DEVELOPMENT OF A NEW COLD BINDER COURSE EMULSION
ASPHALT

ANMAR FALIH DIEKAN DULAIMI

A thesis submitted in partial fulfilment of the

requirement®f Liverpool John MooredJniversity

for the degree of Doctor of Philosophy

February2017



DECLARATION

Theresearcheported in this thesis was conducted at Liverpool Mbaores University,
Civil Engineering Department, betwe@rttober 2013 an&ebruary2017. | declare that

the work is my own antlasnot been submitted for a degree at another university.

Anmar Falih Diekan Dulaimi
Liverpool John Moores University

February2017

Anmar Dulaimi [



ABSTRACT

Hot Mix Asphalt (HMA) is the mostommonlyused material in theonstructionof
asphalt pavements. Approximately 680llion tonnesof asphaltsfor road pavements
were produced, worldwide, in 2014. However, the HMA industry is responsible for a
substantial consumption of energy, the creatdf health and safety issues and has a
negative impact on the environment. ThekBertcomingsnitiated substantial discussion
within the industrywith the aim to develop more environmental friendly, sustainable and
economic pavement materials. Theseehessulted in the development of cold bitumen
emulsion mixtures (CBEMSs). However, to date, low early life stiffness, a slower rate of
curing, the length of time necessary to achieve full strength, high air void contents and
the presence of moisture in teemixtures have prevented them from being fully
embraced by pavement authorities. This led to them being considered infetigiAto
because of a lack of essential mechanical gntogs. Currently, the use ofBEMs in
pavement construction is limited to ldvaffic road surface course, reinstatement works
and footways. Because of this, the development of CBEMs with high early strength and
minimal time delay requirements before structural loading, would be considered as a

breakthrough in CBEM research.

This research aims to develop a novel, fasting and environmentally friendly, cold
binder coursemulsionasphalt CBCEA) for heavily trafficked roads. The nedBCEA

mixture comprises the same gradatamtonventional dense bitumen macadam (DBM)
mixtures vhich are normally used as a binder course and base in road pavements in the
UK. The newCBCEA incorporates a new cementitious material, alkali activated binary
blended cement filler (ABBCF), made from Papéaking Sludge AshRMSA) and a

Fluid Catalytic Cacking Catalysts Residue (FC3R) activated by a waste NaOH solution

(W-NaOH). Incorporation ahePMSA and FC3R was achieved through the replacement
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of conventional limestone filler (LF), while WaOH replaced the pwwater necessary

to wet the aggregate in tl&BCEA. It was found that the glass phases of the new filler
particles were broken and reacted with Ca(Qirgating CS-H gel through the hydtan
process. This results in a very high early strength and improved mechanical properties.
Balanced oxide compositions, within the new filler, were identified as responsible for an

enhanced hydration reaction.

A laboratory programme of testing measutiegl stiffness modulus, conducted at 1, 3, 7,

14, 28, 90 and 180 days. Susceptibility to temperature, wheel track testing to establish
rutting resistance, fatigue resistance measured by gtont beam bending test, fracture
resistance testing via sewmircular bending tests, moisture damage resistance and ageing
tests were successfully performed. Advanced techniques for microstructure assessment,
l.e. Scanning Electron Microscopy (SEM) aneray diffraction (XRD), were used to
provide scientific datdo provide a deeper understanding of the microstructure and
internal composition. An environmental investigation was performed using a Toxicity

Characteristic Leaching Procedure (TCLP) test.

The new ABBCF mixture offers a significant improvement in stiffnessdutus
compared to HMA and the reference cold binder course mixture containing conventional
limestone filler (LF). Target stiffness, according to British and European standards, can
be surpassed after less than one day of curing. The new ABBCF mixtuseeostédfness
modulus which is 27 times better than the LF mixture after 3 days. This will overcome
restrictions caused by the length of time required to achieve acceptable stiffness by
traditional CBEMs. More remarkably, the new ABBCF mixture is 78%ebettian
mixtures treated with Ordinary Portland Cement (OPC) in terms of ITSM after 3 days.
Furthermore, the impact of a rise in temperature on stiffness modulus from 5 to 45°C,

was much larger in LF and botiMA mixtures in comparison to ABBCF, revealitige
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potential to use these mixes in severe conditions, both hot and cold weathers. ABBCF
mixtures displayed considerably reduced susceptibility to permanent deformation,
demonstrating the potential advantage of using this material on heavily traffickisd roa
Fatigue resistance was noticeably improved by the use of ABBCF in comparison to the
reference LF antiMAs. Improved water sensitivity for progressive hydration with the
new ABBCF was also established resulting in an enhanced long ageing performance
meaning that these mixtures can be considered durable. SEM observation and XRD
analysis confirmed the formation of hydration products at various curing times. The
concentration of heavy metals in the samples incorporating ABBCF was observed to be
less than ta regulatory levels determined for hazardous materials. Microwave treatment
has proven to be an effective technique to reduce the air void contents of the ABBCF
mixture and achieve acceptable levels of porosity. Finally, achieving the aim of the
current reearch will theoretically increase the application of such mixtures and allow
them to be used as structural pavement materials. On a further positive note, the inclusion
of waste and byproduct materials in CBEMSs results in more sustainable practice and

eliminates disposal problems.
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Development of a New Cold Binder Course Emulshaphalt Chafte

CHAPTER 1

INTRODUCTION

1.1 General background

Roads are built to withstand traffic loading safely, conveniently and economically during
theirservicedife. They play a substantial role in the transportation system and are essential
for the economy of any nation. The main structural Hoaying elements of roads are
pavements which, in general, are comprised of asphalt mixtures. These mixtures-are wel
established paving materials, this based on over 100 years of satisfactory performance.

Approximately 650million tonnesof asphaltavere produced in 201EAPA, 2014a)

Asphalt mixtures can be categorised by mearte@temperature used to generate them

as follows: 1) cold mix asphalt (CMA) made at a temperature beldw; 60 halfwarm

mix asphalt (HWMA) produced lower than @) usually at 765°C; 3) warm mix
asphalt (WMA)manufacturedit a temperature range bi0-140°C (Rubio et al., 2013)

and 4) hot mix asphalt (HMA) prepared, laid and compacted at high temperatures ranging

between 114 70°C.

HMA is the most universally utilized materfar manufacturing of asphalt pavemé¢gu

et al., 2009)but despite its excellent performance, HMA production consumes a
substantial proportion of energy and emits pollutant gases generated from drying huge
quantities of mineral aggregates in combination with heatingman at high
temperaturefCapitéo et al., 2012Rubio et al. (20123tatd that one of the major causes

of pollution stemming from road construction lies in the production, spreading and
conservation of HMAs, this creating a harmful environmental impact which contributes
to global warming(Rubio et al., 2013)This aside, another restriction associated with

HMA is the difficulty in maintaining its temperature when hauling long distances. In
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summary, HMAmanufacture is a high energy and emissions intensiveegs@adth
harmful environmental impacts. Because of this, the pavement industry has been looking
for more environmentally friendly and sustainable asphalt pavement construction

practiceqYang et al., 2015)

The relatively high demand for bituminous products, combined with the high ecological
footprint and energy consumption of such materials, has paved the way for the
development of environmentally sustainable methods and practices to meet the demands
of ever increasing roadway infrastructures while decreasing environmental costs.
Utilizing cold bituminous emulsion mixtures (CBEMS) is a step in that direction and has
the potential to be accepted as one of the more commonly used sustainable strategies for
asphalt pavements as they can be considered environmentally friendly mixtures having
social, environmental and economic benefits with reference to their production and

application.

