontemperature

4.3 Viscosity Measurements

The vscosity of the treated bitumen emulsion samplasmeasured using Brookfield DV-

I+ Pro Viscometer in accordancewith BS EN 13302 (European Committee for
Standardization, 2018apll experiments werecarried outin 600 ml glass beaket at lab
temperature andin triplicate. Ultrasonicprocessingand other higtshear treatments such as
highpressure homogenizatidmve been reported to affect the flow behaviour of hydttwid

dispersions due tdhe reductionin their molecular weightMarcotte et al, 2001)The
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degradation of the macr owwhieaBinuratars, asiswatedcbp ns i d e

Striegel (2003)

From the resultshown inFigure4.3, the viscosity of the emulsiomsitially decreased with
increasing treatment time, which indicates that samples exthghtarthinning behaviour at

these ultrasonic duration levelBhe reduction in the viscosity at 7 raiestreatment was
approximately 28% compared to thermalsample Similar findings were presented byang

et al (2006)n that the effect of ultrasonic treatment on petroleum coke oil slurry is not limited

to simply decrasing the apparent viscosity, but amsarkedlyimproves its stability. Another

study conducted bialtsa et al (2014fpund that increasing the time or amplitude reduces the
viscosity and droplet size in olive oil model emulsions containing xanthan, while also
improving its stability. This reduction can be explaingg the fact thatwhen applying
ultrasonic waves, the bitumen emulsion was more dispersed as the diameters of the bitumen
droplets had decreasedizequentlythe amount of emulsifier adsorbed on the surface of the
bitumen droplet decreased, i.e. the totalrhigawater interfacial surface area increased while

the emulsifier film thickness decreased. Following this stage, sonicated bitumen emulsion will
reach a monalisperse state where the viscosity has decreased compared to that of the normal
emulsion. 8veralresearchersvorking on the physicehemical characteristics of emulsions
have found that the increase in the thickness of an emulsifier in an emulsion, leads to an

increase in its viscosit{Napper, 1983; Karpenko and Gureev, 1998)
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Figure 4.3: Effect of sonication time onthe viscosty of treated bitumen emulsions

After 10 minutes of sonication, viscosity increases gradually. As treatment time increases,
dispersion and coagulation of the bitumen dropletd kiatompete because the temperature
has risendue to the vigorous mechanical mixing of the emulsion ¢pvecessing).
Coagulation of the bitumen globulesll occur after a certa periodof sonication treatment
because of thencreasein the number of lpbules, leading to increasing collisions through
Brownian motions. The coalescence of bitumen particles will occur when the amount of
emulsifier at the interface drops to a level where it loses its function as a barrier to prevent
contact and coalescenoé droplets. Therefore, the optimal time for ultrasound treatment
should be used to avoid sheéaduced coalescence and to prepare a more monodispersed

bitumen emulsion with lower viscosity.

4.4 Droplet Size Measurements

Particle size (PS) arghrticlesize dstribution (PSD) were characterized by a Beckman Coulter

Laser Diffraction Particle Size Analyser LS 13 320 apparatus, for different lengths of ultrasonic
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treatment. Five measurements were carried out for each sample at lab temperature, using three
samplesfor each treatment time. PSD was presented as a volume percentage vs. droplet
diameter.The most commonly used metrics when describing particle size distributions are D

Values (Do, Dso & Dgg) which are the intercepts for 10%, 50% and 90% of the cumelativ

mass. I n addition, the width or O0spané of the
spAl> % (42)

$
where

Dso: is the size in microns that splits the distribution with half above and half below this
diameter

D1o: is the diameter at which 10% of the sample's mass is compfigadioles with a diameter
less than this value

Doo: is the diameter at whic®0% of the sample's mass is comprised of particles with a diameter

less than this value

Figure4.4 shows the differential PSD for all bitumen emulsgamples treated with different
sonication durations, whilBigure 4.5 presents the cumulative PSD. The emulsion samples
were treated for 5, 7, 10, 12.5, 15, 20, 30, 45 and 60 miantheir PSE compared with

the PSD of the noral sample. The results show that the diameters of the particles decreased
on an increase in sonication time. An explanation for this is that as the treatment time increased,
the applied energy also increased leading to more intensive cavitation anddietiproof

smaller particles. These differences were more obvious in the case Bdand Dy, as seen

in Table2.1. This Tablealso demonstrates how the width of distribution became closer with
increasing treatment time. 7 minutes sonication treatment gives approximately 85% reduction

in Dso, 86% reduction in & and 90% reduction in §9, compared to the normahsple. In
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addition, the PSD became narrower by approximately 40% when compared with before

sonication treatment.
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Figure 4.4: Effect of sonication time on PSD
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Figure 4.5: Effect of sonication time on cumulative distribution
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Table 4.1: Effect of sonication time on PS

Treatment time (min.) D10 (um) D50 (um) D90 (um) Span
0 2.423 8.146 30.068 3.393
5 0.375 2.207 7.421 3.192
7 0.341 1.261 2.919 2.044
10 0.375 5.609 15.651 2.723

125 0.412 5.609 17.181 2.989
15 0.412 6.158 18.861 2.995
20 0.598 6.760 24.951 3.602
30 0.598 6.760 24.951 3.602
45 2.423 7.421 27.391 3.364
60 2.423 8.943 30.068 3.091