1.2 Cold Bituminous Emulsion Mixture (CBEM)

Cold mix asphalt (CMA) is a tedology that allows asphalt mixes to be manufactured
andlaid at ambient temperatur€Bhanaya tal., 2014; GémeMleijide et al., 2016)Cold
bitumen emulsion mixtures (CBEMSs) are one of th@re popular types of CMAgAI -
Busaltan et al., 2012; Nassar et al., 201ddf)ned asasphaltcomprising of aggregate,
asphalt emulsion and watehich can be mixed at ambient temperature and applied on

the road GémezMeijide and Pérez, 2015)

CBEM technology has been widely used in various countries, including the USA and
France, since the 1970s. However, the use of bitumen emulsion is generally limited to
surface teatment, for example slurry surfacing, surface dressing and reinstatement work

on low trafficked highways antbotways (Highway Authority and Utility Committee
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(HAUC), 1992; Read and Whiteoak, 2003; James, 2086)se as a structural layer in
the UK attracting ratively little attention(Brown and Needham, 2000a; Oruc et al.,
2007a) This has arisen because pfoblems associated with inadequate performance,
time taken for ful strength to be achieveafter paving, early life damafgensitivity to
rainfall and to UK weather conditions which do not facilitate the curing process for these

emulsion mixtures.

1.3 The advantages of usin@old Bituminous Emulsion Mixtures
CBEMSs haveseveral benefits over HMA, but the main difference lies in the fact that
CBEMSs do not need heat to producéesuccessfullyaid. In addition, CBEMs can offer

the following advantages:

1. Elimination of the need to heat both the aggregate and binder wilidbwer
energy costs regarding production, leading to a reduction in paving costs. These
mixtures need around 13% of the total energy needed to produce HMA
(Bouteiller, 2010)as only bitumen is heated in the emulsification process to
produce a liquid called bitumen emulsion.

2. CBEMs may allow pavement construction in colder weather because there is no
longer the threat of a critical loss of temperature thereby extending the paving
season.

3. Itis an environmentally friendly material because it is produced without heating
processe that create fumes, greenhouse gas emissions, fire hazards and other
chemical pollutants which affect air quality. The £€missions generated are
approximately 14% of those of HM&Kennedy, 1998)Therefore, they have a
lower environmental impact compared to HMA. kiddion, the use of CBEMs
in places such as tunnels, where there is no open air circulation, represents an

excellent solution to safety concerns of workers. In these circumstances, HMA
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workers are usually exposed to 0.1 to 2 nigafbitumen fumes which oiude
10 to 200 ng/rhof benzo(a)pyrene toxic gé&€hauhan et al., 2010)

4. Lower pl ant emi ssion and fumes will
health and general safety at the job site by decreasing the risk of burns and
exposureo fuel emissions.

5. CBEM technology strengthens the philosophy of a sustainable transportation
system by meetinthe principleconditions for sustainable pavements defined as
ecofriendliness, increased safety, energy efficient and economical viability.

6. Itis suitable for road construction in remote and isolated areas because mixes can
be hauled oer longer distances.

7. It has logistical benefits as it can be stockpiled or, as mentioned above, can be
hauled longer distances without taking special precautions.

8. It avoids problems such as binder hardening through oxidation and other negative
effects causd by the heating process.

9. It can utilize both recycled and virgin aggregate, as well as waste gorddyct
materials which will reduce construction costs. In addition, latex polymers can be
incorporated in comparison to HMA.

10.CBEM can be produced in ming plants without a drier, chimney or dust filters,
thus simplifying manufacturing plants.

11.Production reduces construction waste, in comparison to HMA, due to the

elimination of heating.

1.4 Drawbacks of CBEMs and Statement of Problem
CBEMs are usually used for the preventative maintenance of pavements as micro
surfacing and slurry seal. Due to its inferior performance in comparison to HMA, it has

not been used as a structural laflexech, 1994; Thanaya, 2003; Oruc et al., 2007b; Al

Anmar Dulaimi 4



Development of a New Cold Binder Course Emulshaphalt Chafte

Nageim et al., 2012)he factors which represent barriers to wider utilization in the road

industry can be summarized as follows:

1. Weakstrengh at early ages as a resultlogh porosity due to a high auoid
content.

2. Long curing periods which are required to achieve maximum performance where
the development of strength is dictated by moisture loss and setting of the
emulsion. The Chevron Resea Company carried out both laboratory and field
studies in order to euate the performance of CBEMs California, reporting
that full curing in the field of such mixtures may take betw2amd24 months
(Leech, 1994)

3. To enhance the performance of CBEMSs, additives have been used such as cement
which substantially increases the cost of production.

4. A lack of standards and specifications. There are no universally accepted mix
designs, manufacturing or construction specifications procedures.

5. Under adverse climatic conditions, i.e. wet and cold weather, there will be a slow
rate of increase in strength.

6. If water invades the mixture before curing is complete, there is a risk-of re
emulsification or erosion.

7. Production requires more binder compared to other asphalt.

8. Drainage of the binder can occur when in storage as a result of the low viscosity
of the emulsion.

9. Poor coating occurs because of incompatibility between the emulsion and
aggregates.

10.There is low binder film thickness on coarse aggregates because the emulsion is

more attracted to finer particles.
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Ordinary Portland cement (OPC) has been utilized asadilibstitute to overcome some

of these shortfalls in CBEM@rown and Needham, 2000a; Oruc et al., 2007b; Fang et
al., 2014) However, the production of Portland cement is an energy intensive process.
releasing a substantial quantity of greenhouse gagpessenting approximately 5% of
greenhouse gas annual emissions, in addition to the comparatively high prices of cement

and environmental pollution contr(betyawaret al., 2015; Fouchal et al., 2015)

1.5 Aim and Objectives of the Research

Sustainability, economy and safety are important factors in road pavement construction
and constitute the main driving forces impacting onitfeentivesto further develop
CBEMs. As mentioned irsection 1.4 a review of the literature revealed three main

shortfalls associated with CBEMs in binder cowasphaltsnamely:

i) Low early strength.
i) Longcuring times as it can take between 2 months to 2 years to develogt@ltim
strergth.

iii) High air void content after compaction which has forced road engineers to restrict
the use of CMA tdootways, reinstatement works and pavemeatsying low

traffic levels

The aim of the current research originates from previous and ongoing studies at
Liverpool Centre for Material Technology (LCMT), in collaboratiorthwan industrial
partner namelyColas Ltd. The author, working with his supervisory tedetided to
dewlop a new, fastcuring, cold binder course emulsiasphalt (CBCEA) with
continuous grading similar to traditional asphalt concrete gradation which is appropriate
for use as a binder course in heavily trafficked pavements. Thegereswill meet

currenttraditional hot binder course requirements detailed in BS and EU specifications
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by replacing conventional limestone filler with new, novel cementitiidles from waste
materialsand by productthus removing the said restrictions imposedHh®/use osuch

mixtures. This is a challenge as the work entalils:

i) Creatinga new cementitious filler.

i) Providinga cold binder course mixture with mechanical amcadility properties
better tharor equivalent to th same course produced from HMA.

iii) Application of the scientific knowledge that can explain improvements in both
the mechanical and durability aspects of the new prodé&ciilling these
objectives requirethe developnent of a new cemettike filler. A number of
wastematerialsand industrial byproducs have been chosen as candidates to
replace traditional limestone filler. Their selection was based on their preliminary
chemical properties, availability in the UK and worldwide, and their

environmental impact.

Thenovelty of this research is twold:

i) The transformation of waste materials into a high value, cementitious material
using nev activation method techniques.
i) Application of this cementitious material to develop a new,-tastng, cold

emulsionasphaltfor use inheavily trafficked roads askander course.

Based on their chemical and physical properties and safe asphaltpavements, the
following wastematerialsand industrial byproducts have been usecaper making
sludge ashRMSA), Fluid Catalytic Cracking Catalysts Residue (FC3RmM@&set Kiln

Dust (CKD), Sewage Sludge Ash (SSA), Ground Granulated Blast Furnace Slag (GGBS),

Palm Oil Fuel AsHPOFA) and Waste NaOH solution (WaOH).
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The proposed research aims to address the following objectives:

1. Carry outa detailed literature review :of

i) Asphalsin geneal and the technology of CBEMs.
i) The properties, testing and design procedures assbevitethe current
use of CBEMs.
iii)  The techniques used to improve CBEMs by adding OPC and/or other

materials which provide various enhancing properties

2. To examine prospective candidate wastaterialsand byproduct such as
PMSA, FC3R, CKD, POFA, SSA, GGBS andMAOH in terms of their physical,
chemical, mineralogical and morphology properties. This will involve carrying
out a comparative study in tes of the physice@hemical properties of these
candidate waste materials including a critical analysis of their potential use as
pozzolanic and/or hydréia activators as a substitufer traditional mineral
limestone filler, individually or collectively.

3. The development of a new, fagiring, coldbinder course emulsioasphalt
(CBCEA) at ambient tenperature which needs no heshis includes:

i) Carrying out comparisons by substituting traditional limestone mineral
filler with OPC and alswith a candidatéller from 2 above, in terms of the indirect
tensile stiffness modulus (ITSM) test. The stiffnesagyghaltss a significant factor
in flexible pavements, and is directly associated with the capacity of the material to
distribute loadPasetto and Baldo, 2010)

i)  Applying optimization, in addition to the use of different activations, for
the generation of the neWWBCEA by incorporation of the newly developed

pozzolanic/cementitious materials from the candidate waste materials.

Anmar Dulaimi 8



Development of a New Cold Binder Course Emulshaphalt Chafte

iii)  Conducting a laboratory testing progmaeby applying different mixing

and curing regimes, and heating techniques for the mechanical improvement of the

new fastcuring CBCEA properties in terms of achieving the target ITSM.

4. An assessment of the improvements of different fundamental mechanatal
durability properties o€BCEA by using current European and British Standards
such as:

i) Permanent deformation under repeated loading using wheel tracking test
facilities under different environmental conditions.

i)  Fatigue cracking in terms of fogoint load fatigue tests using Cooper
testing apparatus under different loading conditions.

iii)  Water sensitivity by studying the Indirect Tensile Stiffness Modulus Ratio
(SMR).

iv) Temperature susceptibility by measuring the ITSM at various
temperatures.

5. Explanaton of the results achieved utilizing scanning electron microscopy (SEM)
and Xray diffraction (XRD) analysis to examine the microstructure of dry
powders and pastes atfdrent curing stages (3, 7, lhd 28 days).

6. An investigation of environmental isssi by performing a toxicity characteristic
leaching procedure (TCLP) test to analyse the leachate obtained from the
specimens for heavy metal concentrations to ensure cleaner and environmentally
friendly products.

7. Application of microwave conditioning tesamples in order tamprove the
mechanical and volumetric propertieeluding air void contentbulk specific
gravity, percentage of voids filled with bitumen and percentage of voids in

mineral aggregate.

Anmar Dulaimi 9



Development of a New Cold Binder Course Emulshaphalt Chafte

8. Writing PhD thesis.

9. Publishing journal and conferem papers.

1.6 Research Benefits

Many benefits can be realised, based on the results of this researamowathdin the
future. Current benefits are derived from the use of wastierialsand byproducs in
road construction. Future benefits include pavemehtt perform better, more
environmentafriendly canstruction practices, more cosffective solutions, enhanced

sustainability and ultimately, a better service to society.

1.7 Thesis Organisation

This thesis is organised into twelve chapters.

Chapter 1: the introduction which includes general background information about
CBEMs, the advantages and drawbacks of such mixtures, the project aim and objectives,

and the research benefits.

Chapter 2: anwerview of the previous research asphalt classification, types of cold

asphals, CBEMs, practiceregarding CBEMs and CBENMesign procedures.

Chapter 3: a review of the literature concerning bitumen emulsion including the different

types available, thecomposition and characteristics.

Chapter 4: a comprehensive review of previous research on CBEMs.

Chapter 5: details of theesearch methodology, materials @werizationand the test

methods chosen f@BCEA characterisation.
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Chapter 6: elements of the development of GBCEAs. This includes determining the
stiffness modulus using sequential optimisation to generate I@BEIEA mixtures

taking into account the effect of different curing times and testing temperatures.

Chapter7: findings of the mechanical and performance properti€B&EA including

rutting, fatigue and fracture toughness.

Chapter 8: specifics of the durability properties of BCEA mixtures in terms of water

sensitivity and ageing.

Chapter 9: evaluatioof the microstructural characterisation of the new cementitious
material in terms of SEM observation and XRD analysis. This will help explain

improvements in both the mechanical and durability properties of the new binder course.

Chapter 10: particulars abt theCBCEA environmental investigation, specifically the
leaching of heavy metals into water re the application of waste materialSB@&A

mixtures.

Chapter 11: information about microwave applications used to improve the volumetric

properties ofCBCEA mixtures.

Chapter 12: main findings and conclusions derived from this studseanchmendations

for future work
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CHAPTER 2

LITERATURE REVIEW | - BITUMINOUS EMULSION MIXTURES

2.1 Introduction

This chapter provides a general overview of CBEMs as well as an introduction into the
existing state of associated technologieshe pavement industrnAsphaltsconsistof

graded aggregates bonded together with bitumen and are ideal for the upper courses of
pavement struares. Various kinds of asphalts are used all over the warlt9Q there

were over 350 recipes for mixturesrrently in use in the UK alor{f®enton, 1990)These

have been developed to meet certain requirements for example, load bearing capacity,
resistancgo permanent deformation, fatigue resistance, durability, surface texture and
permeability. Various technogies have been involved in their manufacture, there being

major differences in preparation and compaction temperatures.

2.2 Pavement Structure

The structue of a road pavement compriseveral layers different materials necessary

to support trafficloads These layers together with the foundation upgrdde soil
subgrade which does not usually have the capacity to support traffic directly. A typical
flexible pavement structural layer in the UKshown schematically in Figure2where

the asphalt layers are indicated as surface course, binder course and base, respectively
(Read and Whiteoak, 2003}enerally, pagmentstructures comprisehe following four

main components:
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U The foundation is the platform upon which more expensive layers are placed and
constitutes the basis of the load bearing layers of the pavement.

U The base represents the major structural layer, its main purpose to spread traffic
load to the layers beneath and to avoid them becoming overloaded. It must be able
to withstand the stresses and strains produced by traffic loads without excessive
or quickdeterioration of anyype

U The binder coursean be defined as the pavement structural platfoé F1 a her t
2007b) The binder course, togethsith the base, constitute the main structural
layers, their chief purpose to spread traffic loading to the layers beneath as well
as to protect them from excessive stré8gtanto, 2009a)Said binder course
allows asphalt contractors to achieve the very high standards ofesunié@rmity
stipulated by currentasphalt specificationsThe main properties of asphalt
mixtures used in the binder layer are high stiffness to spread the traffic load to
lower layers, resistance to permanent deformation, resistance to fatigue cracking,
durability, workability and impermeabilitTaherkhani, 2006)06 F| aher t
(2007b)demonstrated that if theurface courses impervious, the binder coae
can be composed of a more permeable material.