However,this is apparently limited to a specific duration (7 utey; after that PS starts to
increaseThis phenomenon, where the particle size increasesawititrea® ininput energy,

can be referred tasii 0 vperro ¢ e s s i n g DesransauxsandaMtareadd (20§Zhis can

be attributed to poorer functioning of the emulsifiers and an increase in Brownian motion,
hence a higher probability of collision and coalescence with higher energy input. In these
conditions, the droplet size distribution of the emulsion,ressalt of the competition between

two opposite processes; droplet disruption and -drop coalescence. A fresh interface is
created whenever a droplet is formed from the disruption of an original droplet. Between its
formation and its subsequent encounteh other droplets, some surfactant will be adsorbed
onto this fresh interface. If the timescale of collision is shorter than the timescale of adsorption,
the fresh interface of the newly formed droplets will not be fully covered with surfactant, such

conditions leading to coalescence. Since the newly formed droplets are not completely covered
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by the surfactant, a higher rate of collision represents a greater coalescence rate, leading to an

increase in the droplet size (oy@ocessing).

From the PS an®SD results above, it is clear that 7 minutes represents the optimum time
(threshold time) for sonication treatment of bitumen emulsion to achieve smaller PS and more

uniform PSD.

4.5 Application of Modified Bitumen Emulsion in CBEMs
4.5.1 CBEM incorporating Limestone Filler (LF)

The performance ahe CBEMs made usingoniated bitumen emulsions, wasaluated in
terms ofindirect tensilestiffness modulusITSM) and air void conteatAn asphalt concrete,
AC 10 mm, closggraded surface course, was selected base@8SoEN 13108(European
Committee for Standardization, 2016t prepare the control CBEM containing conventional
LF and normal bitumen emulsion (NBE). A HMA with two grades of bitumen, 5004hd
40/60 pen bitumen, were prepared for comparison purpd$espreparation methodas
previously presenteoh Chapter 3 (sectio3.5.6. The control mixtures were stored at’€0

and subjected to ITSM testing at 3, 7, 14, 28, 90 and 180 days.

The behaviour of the cold asphalt mixtures is unusual compared to the control hot mixes,
especially at an early age. A combination of sevaors leads to this behaviour including

the existence of water, binder film coalescence and cohesion, and the reaction between the
aggregate and emulsi¢Berfass et al, 2004rigure 4.6 illustrates the performance of these
mixtures at different curing times, showing that the control CBEM displays low strength during
its early life but gains strengthrogressivelyover time, with an increasing rate of water
evaporation. The development in the ITSM value for the control CBEM mainly occurred
during the first 28 days. However, these values are relatively low compared to the target ITSM

value for 100/150 (1500 MPa) and 40/dMA (4000 MPa)Al-Busaltan, 2012; Nassar, 2016;

107



Chapter 4:Application of a New TechnologyUltrasound Technology in Bitumen Emulsion

Shanbara et al, 2018It is worth mentioningthat even though the ITSM test is a non
destructive test, three samples of CBEM were fabricated for each curingnié due to the
inability of the specimens to withstand testing. In contrast to the CBEM, neither grade of hot

mix showed any noticeable change in its performance over time.
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Figure 4.6: Development ITSM values of the control CBEM containing LF

CBEMs made from LF and treated bitumen emulsion subject to a range of sonication times (5,
7,10, 12.5, 15 and 20 minutes), were tested and compared with the control CBEM and HMAs
at various curing ages. The result$T#M testing for the prepared specimens after 3 days age
are presented ifigure 4.7, whereQ time refers to the control CBEM including NBE. The
results show that 7 minutes sonication treatment achieved the best ITSMovahaher
treatmentimes The improvement in ITSM at 3 days of age for CBEM made from 7 minutes
treated emulsin, is approximately 70% in comparison to the mix with NBE at the same age.
This improvement is most probably due to the greater specific surface area provided by smaller

particles in the sonicated bitumen emulsion which achieved a better coating beialieen
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the aggregates and bitumen bind&s the sonication time increased oveminutes,ITSM
values decreased gradualljhis can be attributed to recoalescence of nbely formed
bitumen dropletslue tothembeing insufficiently covered with surfactahis alsoexplains

the increas@ emulsion viscosityas discussed irigure4.3.
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Figure 4.7: Effect of sonication time on the ITSM of CBEMs at3 days

From the results abovd,is clear that 7 minutes represents the optimum time (threshold time)
for the sonication treatment of the bitumen emulsion used in this study. Accordingly, this
treatment time was selected to prepare a modified bitumen emulsion (MBE) with smaller PS
and nore uniform PSD, to be used to develop a new CBEM.

The CBEM with 7 minute$BE at different curing ages, was subjected to ITSM testing and
compared with the control mixes, as seerfrigure 4.8. Similar to the control CBEM with

NBE, the 7 minutes treated CBEM gained the most improvement in ITSM during the first 28

days, compared to longer age spans.
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Figure 4.8: ITSM values of 7 minutes treated CBEM with curing times

The volumetric properties of the Marshall specimens in terms of air void cgntesite
measured in accordance wittne Asphalt Institute (1989)ecommendations after 3 days of
curing.Tale 4.2 presents the results of the measured air void cafan€BEMs made from
sonicated bitumen emulsion and NBE for comparison pugp@deCBEMSs with sonicated
bitumen emulsionsshowedlower air void conterg than the control mixture with NBE.
Howewer, the mixture with 7 minutel8IBE has the lowest air void contsnapproximately