U The surface course provides a safe and smooth surface with suitable skid
resistance and resistance to water penetration. It can vary from a very thin surface

dressing to a 50 mm dense bituminous mix{iisherkhani, 2006)
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Surface corse [

Binder course I
Asphalt lavers —

Base

Sub-base

Foundation —

Capping

Subgrade

Figure 2.1. A typical flexible pavement in the UK

2.3 Classifications of Asphalt Mixtures

Asphalt mixtures are divided into two major classifications according to their proportion
and particle size dtribution knavn as continuously graded and ggyaded mixtues

(Figure 22). In continuouslygraded mixtures, there are various size fractions of
aggregate, the assumption being that the voids generated by the bigger particles will be
filled up by the smiéer particles(Roberts et al., 1991Therefore, the interlock between
aggregate particles is responsible for the strength of the aggregate skeleton. Asphalt
concrete based on BS EN 13108European Committee for Standardization, 2006)

the continuouslygraded mixture classification which depends on the gradation of
aggregate and binder contefaherkhani (2006%tated that Dense Bitumen Macadam
(DBM), an example of a continuously graded mixtusetypically utilized for lower

layers such as the binder course and base in major roads. Acceptable compaction is
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required to attain a durable material which is suitall@ surface course for high speed

roads.

Conversely, thegrading in gapgradedasphaltsis not continuous; creates a high void
content to be filled with sand, filler and bitumérhe structural strength of gapaded
mixtures is based on the mortar ohdabitumen and filler. In consequence, continuous
graded mixtures offer betteleformation resistance than gggadedmixtures however,
the fatigue resistance of continuouglyaded mixtures is less than that of -ggpded

because less binder contentiggd in the miXRead, 1996)

100
+ 30/14 Design Type F Surface Course Mixture
%0 * 14mm Close Graded Macadam Surface Course
80
70
Gap graded
. 60
S
0
©
o
o 4
o
8
G 30
e
&
20 Continuously graded
10 — - =
0
0.01 0.1 1 10 100
Sieve size, mm

Figure 2.2. Comparison ofcontinuous-graded and gapgraded mixtures (Read,
1996) permission to reproduce this figure has been granted biyrofessor John
Read
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Asphalt mixtures, according to their temperature during mixing and the energy consumed
in the process of heating, are dimitlinto different types described bel@vaitkus et al.,

2009)

2.3.1 Hot Mix Asphalt (HMA)

HMA is generally used in the production of highway pavement layers, airfields, parking
areas and pedestrian streets. It is manufactured between 150°C and 190°C, depending on
the hardness grade of the bitumbwy,heating the asphalt binder #®duce its viscosity

and by removing the moisture in the aggregate through drying prior to mixing. This
ensures that the aggregates will be coated with the bitumen binder and that the mixture is
workable during application. The main three mix design metfd3MA are Marshadl

Hveem and Suppave methods.

For all designs, paving and compaction mustubdertakenwhile the mixture is hot
(Needham, 1996)n several countries, HMA application is limited to the summer months
because HMA cools too quickly in winter meaning that optimum dehgigtompaction
cannot be adhved. The temperatures required are however, dependent on the grade of
bitumen; hard bitumen needs high temperatures while soft bitumen requires lower
temperatures. The choice of bitumen grade is governed by the ambient temperature in the
construction arg hard bitumen is appropriate for hot weather regions while soft bitumen
is suitable for cold areasInfortunately, the production of HMA is a major source of
carbon emissions which have a significant environmental im(th& Environmental
Protection Agency (EPA), 2013Jhe Environmental Protection Agency (EPA) estimate
the annual emissiortd a drum mix asphalt plant which generates around 200,000 tonnes
of asphalt mix, is around 13 tons of carbon monoxide (CO), 5 tons of volatile organic
compounds, 2.9 tons of nitrogen oxides, 0.65 tons of total hazardous air pollutants and

0.4 tons of sydhur oxideqUnited States Environmental Protection Agency, 2000)
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2.3.2 Warm Mix Asphalt (WMA) and Half -Warm Mix Asphalt (HWMA)

Lower mixing and compaction temperatures reduce fumes and odour emissions from
plants as well as reducing the energy needed to produce the mixes. This, in turn, improves
safety conditions and comfort during applicatitheiz et al., 2014; EAPA, 2014b;
Vaitkus et al., 2016)A number of techniques have been developed since thé98ik

to decrease mixing and application temperatures and to reduce the energy required to

produce HMASEAPA, 2014hb)

WMA technologies have ga#al acceptance in recent years due to the fact that they allow
a decrease in mixing and compaction temperatures of HMA mixtures without harming
the mix quality. The application of WMA is simple requiring little modifications to the
processes used in the duztion of HMA. TheEuropean Asphalt Pavement Association
(EAPA) (2014)andRubio et al. (2012have reported that WMAs are normally fabricated

at temperatures ranging from 100 to 140°C this abot®PC lower than that for HMA.
Figure 23 illustrates how WMA fits ird the full range of techniques from cold mixing

through to HMA.
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Figure 2.3. Classification by temperature range (EAPA, 2014)permission to

reproduce this figure has been granted bAmmann Group

WMA technology also has advantages over CMA and can be considered a better in
service material because firstly, there is no time needed for the curing process before
opening up to traffic and secondtiiere isno need for a sealing layer as required byeo

CMA applications. The placement and compaction processes, as well as the process of
aggregate coating by the binder, are considered better than those fo{BONZ et al.,

2007)

Despite the advantages mentioned above, the production of WMA involves some
challenges. There are some worries linkechtodost of WMA because its technologies
increase early stage manufacturing costs (Button et al., 2007). The widespread use of
WMA technologies also faces some resistance as, to date, there is not sufficient
understanding of lonrterm performance (Kristjadsttir et al., 2007) on top of concerns

that the production of additives could create carbon emissions (Zaumanis, 2010). The

most common WMA technologies utilized to decrease the viscosity of the biradevto
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better coating and subsequent compactalalitpwer temperatures are explained below

(Capitao et al., 2012; Oliveira et al., 2012; DiAisneida et al., 2016):

U Organic additives
These additives, usually waxes or fatty amides, can be added to the mixture or to the
bitumen. The additive type must bhosen carefully to guarantee its melting point is
above expected iservice temperates otherwise rutting may occurAsphalt
embrittlement also decreases at low temperatures. Organic additives normally decrease
temperatures by 200°C in addition to desloping resistance to deformati@@uropean
Asphalt Pavement Association (EAPA), 20l143asobit is the most commonly
commercial product manufactured fromtural gas utilizing the Fishéfropsch (FT)

procesgSasol, 2016)

U Chemical additives
There is no change in bitumen viscosity when using chemical aeklithhey normally
comprise groups of surfactants, emulsification agents, polymers and additives to enhance
coating, the workability of the mixture and compaction as well as promoting adhesion
(antistripping agentsYRubio et al.,, 2012) They decrease frictional forces at the
microscopic interface of the aggregated hitumen at a range of temperatures between
85°C and 140°C. As a result, the working temperature can be reduced48y0

RedisetM WMX and Cecaba&eRT are examples of chemical additives.