33% compared to thmnventional CBEMLF with NBE. Thisis related to lower viscosity and
smaller bitumen particlesf the 7 minutesMBE which provided a better coating fdine
aggregatesyhichin turn,facilitatedthe compactioeffort of the mixtureThis is also reflected

in the better performance of the CBEM mixture with 7 minutes sonicated emulsion after three
days curing age, as shown kigure 4.9. The mixtures made from bitumen emulsion with
longer treatment durations (longer than 7 minutes) have higher air void contents in comparison

with other mixturesmade from emulsions sonicated at 5 minutes and 7 minutes. This is
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explained by recoalesaee of the bitumen droplets in the emulsions sonicated for more than 7
minutes, thereby reducing the surface area of the droplets which adversely affects the ability

of bitumen film to coat the aggregates and consequently, the compaction quality ofttire.mix

Although ths ultrasound technology appears to be very promising in enhancing the properties
of CBEM, the mechanical performance of the cold mixessured in terms of ITSM still

poor compared to traditional hot asphalt mixtures. Consequentlgpmmon with other
researcherfAl-Hdabi, 2014; Nassar, 2016; Dulaimi, 201gdinary Portland cement (OPC)
was used to substitute conventional limestone mineral filler (LF) as explained in the next

section, in an attempt to improve the performance of the CBEM.

Table 4.2: Air void contents of CBEMs with treated and untreated bitumen emulsions

Sonication duration (min) Air Void Content (%)
0 12.23
5 9.81
7 8.25
10 10.25
12.5 10.49
15 10.62
20 11.55
100/150 HMA 3.85
40/60 HMA 3.53
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Figure 4.9: Air void contents and ITSM of CBEMs at 3 days with different treated emulsions

4.5.2 CBEM incorporating Ordinary Portland Cement (OPC)

Hydraulic binders such as cement, havenbieeorporated in cold asphalt mixtures by many
researchers in order to overcome their shortcomings and upgrade their mechanical
characteristics, as described inapter2. Cold mixes including OPC, showed improvement in
their strength, resistance to ratjiand resistance to fatigue at early a@dsBusaltan, 2012;
Al-Hdabi, 2014; Nassar, 2016; Dulaimi, 20143 such, the second step in the development of
the new CBEM in this study, is to replace conventionallifk the following percentages of
OPC: 0%, 1%, 3% and 6%, by total weight of dried aggregate. The mixtures with said
percentages of OPC were first made with NBE and subject to ITSM testing at different curing
ages (3, 7, 14 and 28 days)gure 4.10 shows that the use of OPC as a filler replacement
substantially increases the ITSM value of CBEMs, approaching their ultimate value when LF
is fully replaced by OPC. The stiffness modulus of CBEM containing 6% OPC, increased by

approximately 17 timgin comparison with conventional CBEMF at just 3 days. The CBEM
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containing 6% OP@®ad twice the ITSM value df00/150 HMA at 3 days of ag&hile its

ITSM value is close tthat of40/60 HMA after nearly 10 days, as showrFigure4.11. It is

obvious that the increasing rate of stiffness modulus of the CBEM containing 6% OPC at early
ages, was comparatively higher than at other ages. The reasons behind this improvement are
the formation of cementitious bonds and the consumptianapped water induced by the
hydration process of OPC, which leads to a loss in moisture from the mixtures. This
improvement in the ITSM overcomes deficiencies associated®@BEMs-LF, namely low

early life strength and a long curing tineherefore, tal substitution of conventional LF by

OPC (6%) is recommended to achieve the targeted improvements in CBEMSs.

5000
4000
S 3000 |
o
2
Z
e 2000
1000
o L= = |_I o
CBp, CBp CBE, CBE, 109y, 06,
~ ~Jo ~30 ~60, N 0
MLF Ml/o OPC M3/0 OPC M6/o OPC OHMA HMA
Type of mixture

Figure 4.10: Influence of OPC replacement on ITSM values in CBEMs aB days
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Figure 4.11: ITSM values of OPC mixtures at different curing times

The performance of CBEM made frdflo OPC and MBEwas investigated in terms of ITSM
testing and compared the same mixture containifgBE. The results at 3 days afiringare
given inFigure4.12. It is clear from thidigure that MBE improved the ITSM value for the
CBEM-OPC by around 11%ompared to the same mixture including NBE. Also,GB&EM-
OPCwith MBE reachedhe same ITSM value as f40/60 HMA a 7 days, as shown figure

4.13. This development is explained:by

I. The presence of ©C in the CBEM accelerating breaking of the cationic bitumen
emulsion as it increases the pH because of the alkaline nature of the cement paste. This
leads to an increase in the dissociation rate of the emulsifier on the bitumen droplets,
allowing the bitimen emulsion to flocculate and coalesce rapidly, as demonstrated by
Wang et al (2013)

ii.  The loss of trapped water during the hydratiorcpss of the OPC, which is responsible

for creating a cementitious bond between aggregates alongslhg&ithen binderand
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iii.  TheMBE provided a uniform coating of bitumen emulsion film for the aggregates, thus
increasingcompactionwhich reduceghe air vad contents, thereby improving its

strength.
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Figure 4.12: Influence of MBE on the ITSM value for CBEM-OPC at 3 days

6000 -
—_—————— = — — = — T = 2
/P T v 9
5000 @& @
r S A
4000
)
o
S 3000
=
2 2000 |
it i
000 ¢ e tetutets -3
0 1- 1 1 1 1 1 1 J
60 80 100 120 140 160 180
Curing age (days)
—— LF+NBE --4--- LF+MBE @ OPC+NBE
—@— OPC+MBE —=— 100/150 HMA —A— 40/60 HMA
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Unfortunately, the use of OPC has economic and ecological shortcomings. The cement industry
consumes a lot of energy and quarry materials thus contributing ter@iSsions. Therefore,

the author of this thesis has decde upgrade the performance of the CBEMs by developing

a new secondary cementitious filler made from waste afatdjuct materials to work as an
effective alternative to the OPC. The next chapter will cover the process development of the

new filler.

4.6 Summary

This chapter has presented and described the modification process of the cationic bitumen
emulsion (C50B4) by applying ultrasound technology using a Dr Hielschers device, Model UP
400S (400 Watts, 24 kHz), resulting in the production of a bitumensgmnulwith lower
viscosity and smaller uniformly distributed droplets (modified bitumen emulsion). The
modified emulsion provides a better quality of coating on the aggregates in the mixture,
facilitating increaseccompaction and reducing air void contefitbis has been confirmed by

the ITSM values of the modified CBEM when compared to conventional CBEM made with
conventional emulsion. This chapter also included the performance enhancement of the CBEM
by replacing conventional LF with OPC. gignificantincreasen ITSM results was reported

with complete replacement of LF with OPC, especially in its early life. Further developments
were achieved by producing a CBERPC with modified bitumen emulsion. Higher stiffness
modul was achieved at different curinges, in comparison to those mixtures employing
normal emulsion, providing results comparable to those for 40/60 HMA. In conclusion, this
innovative technology (sonicated bitumen emulsion and @P@gargo be very promisingn

overconing the shortcomingassociated with the use of conventional emulsion and LF.
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Chapter 5: Development of a New Secondary Cementitious Filler

5.1 Introduction

Many environmental and economic benefits have been achieved by producing cementitious
materials from waste, or fyroduct materialsas alternatives to cement, in different types of
concrete productiofMohammed etl, 2013) There are a variety of cementitious materials
such adly ashes, ground granulated bkastnace slagand silica fumehat can be used as
construction materials, individually or collectively, with cement. Such materials show either
pozzolanic o hydraulic behaviour¢Snellings et al, 2012)Although there are considerable
variations in their properties, different types of cementitious matehale she ability to take

part in chemical reactions and form compounds that supplement cement hydration products

(Snellings et al, 2012)

This chapter ineldes the results of the experimental works which identified the physical and
chemical properties of commercial types of limestone filler (LF) and ordinary Portland cement
(OPC), as well as the candidate waste materials used in this study to produceeeanelary
cementitious filler (SCF) namely, sewage sludge fly ash (SSFA), flue gas desulphurisation
(FGD) gypsum and calcium carbide residue (CCR). Initially, the mineralogy and the
morphology of LF (commonly used as mineral filler in the production of aspgloncrete
mixtures), OPC, SSFA, FGD and CCR were investigated. A comparison between the properties
of the candidate materials to those of LF and OPC, was conducted to assess the suitability of
these materials to develop a new cementitious filler. Faliguthis, a laboratory investigation

for the physicechemical activation of SSFA by grinding with FGD and blending with OPC,

was carried out.
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5.2 Characterisation of the Selected Mineral Fillers
5.2.1 Limestone Filler (LF)

A commercial LF, supplied by Francis Rer Ltd, was used in this study. The chemical
composition analysis of the LF using an EDXRF (described in Chapter 3, sub$edtib),

is presented iffable5.1. The results show that the LF was mainly comprised of calcium oxide
(CaO) and silicon dioxide (SKR The main crystal peaks recognised in thea}( diffraction
pattern of the LF werealcite CaCQ) and quartz$i0O,) (Figure5.1). The pH value of the LF

was 9.12. The patrticle size distribution (PSD) of the LF powder was also examined; 90% of
the particles passed through sieveun®, as demonstrated Figure5.2. In the SEM image,
shown inFigure5.3, the LF particles appear as irregular shapes with sharp angles. Although
LF has a high content of CaO, approximatéB/712x%, it is considered an inert material (no
hydrationoccurs when in contact with water) because CaO exists in-hyurated state (pure

calcium carbonatd)Speweik, 2011)

Table 5.1: The chemical composition of LF and OPC

Chemical Compounds LF% OPC%
CaO 73.712 64.488
SIG 16.937 24.862
Al,O3 0.029 1.247
MgO 0.977 1.519
FeOs --- 1.856
SG 0.100 2.805
K20 0.355 0.783
TiO, 0.194 0.434
Na.O 2.136 1.572
P2Os 0.250
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Figure 5.1: The XRD pattern for the LF powder (C= calcite, Q= quartz)
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Figure 5.2: Particle size distribution of the LF and OPC
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Figure 5.3: SEM image for dry powder LF