U Foaming technology
In order to reduce the viscosity of bitumenyrange of foaming techniques is applied
whereby small quantities of water are injected into hot bitumen by different means. The
water converts into steam resulting in increased bitumen volume and decreased viscosity

for a short period. This expansion bétbitumen allows aggregates to be coated at lower
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temperatures while residual moisture supports compaction of the asphalt on site. Foamed
bitumen can either be mixed together with aggregates at an ambient temperature or the
aggregate can be heated eatlien moderate temperature (under 100°C) then mixed with
foamed bitumen. A number of factors govern the degree of expansion including the

amount of water added and binder temperafigakins, 2000)

Half-warm mix asphalt (HWMA) allows the production of asphalt mixtures between
70°C amd 100°C representing a decrease in temperature in comparison to hot mixes, of
approximately 80°GEuropean Asphalt Pavement Association (EAPA), 201€nkins

et al. (1999)introduced this process which includes applying foamed bitumen to
aggregate which has been heated to less than 10a@fle Va et al. (2007}¥tated that

COz emissions during the manufacture of HWMA are 33% lower than in the manufacture
of the equivalent HMA whilelenkins (2000j)eported that enhanced aggregate coating
represents the main benefit of using HWMA.. Figu#e@esents the relanship between
aggregate temperature and coating using vapauscles sizes of continuousgyaded
aggregate. Three coating aggregate percentages are standard comprising practically no
coating (20% or less particle coating); partial coating ranging leet®&% and 99% and

complete coating (100%).
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Figure 2.4. Influence of aggregate temperature on particle coating for a
continuously graded hornfels mixed with foamed bitumen (Jenkins et al., 1999)

permission to reproduce this figure has been granted bfrofessorKim Jenkins

2.3.3 Cold Mix Asphalt (CMA)

CMA can be definedsaa blend of aggregate witleduced viscosity bitumen binder,
prepared and compacted at ambient tempergtleekins, 2000) Three methods are
employed toproduce prereduced bitumen; emulsification, cut backdafoaming.
Although CMAs are safe, environmentally friendly and energy sa{iveedham, 1996;

Oruc et al., 2006; Mellat et al., 201%heir properties are poor due to the presence of
water in the mix and the fact that they needs curing time before opening to traffic,
meaning that they are not usied roads which have a high volume of traffic. That said,
Needham (1996fuggested that the aggregate in CMA can be used without drying,
although the water content must be measured as it has a major influence on the mixture
nature. With reference to production, aggregate mixtures are fed into a nugtice

such as a pug mill or a rolling drum mixer. Rvater is added to wet the surface of the
aggregate to avoid an early break of the emulsion. Bitumen emulsion is then incorporated

until it achieves maximumoating of said aggregates. Owaixing will causethe
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emulsion to break as a result of the input of mechanical energy so care must be taken
otherwise a stripped or unworkable mixture will occur. Figursad 26 illustrate the
typical layout for batch and continuous cold mix plants. It is wodting that the main
difference between hot mix plants and cold mix plants is the absence of facilities that are

responsible for heating and drying in the latter.

2.4 Types of Cold Bituminous Mixtures
The most common categories of cold bituminous mixtusesl are: cold lay macadgm
grave emulsiog) foamed bituminous mixtures and cold bituminous emulsion mixtures

(CBEMSs)(Thanaya, 2003)

2.4.1 Cold lay Macadam

This is a mixture of aggregate with a low viscosity bitumen created by the addition of a
solvent or flux oil to the bitumen (cutback emulsion). Flux oil is a-walatile fraction

of petroleum used as a diluent to soften bitumen to a meeéul consisteng. The
evaporation of flux oil governs the performance of the cutback emulsion which, in turn,
relies on flux volatility and weather conditions. These mixtures are normally used for
surface dressings, macadam mixtures and temporary fill material in temetd work
which has suffered from low stiffness as a resuthepresencef flux (Robinson, 1997)

The downside is that the solvents used in #ms consideredo be environmental
pollutants, flammable and usually expensive. The use of cold lay macadams as temporary
fill materialsis uneconomical, thikedto the introduction of specifications as far back as
1992 by road authorities in the UK torpet the use of permanent, cold lay surfacing
materials(Thanaya, 2003Nichollas (2004 stated that different solvents could be used

individually or collectivelyincludingwhite spirt, kerosene and gais

Anmar Dulaimi 22



Development of a New Cold Binder Course Emulshaphalt Chapte

Pregraded aggregate

\VAVAVAVA

« ® Bitumen
‘ weigh
Conveyors hopper
Spray bars
Paddle
mixer
Water tank l

Discharge direct to trkg holding
hopperor stockpile

Figure 2.5. Batch cold mix plant, permission to reproduce this figure has been

granted by Dr David Needham
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Figure 2.6. Continuous cold mix plant permission to reproduce this figure has been

granted by Dr David Needham
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2.4.2 Grave Emulsion

Grave emulsion was firstly launched in France and subjeatspecification in 1974
(Needham, 1996). Medium setting bitumen emulsions are designed to be used as a binder
mixed with prewetted aggregate. Because of the water sensitivity of the mixtuvas it
used in the southern regions of France where it is warmer amd@ré/e emulsion can

be a coseffective substitute to traditional hasphaltsparticularly in remote areas where

the nearest hot mix plant is too far away. These mixtures are ajpeofar base and
surfacecourseqThanaya, 2003)

Ojum (2015)eported that grave emulsion has also been uselddaonstruction of low
trafficked roads ad to overlay cement bound basks avoid crack propagation.
Aggregates with a nominal size of either 20mm or 14mm can be crushed rock or gravel
as long as thegatisfyFrench standards on durability, angularityg afeanliness for use

in continuously graded virgin aggregate mixtures.

Grave emulsion usually has a lower binder conter.$36) which provides partial
coating of the aggregate compared with other types of cold mixtures, thesegtating
resistance by promoting higher aggregate contact. However, recently, higher binder
contents of 4% or more are being used making the mixtures less sensitive to water ingress
(Ojum, 2015) Emulsification coats the fine aggregate with bitumen before partial
coalescence happens, the finateal mastic then acts as a discontinuous cement binding
the larger aggregate matrix together. This claims to address underlying cracks from
propagation up through the layer of grave emulgideedham, 1996)The mixture is

kept uncovered for many months, subject to the weather conditions, to permit satisfactory
curing before an overlay is utilized. A simple mobile variety plant, as shown in Figure 2

6, is used to blend grave mixtures as they are eftgpioyedn fairly remote regions.
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2.4.3 FoamedAsphalts

This technique was firgtromotedby Prof. Ladis H. Csanyi at lowa State University,
USA in 1956. Initially, foamed bitumen was manufactured by injecting water into hot
bitumen; the ensuing steam is trapped in thousands of tiny bitumen bubbles which
increase the volume of the bitumen anecrase its viscosity for a short period.
Thereafter, the foam disperses in under one minute, the bitumen resuming its original
characteristics. Due to the increase in volume, this bitumen will coat aggregates at lower
temperatures when it is in its foamstate. In 1968, Mobile Oil Australia introduced
enhancements to the production method by adding cold water as a substitute for steam,
creating a more economical and simpler production mgtathen, 1998; Ebels, 2008)

Figure 27 gives a schematic of foamed bitumen manufacture where flowing water and
hot bitumen are combined in a mixing chamber, the resultintuneistischarged through

a spray head @a aggrgates in the pug mill. Thitechnology gained popularityie mix

broadly accepted as potential material for pavements in many countries such as France,
New Zealand, United Kingdom, South Africa, Norway and Gern{&ayarjono, 2008)

In the mid1990s, a system was developed by Wirtgen injecting both water raimdoai

the hot bitumen in an expansion chambestasvnin Figure 28. Water in the range of

1% to 5% by mass of bitumen in combination with compressed air was injected into hot
bitumen (140°C to 180°C) leading the water to convert into vapour, genetiyng

bitumen bubble¢Kkuna, 2014)

Foaming increases the bitumen surface area and substantially decreases its viscosity
making it appropriate to mix with both cold anet aggregates. When the air escapes,

the foam collapseteaving a bitumen residue, with similar propestito the original
bitumen, to coat the aggregate. The main benefit of using foamed bitumen is that it makes

use of a standard penetration grade bitumen utilising only a small ratio of water, normally
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about 2%, by bitumen mass meaning that foamed bitumerbe laid, compacted and
opened to traffic almost immediately, remaining workable for longer and can also be

stockpiled for later us@Virtgen, 2@4).