5.2.2 Ordinary Portland Cement (OPC)

A commercial ordinary Portland cement (OPC CEMII/ A-L 42.5N), manufactured by
QUINN CEMENT, was used throughout this studyhe chemical composition dhe OPC
measured using EDXRF, ieported inTable5.1 above. It can be seen that it mainly consists
of free lime (CaO) and SOwhich are responsible for the hydration process and gains in
strength with longer curing tim&hese results ar@nsistent wittthe chemicatompositions

of thesame type of@ment asnalysed byadique et al (2012Hpulaimi et al (2017andJafer

et al (2018) The mineralogical configuratioaf the crystal particles in the payer form of
OPC, obtainedby XRD anaysis, is illustrated irFigure5.4. The diffraction patterns of OPC
comprised calcite (CaCG{ alite (3Ca0Si@), belite (2Ca0Si@), periclase (MgOand ferrite
(4CaOAbOs.Fe0s3). The pH of the gueous solution of the OPC was found to be 12.85 which
helps tospeed up the breaking of bitumen emulsioth@mCBEM (Fang et al, 2016b)Ihis

OPC has fier particles than the LF, as seefigure5.2 above. Itis observed that the dominant
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particle size almost fall below 30m. The fineness of OPC particles has an important effect on
the hydration rate when exposed to water. BHi®vs a higher reactivity reaction through the
hydration process by increasing the surface area exposed to the hydration reaction, thus
producing higher strength. The SEM micrograph of OPC in a dry powder state, sHeguren

5.5, illustrates that the OPC particles have a variety of angular shapes, produced after grinding

the clinker pellets.
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Figure 5.4: The XRD pattern diagram for the OPC (C= calcite, A= alite, B= belite, P= periclase,

F=ferrite)
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Figure 5.5: SEM imagefor dry powder OPC

5.2.3 Sewage Sludge Fly Ash (SSFA)

Sewage sludge refers to the residual, ssntid material that is a result of sewage treatment
and of wastevate discharged from households and industries. Sewage sludge fly ash (SSFA)

is dewatered sewage sludge which has loeembustedhrough an incinerator.

The SSFA used in this study was supplied by the United Utilities Limited sewage sludge
incineration systm, Mersey Valley SPC, Widnes, UK. The digested sludge is pumped along
the Mersey Valley Sludge Pipeline to Shell Green. At Shell Green, the sludge is dewatered
through centrifuges to around 26% dry solids and then conveyed to sludge dryers. It is then fed
into a fluidised bed incinerator which operates at between 800 and 900°C. Fly ash is then
removed using an electrostatic precipitator where it is held in a silo for collection and then sent

to landfill.
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The chemical composition of the SSFA used in thigysia shown inTable5.2. The SSFA
primarily consists of Si@because of the use of sand in the fluidised combustion process. Iron
oxide (FeOs) is also present in relatively high quantities as a result of the use of ferric chloride,
or ferrous sulphate, as a floculator nmakithe SSFA a dark reddidnown colour. A
considerable amount of calcium oxide (CaO) is also presenaty Hiffraction analysisHigure

5.6), shows that the dominant mineral phases of SSFA are quart?,(Bébnatite (F€03),
magnetite (FeOs) and whitlockite (CgPQs)2). The pH of the aqueous solution of the SSFA
was found to be 8.29. The particle size distribution for the raw SSFA is preserigdrigb.7
where it can be seen that the particles arehmaoarser than OPC particles, most of them
between 5 to 84 um, with a mean diameter of 36.33 um. The SEM image is givguia

5.8, showing that the raw SSFA patrticles were rough, irregular in shape and contained some

isolated ad open pores which demand more water for paste samples than OPC.

Table 5.2: The chemical compositions ofaw SSFA

Chemical Compounds %
CaO 10.538
SiIO 30.233
Al,O3 3.071
MgO 2.498
Fex0Os 15.236
SG 0.08
K20 1.285
TiO, 1.189
Na.O 1.512
P.0s 0.25
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Figure 5.6: Mineralogy of the SSFA (Q= quartz, H= hematite, M= magnetite, W= whitlockite)
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Figure 5.7: Particle size distribution of the SSFApowder
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Figure 5.8: SEM image for dry powder SSFA

5.2.4 Flue Gas Desulphurisation (FGD) Gypsum

Flue gas desulphurisation is the technology commonly used to remove sulptide diiom

flue gas in coafired power plants before being released into the atmosphere, thus reducing the
environmental impadiSadique et al, 2012ajhere are two major processes commonly used
for desulphurisation using CaO as an alkaline sorbent: wet type scrubbing and dry;amysemi
scrubbing. The FGD gypsum usgdthis study was collected from a 4,000 MW cbedd

power station that used limestone slurry as a sorbent. Because the raw FGD was-drg semi
state, it was dried at a temperature of 100+5°C for 24 hours before blending or conducting the
EDXRF, XRD,SEM and PSD tests. The aqueous solution of FGD has a pH value of 12.3. The
EDXRF analysis of the FGD, shownTiable5.3, indicated that the major chemical compounds
present were calcium oxide (CaO) and sulphate),S(d a smalleamount of silica (Si).
Figure5.9 illustrates the powder diffraction pattern of the FGD, mainly composed of calcium

sulphate hemihydrate (Ca®%®2H0O) in addition to calcium sulphate dehydrate
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(CaSQ.2H:0) and quartz (Sig). The PSD of the FGD gypsum powder is showrrigure

5.10 which shows that approximately 90% of the particles are smaller than 10 um. FGD

gypsum powder has regular crysshlaped particles, as shown by the SEM micrograph in

Figure5.11.

Table 5.3: The chemical compositions ofthe FGD gypsum

Chemical Compounds

%

CaO
SIG
MgO
SG
K20
TiO,
NaO

P2Os

34.036

14.409

0.520

33.335

0.031

0.107

1.184

0.250
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Figure 5.9: XRD patterns of the FGD gypsum (CAS= calcium sulphate hemihydrate, CAD=

calcium sulphate dehydrates, Q= quartz)
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Figure 5.10: Particle sizedistribution of the FGD powder
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Figure 5.11: SEM image for dry powder FGD

5.2.5 Calcium Carbide Residue (CCR)

Calcium carbide residue (CCR), also called carbide slurry or lime slurry, is produced-as a by
productof the industrial production of acetylene ddaturapitakkul and Roongreung, 2003)

In the production process, calcium cambi(CaG) is mixed with water to produce acetylene
gas (GHy), lime slurry (Ca(OHy) and heat. The final product is a sludge in slurry form. After
the high alkalinity water is fully discharged, the slurry transforms to a-stdieé residue which
makes diposal to landfills an expensive amiiffficult task. Globally, the production of
acetylene gas was approximatél§0,000 onnein 2014, with a generation of approximately
1,423,000 tonnef CCRcorrespondingly as waste, and it is expetbegtow by 3% unti2020

(Market Research Store, 2015)

The CCR used in this study was supplied by BOC UK & Ireland (a memtier binde Group)
dissolved acetylene plant, located in n@dst Lincolnshire, UK. When delivered, the material
was in the form of large, wet blocks, making it necessary to liregk small pieces and oven
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dry at 100+5°C for 24 hours. The resultant pgrwere then pulverized using a mechanical
grinder. In this study, it was found that 5 minutes of grinding, using a pestle and mortar grinder,
achieved a finer grade, as seefigure5.12. This was to take sustainability into consideration
and avoid agglomeration due to excessive grinding. The average grain ssjzef fbe CCR
ground for 5 minutes, was approximately 10 um. The EDXRF analysis, sé@abiab5.4,
reveals the presence of an impressive amount of calcium oxide in addition to some silica. The
XRD profile of CCR Figure 5.13), shows calcium hydroxide (Ca(OM)as the main
component, in addition to small amounts of caldta@Q) and graphite (Clvhich were also
reported inCCRstudied byother researchef¥ichan and Rachan, 2013; Saldanha et al, 2018)
The high alkalinity of this material (pH=13), could provide an ambient environment to activat
the hydration process of the incorporated cementitious components, as statelddabi et

al (2014b) From SEM photographsf CCR powder Figure5.14), it appears as a very coarse

agglomeration of particlesith irregular surfaces.

100 ¢

90
80 r
70 |
60
50 f
40 r

Cumulative volume (%)

30 f
20
10

0.01 0.1 1 10 100 1000

Particle diameter (um)

——3 min-CCR ground——5min-CCR ground 7min-CCR ground

OPC

Figure 5.12: Particle size distribution of the CCR powder
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Table 5.4: The chemical compositions othe CCR

Chemical Compounds %
CaO 80.031
SiIG 15.939
MgO 0.954
SQG 0.619
K20 0.047
TiO, 0.162
Na.O 1.508
2500
CHO
2000
z
£ 1500 |
2
2
(]
£ 1000} CHO cHo CHo
CHO  cho
500 CHO
0 1 1 1 1 1 ]
40 45 50 55 60 65
2theta (degree)

Figure 5.13: The XRD pattern of the CCR (CHO= calcium hydroxide, G= graphite, C= calcite)

130



Chapter5: Development of a New Secondary Cementitious Filler

HV Tmag O] WD [det [ HFW
10.00 kV| 5 000 x [9.5 mm |[ETD|51.2 ym Inspect S

Figure 5.14: SEM image for dry powder CCR

5.3 Comparative Physical and Chemical Characteristics of the Selected Materials

The reasondr identifying the physice@hemical properties of the selected materials in this
research study was to assess their suitability and potential to develop a low cement content
secondary cementitious filler (SCF) to be used as a full replacement of liméftnia

CBEM. Accordingly, a comparison was carried out to evaluate the chemical properties of the
selected materials, including the oxide contents identified by EDXRF analyses, pH values and

physical properties including PSD, density and consistenthyeahaterials under study.

The chemical compositions of the conventional LF filler and OPC, along with the other
materials selected for use, are summarisedahle 5.5. The chemical analysis of SSFA
revealed a significant siliceontent indicating that this material is a pozzolanic, having the

potential to be used to produce a cementitious material.

131



Chapter5: Development of a New Secondary Cementitious Filler

During cement manufacture, gypsum is added to cement clinker to act as both a retarder and
grinding agent to stop the clusteringogiment particles during the grinding proc@darchm

and Flatt, 2016)Gypsum is also needed as a source of sulphate which reacts with hydrated
lime and alumina to produce calcium sulgdlaminate, also known as ettringite, which
facilitates the development of early age strer{@tlppala etla2015; Aitcin, 2016) For that

reason, the FGD gypsum for this study was used as a sulphate activator as well as a grinding
aid, because it is composed mainlycafcium sulphatéemihydrate. The EDXRF analysis of

CCR (Table5.5) shows the presence of a high percentage of calcium oxide which is promising
for use as a hydraulic activator for the SSFA to boost the hydration process in the presence of
water in the CBEM. The chemical analysis also showed a high pH (13) for &&@fg, with

an acceptable amount of silica. These chemical propertidseasdicialin accelerating the
hydration reaction in the existence of pozzolanic materials while keeping a sufficient level of
alkalinity for the hydration environment: the latter necessary for hydration reaction

continuity (Habert, 2014)