Hot bitumen l

Cold water —- - AXEX

Expansion Chamber

Spray MNozzle

Figure 2.7. Schematic of foamed bitumen by Mobil Oil organisation technique
(Jenkins, 2000) permission to reproduce this figure has been granted byrofessor

Kim Jenkins

Time controlled cleaning and
closure of the nozzle

to other

Hot bitumen haeitee

Expansion chamber
with foaming nozzle

Foamed bitumen

Figure 2.8. Schematic of foamed bitumen by Wirtgenpermission to reproduce this

figure has been granted bywirtgen GmbH
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2.4.4 Cold Bituminous Emulsion Mixtures (CBEMS)

CBEMs are well known types of CMAs that use bitumen emulssaantzinde(Thanaya,

2003) A multi-part material, CBEMs comprise no less than four magrstituents
bitumen, graded mineral aggregate, water and air. In contrast to HMAs, CBEMs may
takefrom a few months to a few years to develop their ultimate strength and associated
properties(Nikolaides, 1983) That aside, and in response to growing concerns over
global waming and rising greenhouse gasissims, the asphalt industry is looking for
alternatives to HMA(Vaitkus et al., 2016; Dini&lmeida et al., 2016)A reasonable
solutionis the use of CBEMSs technologies whichoal mixing, laying and compaction

of mixtures with no heating.

However, there are shodmings associated with CBEMs such as their low early life
strength, the long curingme necessary tachievemaximum performance and high air
void content which results in limited application in, for example, low/medium low
trafficked roads, footways and reinstatemdhtsech, 1994; Read and Whiteoak, 2003;
Thanaya, 2003; Gomedeijide and Pérez, 2014b; Ojum, 201%)sing CBEM as a
structural layers very restricted; ihas rarely been used for healyty pavement layers
(Doyle et al., 2013)becausef the long period required to reach full strength after paving,
especially in the UK, as well as higher sensitivity to rainfall at early stages of installation
(Oruc et al.,2007b) Serfass et al. (2004lgemonstrated that there were evolutional
characteristics exhibited by such mixtures, especially during their early life, where the
initial cohesion is low and builds up progressively. CBEMs also exhibit unusual
behaviour particularly during their early life. A combination of factors leads to this
unusual behaviar: water presence; refagty resulting from aggregatemulsion; binder

film coalescence anithe build-up of cohesion.
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After several research studies by the Chevron Research Company in Callferth,
(1994)reported that full curing of col@sphaltsnay take anywhere betweef22 months.
However, the story is different in the UK where climatic conditions, cold, humid and wet,
do not help to reduce curing time. Previously, CBBEMse only produced with open or
semidense graded mixtures permitting better air flow due to greater air voids. However,
CBEMSs can now be used with dense gradations due to the enhancements in emulsion
technology and mixing techniqu€¢$shanaya, 2003)Gap graded mixturecan also be

applied especially if an active filler is incorpora(@d-Hdabi et al., 2013a)

2.5 Hot Mix Asphalt and Cold Mix Asphalt: A Brief Appraisal

Hot mix technology is the most commonly used approach for the preparaasphults

around the world, accounting for around 90% of the total mixes produced. It is the
principal material ustfor structural and surfacing layers from the base through to binder
course to surface course, reaching its full properties in a short period of time.
Nevertheless, the emissions of gases, which have unpleasant odours associated with the
heating processhe risk of fire and meltingitumencreatehealthhazards. Reductions

in fumes and emissions will provide a better working environment for those who are
involved in the manufacture and placement processgiialts as it has been found that
workers can b exposed to 0.1 to 2 mgfmf bitumen fumes containing 10 to 200 ng/m

of benzo(a)pyrene toxic gé€hauhan et al., 2010)Applying asphaltsn places such as
tunnels where there is no open air represents a huge challenge to the safety of workers in

these conditiondue to toxic air emission

In addition to the above mentiahsafety issues, edaendliness, energy efficiency and
cost effectiveness are also driving the development of CBEM#$1 M&pect to energy
saving it is obviousthat cold mixtures argignificantly less expensive th&ot mixtures.

Kennedy (1998)repored that approximately 30 million tonnes of hot mix coated
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[roadstong is used in the UK per annum, this consuming 6 to 7 million MWhs of energy,
equivalent to the generation of 1 million tonnes of.Che total energy consumption
using cold mix technology equates to around 40% to 60% of that of traditional hot
mixtures, a figure thabinnen (1998)also found withCMA technologiesBouteiller
(2010)stated that the energy required to produce one tonne of CMA equals 13% of that
needed to produce a similar quantity of HMA. In addition, the emmissid CQ in the

case of CMA, is approximately 14% that of HMA as can be seen in Tablbelbw.
According toBahia et al. (2011)CCG; emissions per tonne of CMA mix, may be up to 40

% less than that for HMA manufacture.

The paving season, defined by weather constraints, and haulage distance also have an
impact on energy consumption. In cold weather, there is a substantial difference between
hot mixtures and the ambient temperature meaning that heating is needed tmriienta

mix at the required temperature. Hauling long distances also results in a drop in
temperature which in turn, represents cost. These points were also identifiegdby
(1994)who reported that the main reasons for an increase in the challenges for CBEM
technology in the UK are climatic, specifically wet and cold conditions, which do not
encourage igher curing rates and the fact that there are less HMA plants available and

more remote areas

Table 2-1. Comparison between CMA and HMA in terms of CQ emission and

energy consumption (Bouteiller, 2010)

Process of production COz2 (kg/MT) Energy (MJ/MT)
HMA 21 277
CMA 3 36
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A comparison between cold and hot mixtures is shown in TaBldyTaylor (1997)
illustrating the differences between the two technologies in the fadtore and

placement process.

Table 2-2. General ®mparison betwe@ cold mixture and hot mixture (Taylor,
1997)

Cold mixture Hot mixture

Storage of binder at refinery in cold stat Storage of binder at refinery in hot stat

No special transport required for eith Special tankers required with heating
binder or mixture binder. Lagged and sheet lorri

necessary for transport of mixture

Simple storage plant Heated and lagged storage and pipe
plant

Mixed cold with damp aggregates Mixed hot with predried aggregates

Easy tostore mixed materials Storage needs care

Placement and compaction have wide ti Laying and compaction have a narre

and temperature ranges time and temperature window

Minimal effect of temperature variation | Hot weather creates the danger of wh
tracking and over embedment
chippings.

Cold weather can result in po

compaction

2.6 Stages of CBEMs Process
Taylor (1997)described three stages in the @ngpion of CBEM during which the

emulsion is expected to accomplish various functions:

U Mixing stage: the first stage where the emulsion is mixed with the aggregates. The
emulsion must remain stable amtat coarse and fine aggregate particles

uniformly.
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U Storage and laying stage: in this stage the emulsion must remain workable and
partly broken as this allows resistance to moisture and rain. The mixture must also
not be drained after mixing with the aggregates.

0 Compaction stage: this stage requires a qurelalo by the emulsion in order to
revert back to its original base bitumen.

Most emulsions need comparatively long curing times to allow evaporation of the

volatiles that lead to a complete break thus achieving maximum strength.