According to BS EN 191 (European Committee for Standardization, 201l¢ clinker in

OPC is a hydraulic material which contains at least tlwals by mas of calcium silicates
(3Ca0.Si@and 2Ca0.Sig), the remainder consisting of other oxides such as aluminium oxide
(Al203) and iron oxide (F£s). BS EN 1971 (European Committefer Standardization, 2011)

also recommends that the ratio by mass of CaQ/Bi@ement shall not be less than 2.0, the
magnesium oxide content (MgO) not exceeding 5% by mass. Regarding pozzolanicity, the
specifications state that the amount of reactiveos dioxide (SiQ) in cement should not be

less than 25% by mas3$able 5.6 illustrates the comparative chemical properties for the
materials under study according to the British Standard. From this table, it can be seen that
SSFA has more silica, aluminium and iron oxides than OPC, these playing an important role

in the pozolanic reaction. CCR has significantly more calcium oxide content than OPC which
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supplements the hydration process. However, SSFA, FGD and CCR have not individually met
all the requirements of the aforementioned standard; this will not influence theenegnis if

they are mixed in appropriate portions with OPC to produce a new SCF.

To increase pozzolanic reactivity, SSFA was ground to a PSD curve similar to, or finer than
that of OPC. Based on the beneficial roles of blending (binary and ternary) tveysems,
to activate low calcium SSFA, a ternary system of SSFA, OPC, and calcium rich, high
alkalinity CCR was proposed in this study. Therefore, the synergistic pkgfséroical feature

of the ternary system will allow the development of a new SChaoable to OPC.

Table 5.5: Comparative chemical properties of the selected materials

Propertie LF OPC SSFA FGD CCR

CaO 73.712 64.488 10.538 34.036 80.031

SIG 16.937 24.862 30.233 14.409 15.939
Al;O3 0.029 1.247 3.071 - -
MgO 0.977 1.519 2.498 0.520 0.954
Fex0s ---- 1.856 15.236 - -=--
SG 0.100 2.805 0.08 33.335 0.619
K20 0.355 0.783 1.285 0.031 0.047
TiO 0.194 0.434 1.189 0.107 0.162
NaO 2.136 1.572 1.512 1.184 1.508
P20Os 0.250 ---- 0.250 ---- ----
pH 9.1 12.8 8.3 12.3 13.0
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Table 5.6: Comparative chemical properties of the selected materials in accordance wiBt EN

1971

Item LF OPC SSFA FGD CCR

CaO+SiO 6 7' 90.65 89.35 40.77Y  48.445 95.97
(SIO+AIOs+Fe03)%  16.97 27.965 48.54 14.409  15.939
CaO/SiQ0 2 4.35 2.59 0.348 2.36 5.021
MgO < 5% 0.977 1.519 2.498 0.520 0.954

SiO0 25 % 16.937 24.862 30.233 14.409  15.939

* Doesnot meet the standard requirements.

Particle size distributionf a filler plays a significant role irmproving the packing of pores

and producing a dense mixtu(Brouwers, 2006)It has been established that a higher
compressive strength can be achieved when finer particles of fly ash are used in corftrete wit
cement(Kumar et al, 2008; Zhao et al, 2016he overallparticle size distributions of all
selected materials are presente&igure5.15, their physical properties listed Trable5.7. It

can be seen that OPC and CCR, ground for 5 minutes, are closer ttheaetith CCR having

slightly finer particles. Approximately 40% of SSFA patrticles in the region of 0.1 to 35 pm,
have a coarser grading than LF, but the remainder of both curves are close. Therefore, grinding
activation was required to increase the poazil reactivity of the SSFA through reducing the
grain size and increasing the specific surface area. This will be explained in the following

section.
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Figure 5.15: Comparison of thePSD& of the selectedmaterials
Table 5.7: Comparison of the physical characteristics of the fillers
Item LF OPC SSFA FGD CCR
Dio( € m) 1.555 0.722 4.113 0.796 0.720
Dso( € m) 36.235 10.777 36.33 3.457 9.817
Doo( € m) 76.419 33.008 83.890 10.773 30.068
Density (gm/cr) 2.784 3.100 0.273 2.550 0.162
Consistency (%) 23 27 88.75 nd nd

5.4 Mechanical Activation of SSFA
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Mechanical activation by means of grindihas been suggested as an effective method to
improve the reactivity of cementitious materii@imar et al, 2008)The external dynamic

forces which result from the comminution during grinding, leads to destabilisation of the
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electronic bonding structure, making the solid open to the chemical re¢Saathque et al,
2013) In the literature, different types of milling devices have been used for mechanical
activation such as an attrition mill, a ball mill, an agitator mill, a jet mill and a vibro mill

(Sekulil.et al, 1999)

In this study, a mortar grinder RM 200, showrfigure5.16, was used to grind the SSFA for
various time periods. This grinder has the ability to grind and homogenise powders,
suspensions and pastes tanaiiess size < 10m, operates with a low energy agitation of 250

W and has a bowl capacity of 760. Grinding efficiency can be influenced by various factors
including the initial particle size, softness and carbon content. In some cases, partickes adher
to each other and agglomerate when applying prolonged grinding because of the action of
strong chemical bond forces on particles with a metastable high state, thus reducing grinding
efficacy(Juhasz, 1998; Sajedi and Razak, 20T reduction in grain size is not proportional

to grinding time.