2.7 Worldwide Practices forCBEM Mixtures

CBEM technology has been widely utilised by the pavement industry in several countries
such as the USA and France whiereas been used since the 19{@ech, 1994)Annual
manufacturing levels reached 1.5 million nes in France alon€EAPA, 2014a) Such

usage has also enabled the development of a clear understanding of the performance of
these mixturedDue to the weather conditions in the UK, which do not facilitate the curing
process of emulsion mixtures, this technology hasy dately came to the fore.
Acknowledgement of CBEM technologies was partly due to the publication in 1992 of
0Speci fication for Reinstatement of Openi
United Committee (HAUC), allowing the use of Permanent Calgd$urfacing Materials
(PCSMs) as a substitute to hot mixture materials for reinstatement works in low volume

roads and footpaths.

CBEMs are used in other countries European countries as well as South Africa, Australia,
New Zealand and the USEOjum, 2015) A brief discussion followsn the different

approaches used in France, Sweden, Spain, South Africa and the USA.

Anmar Dulaimi 31



Development of a New Cold Binder Course Emulshaphalt Chapte

2.7.1 USA

In the USA, CBEMs are termed Emulsified Asphalt Materials (EAMs). The design of
EAMs are detailed in the Manual Series ({19 3rd Edition 1997, issued by thepghalt
Institute. The Asphalt Institute Design Manual (M3991), classifies EAMSs into three

categories as listed belgWwhanaya, 2003)

U EAMs Type 1:EAMs made with processed, dense graded aggregate
U EAMs Type 2: EAMs mde with semiprocessed, crusher run, pit run or baumk
aggregates.

U EAMSs Type 3: EAMs made with sand or silt.
The grade of &se bitumen depends on an acceptable coating; the percentage of coating
necessary for surfacing materials is 75% and 50% forsbagpe | EAM's do not need
complete coating of aggregédet the aggregate particles should have 65% of crushed
faces for a god interlock. Slow setting emulsions are often used with 0.5% to 2%

Ordinary Portland Cement (OPC) added to enhance strength at early life.

EAMs Type | are considered to have a strength equal to that of asphalt concrete. It is
recommended that the thiclgseof the layer should not exceed 50 to 75 mm to speed up
curing which may take between 2 months to 2 years. If necessary, any additional upper
layers of EAM should be placed after early curing of the lower EAM layer is complete as

they require a good lelvef compaction.

Thanaya (2003)eportedthat two main methods of desidgrave been developed; the

Hveem Method and the Marshall Method, development including recent modifications.

2.7.2 France
In France, grave emulsion is used extensively as a base materipltdiles overlay and

strengthen deteriorated pavements as ioeed before in section (2.4.2%)ivier and

Anmar Dulaimi 32



Development of a New Cold Binder Course Emulshaphalt Chapte

Brule (1991)developed a novel gapaded, cold asphalt concrete which offers enhanced
skid resistance, durability and amng resistance by iy a gapgraded aggregate in
addition to bitumen emulsion. In manufacture, two types of additives are applied, namely
polyaciylonitrile fibres and a polymeEVA (ethyl vinyl acetate). Fibre addition is 6.1

0.2% dosage by total dry aggregate weight witmi# length. The aim of this fibre
addition is to decrease chip loss, reduce mixture segregation and improve shear strength
after curing while EVA is added to the binder to improve cohesion, temperature

sensitivity, rheological behaviour and adhesion prioger

2.7.3 Sweden

Cold recycled asphalt materials are usually used in Sweden for flexible pavements
because of the high volume of old pavements which are recycled, approximately 1 million
tonnes each yeddacobson, 2002)t is applied in the form o$urfacecoursespinder
courses or basestoads with low traffic volume (Average Daily Traffic (ADT) less than
1500 vehicles per day). Regardibmdercourses, the maximum RAP aggregate size is
restricted to a sieve size of 22 mm. Thisgess can be congiced a coseffective and
environmentally friendly practice since there is no heating involved. Rechktellgt et

al. (2015)developed ilmgebased models of CMA to investigate the morphology effect
on mechanical performance. A parametric study of the interface propertiesasgeakchi
connected to the aggregabetumen interface strength because of the process of

coalescence.

2.7.4 Spain

Emusion mixtures have been e in Spain since the late 135MNeecham, 1996)
comprised of either gravel or open graded mixtukigh viscosity, medium setting,
cationic or anionic emulsions are used in open graded mixtures to ensure a thick coating

of bitumen on the aggregate. These mixtures nornfelye around®0% voids which
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provides mixtures that are resistant to fatigue cracking, have good resistance to skidding
due to the surface friction and satisfactory drainage of the mixture, and also have more
deformation resistance due to the interlocking of large aggrelgeaddition, thick binder

films used in these mixtures are resistant to aging. It was found that these mixtures are
more stable when in storage but still cure faster once plastiham (1996)eported

that polymer modificatiorof the binder has been employed in such mixtures to further

improve their properties.

2.7.5 South Africa

The use of bitumen emulsion for base construction in South Africa is driven by Sabita
(South African Bitumen Association). Realising the potentialhe approachSabita
published different design instructions and standards in 1993 and 1999. Using a Heavy
Vehicle Simulator (HVS), considedto be an ideal tool for accelerating the testing and
assessment of the performance of emulsion based mixtesesesults revealed that the
material was a reasonable choice and that the addition of cement or lime improved
strength and durability as well asproving theresistance to cracking of the mixtures

(Needham (1996)

Curing methods for bitumen emulsion treated materials specify firstly curing théesamp

at ambient temperatures for 24 hours, followed by 48 hours at 40°C (if the optimum
moisture content is lower than 8%), or 45 hours at 60°C (if the optimum moisture content

is more than 8%). Another curing method is to keep the samples in the mouldyps

at ambient temperature when cement is included, or in the case where no cement has been

included, for 28 days at ambient tempera(@gim, 2015)
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2.8 Curing of CBEMs

In contrast totraditional asphaltsappropriate curing is required for CMAs so that
mixtures can achieve full strength the water content evapora{gsom, 2009)Jenkins

(2000) described the curing process of cold bituminous mixes as where the mixture
discharges water over evaporation, repn of particle charge or popeessure induced

flow paths. The consequent decrease in moisture content results in an increase in the

strength of the mix (both tensile and compressive).

Serfass et al. (2004agcounted that cold emulsion mixes show peculiehaviours,
particularly in their early life, due to the combination of factors such as the presence of
water, reactions of the aggregaulsion, binder film coalescence and development of
cohesion. He recommended an accelerated curing of 14 dagsSGit Adding to the
discussionOke (2010¥ound that cold mixes seldom become fully dry in field conditions;
moisture contents have frequently been found to be between 0.5% and 1.5% in road bases

in temperate climates.

Ruckel et al. (19833uggested that to produce mature cold mixtures that represent field
conditions, specimens should be cured for 1 day at 40°C, this simulating intermediate
curing, and at 8°C for 3 days to simulate longrm curing. He also recommended curing

at temperatures higher than 60°C to stiffen the binder and thus change the properties of
mixtures.Bocci et al. (2002pbserved that when bothrong time and curing temperature

rise, the performance of mixturisssignificantly enhanced; curing for 14 days at 20°C is

almost comparable to 7 days at 40°C.

Anot her curing regime proposed by the Utk
Documents for Hjhway Works (MCHW) Volume 1 Series 900 Clause 948, suggests

either 40+£2°C or 20+2°C for 28 days depending on the mix bond; cementitious, hydraulic

Anmar Dulaimi 35



Development of a New Cold Binder Course Emulshaphalt Chapte

or bituminous binders individually or in combination. This approach also recommends
keeping moisture in thgpecimens by sealing them. These curing regimes simulate field

conditions over the first year of life of the road.