= | 3 ]
e
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Figure 5.16: Mortar grinder
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In order to control agglomeration and weakthe strength athe particles, an appropriate
amount of additives have been used as a grinding aid, as specifiad dnd Wei (1992)
Grinding aids help to enhance grinding efficiency by cregatirrepulsive force, a result of
adsorbing the additives, on the surface of the particles, hence avoiding agglomeration.
Likewise, Katsioti et al (2009)dentified a benefit of grinding aids in that they partially
neutralise surface charges and prevent agglomeration. The effectioénegig FGD gypsum

as a grinding aid has been examined by previous researshers.u | i | doundthat ( 19 9 ¢
incorporating 5% FGD gypsum into a system where clinker was replaced bp0étised

fly ash PFA), increased its strength compared to the control @&dique et al (2013nd

Jafer et al (2018lso used 5% FGD gypsum by total mass of binder. In light of this, 5% FGD
gypsum was usechithe present study to assist grindimigSSFA The optimum time for
grinding was found to be 20 minutes. To evaluate the effect of grinding SSFA with and without
FGD gypsum, physical, morphological and mineralogical properties were determined using

analyical techniques.

The physical alteration of the grinding activation of SSFA is listethinle5.8. The effect of

the grinding activation, along with the effect of using FGD gypsum on the PDS of SSFA, is
illustrated inFigure5.17. The fineness of the SSFA increased significawthgnground for

20 minutes without FGD gypsn. However, a significant improvement in the PSD was
accomplished after using FGD gypsum as a grinding aid. The virgin SSFA patrticles ranged
between 4 and 7pm: after grinding activation and when using FGD, they were in the range
of 0.4 to 20pum. The medn diameter (k) of the SSFA particles~gure 5.18), decreased

from 36.33um to 22.86um and 7.082um after grinding only and grinding with FGD,
respectivelySadiqgue and ANageim (2012yandJafer et al (2018)eported similar findings

by which the improvement achieved in the PSD was attributed to the fineness of the FGD and

to the altered particlsizedistribution, along with the morphological mbdation caused by
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the grinding energy and the FGD gypsum. It should be noted that grinding with FGD creates
three peaks in the PSD of SSFA. This produces a gap gradation which is expected to have a
critical impact on water requirements, the packing dgrsid hydration behaviour of SSFA,

as stated byhang et b(2011)

Table 5.8: Changes in physical propdies after grinding activation

Density Standard

Material Do (M) Dso (um) - Doo (um) (gm/cn¥)  Consistency
SSFA untreated 4.113 36.33 74.6 0.273 88.75
SSFAground without ; g7 55 gg 518 0.290 415
FGD
SSFA ground with ) 55 7.082 19.19 0.305 40
FGD
OPC 0.722 10.777 33.008 3.100 27
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Figure 5.17: Comparative change in differential PSD when grinding SSFA using FGD gypsum
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Figure 5.18: Comparative change incumulative PSDwhen grinding SSFA using FGD gypsum

The XRD pattern of mechanically activated SSFA patrticles is illustratedjire5.19. It can

be seen that theiie no significant change in the diffraction peaks of each angle for SSFA,
without and with FGD gypsum, which means no new phase has been generated. The diffraction
peak intensities of the quartz phase of SSFA with FGD gypsum, are weaker than those without
FGD, broadening of the band and the relative crystallinity are dedreHsie indicates that

FGD gypsum has promoted the destruction of the crystal structure and increased the lattice
defects and amorphous substances of the quartz yihake grindingoperation. These results
correspond withthe findings of Palaniandy and Azizli (2009and Zhao et al (2015)
Modifications in the morphology of the SSFA patrticles, before and after grinding with FGD
gypsum, are shown frigure5.20. It can be concluded that the grinding operation has changed
the microstructurehrough reforming the irregular shaped particles of SSFA into particles with

a uniform continuousgrain sizemode This helps the SSFA particlds chemically interact

with other materialsvhen wateris adced, reducing water demand and incriegsreactivity.
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Aydén et claned tha? thel ginding operation breaks up large plerospheres (i.e.

decreases porous particles) which reduces particle roughness, thus reducing water demand.
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Figure 5.19: Comparative powder XRD for FGD and nonFGD assisted ground SSFA (8

quartz, H= hematite, M= magnetite, W= whitlockite)
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Inspect §

Figure 5.20: Microstructural change of SSFA dry particles (a) before grinding (b) aftergrinding

with FGD gypsum

5.5 Physicachemical Activation by Blending

Numerougesearchers have investigated physibemical activation using binary and ternary
blends with added cemefWinnefeld et al, 2010; Dulaimitel, 2016c; Sadique and Coakley,
2016; Jafer et al, 2018} is essential to investigate how soon added pozzolanic materials react
with calcium hydroxide to generate hydration products. Regarding the blending process with
water, homogeneous nucleatiomyrhappen between particles of different sizes, resulting in
the development of a dense microstructure hardened product with higher du(Sbititgue

and Coakley, 2016)

In this research project, the second stage of developtmenhew SCF is binary blending
optimisation by adding SSFA to the OPC with the aim of using SSFA in bulk (more than 50%
of the total weight of bingr). Prismatic paste specimens (40 x 40 x160 mm) were prepared

and cured in water at 20°C, as per designated periods of 3, 7, 14, 28, 56 and 90 days, following
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