2.9 Design Procedure for Cold Bituminous Emulsion Mixtures (CBEMS)

At present, there is no universal design procedure for CBEMs, howevealsgesign
procedures have been suggested by different road authorities and research organizations.
The majority of these procedures are based on American design procedures, e.g. the
Asphalt Institute or AASHTO, with some amendments. The following seqgbicsdes

a brief description of the four main design procedures for CBEMs, namely: Asphalt
Institute design procedures, the design procedure of the Ministry of Public Work,

Republic of Indonesia, Nikolaidédesign procedure and the Nynas test procedures.

2.9.1 Asphalt Institute Design Procedures

Two design methods for emulsified asphalt aggregate cold mixtures are given in the
Asphalt Institute Manual Series No.14 (M8); the modified Haveem method and the
Marshall method. The former requires specificipqent which is less widely available

while the latter uses Marshall testing equipment. The Marshall Method for emulsified
asphalt aggregate cold mixture design was established through research carried out at
lllinois University. The detailed design proeed is described in manual series {4&

and has been largely adopted by the current author in this investigation.

The design proceduf@sphalt Institute, 198omprises:

U Selectionof suitable aggregate grading
U Obtaining an Initial Emulsion Content (IEE&nd Initial Residual Bitumen Content

(IRBC) based on empirical formula.
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0 Carrying out a coating test to appraise the ability of the emulsion to coat the
aggregate particles and decide the Optimurd/Regting water content (OPWwc).
U Determination of Optimuniotal liquid amount at Compaction (OTLC) based on
the maximum dry density of CBEMs.
U Indication of the Optimum Residual Bitumen Content (ORBC) for the selected
grading
In 1997, he Asphalt Institute in association with the Asphalt Emulsion Manufacturers
Association (AEMA), published their latest manual on asphalt emulsions; Manual Series
(MS-19) o6Basi c Asphaledit®m(asprsli lostituteNadnAsphalt 6 | 3
Emulsion Manufacturers Association, 199A)this version, some changes were made to

the MS14 manual which can be summarized as follows:

U Bitumen emulsion can only be used if the degree of coating of aggregate particles
after a specific adhesion test, remains within an acceptable range.

U There are no requirements for OTLC in comparison to-IMSbut mixtures
should be air dried until neither too wet nor too dry for compaction.

U The specimens are cured by keeping them in the compaction mould in an oven at
60°C for 48 hours, after which static load is applied, 178Koad for 1 minute,
whilst the samms are still at 60°C, with the aid of a double plunger at each side

of the sample.

2.9.2 Design Procedure of the Ministry of Public Work Republic of Indonesia, 1990
Thanaya (2003)escribed this design procedure as covering two main types of mixtures;
open and dense graded emulsion mixtures. The design procedure itself is Iprincipa
dependant on AASHTO and is comparable to the Marshall design procedure explained in
the Asphalt Institute M84 (1989), albeit with some modifications which take regional

and national conditions in Indonesia into account. Described as a modified Mastha
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procedure, a Marshall testing frame is used to test specimens at ambient temperature. Pre
conditioning the samples in water at 60°C for 30 minutes is not recommended for this

test.

2.9.3 Nikolaides Design Procedure

Nikolaides combined both the American Standard and the Ministry of Public Work
Republic of Indonesia procedures to create a hybrid design. He also introduced a method
to characterise permanent deformation performargehis governed by controlling the
maximum allowable bitumen content. The relationship between the residual bitumen
content (RBC) and the creep stiffness coefficient (CSC) is important as it indicates the
maximum residual bitumen val&hanaya, 2003Nikolaids (1994 stated that the CSC

is obtained from the redslof creep strain as measured by th®o(r static creep test,
normally performed at 40°C under 100 kPa vertical applied static stress. The mixture
stiffness (%ix) for a specific test of any bitumen content, can be determined at any time
of loading. Thestiffness of bitumen (&) can also be calculated individually using the

Van der Poel nomograph.

2.9.4 Nynas Test Procedures
Nynastests are only used on loose mixtures during storage or before laying and are known

as runoff, washoff and workability tests

In the runoff test, 5009 of loose bitumen emulsion mixture is poured into a funnel with a
mesh (< 2 mm) at the bottom. The quantity of bitumen that runs off in 30 minutes is
measured. This is followed by the washoff test which is performed while tharmirt

the funnel; 200 ml of water is poured over the mix. Both the wash water and any wash
off bitumen is collected and measured. Finally, the workability test is carried out using a

Nynas workability tester. This identifies the maximum force requoathear off the top
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of the utompacted CBEM during storage or just before placing, performed by scraping

a small amount of the surface layer off the mixture.

Table 23 below presents a comparison in terms of sample preparation and testing

procedues, for thee mixture designs.

Table 2-3. Summary of procedures for samples preparation and treating

Description The Asphalt | Nikolaides MPW Indonesia
Institute, MS-14

Degree of coating

(%), for:

Bindercourse 50 85 75

Surfacecourse 75 85 75

Compaction 2 x50 blows 2 x50 blows 2 x50 blows

(Marshall

hammer)

Curinginmould |24 hours at roon 24 hours at roon 24 hours at roon
temperature temperature temperature (28 -

1°C for tropical
climate)
Curing in oven 24 hours at 38°C 24 hours at 40°C | 24 hours at 40°C
Sample testing 22.2°C Room 28+ 1°C
temperature temperature
Soaking Submerge the samp| Capillary soaking; Capillary soaking:
procedures in water and vacuun half the depth of half the depth oi

saturated at 100 mm ¢
Hg for 1 hour,
followed by
submersion in wate
(no vacuum) for ar
additional 1 hour a
22.2°C

each compacte|
sample is soake
in water at room
temperaturdor 24
hours. The sampl|
is then invertec
and the other hal
soaked for 24
hours

each compacte|
sample is soaked i
water at room
temperature (28 -
1°C) for 24 hours
The sample is the
inverted and the
other half soaks
for a further 24
hours
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CHAPTER 3

LITERATURE REVIEW | |- BITUME N EMULSION S

3.1 Introduction

Bitumen isa thermoplastic materialsed as a binder in road constructionhighly
viscous semsolid material at room temperatureis heated to between 1{&D0°C until

it reaches sufficient fluidity to mix with aggregafenis process is costkyecologically,
socially and financially- resulting in research to develop alternative road pavement
techniques includingmprovements to mixtures manufactured at lower temperatures.
There are several processes available to decrease bitumen viscosity and facilitate mixin
with mineral aggregates such as raising the temperature by heating (hot mixtures),
dissolvingit in a petroleum solvent (do&ck bitumen), emulsification in water to form

bitumen emulsion and foaming the bitun{&ead and Whiteoak, 2003; Thanaya, 2003)

3.2 Bitumen Emulson Technology

James (2006andAkzo Nobel (20083efine emulsion as the dispersion of small droplets

of one Iquid into another. In contrast to creating a solution, the two liquids aegistent

rather than mutually mixe(Needham, 1996Bitumen emulsiorcan further be defined

as a twghase system involving bitumen and water and one or more additives to support
formation and stabilisation, and to modify the propertieshe emulsion(Read and

Whiteoak, 2003)

Bitumen emulsions were initially developed in the early 1900s, coming into common use
as pavement applications in the 1920@mmes, 2006)_e Coroller (19995escribed how,

at that time, they were mainly used in spray sealing applications to stop dust from the
ever increasing traffic omoads. Currently, emulsion usage has grown for reasons

connectedvith the environment, cost and technical preparation, becoming an attractive
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choice in the industry; they are nfiammable, can penetrate porous materials and can
have good coating capaligis of damp aggregate surfad@hanaya, 2003; Asphalt
Emulsion Manufacturers AssociatioAEMA), 2009). Le Coroller (2002)detailed the

world consumption level of bitumen emulsions as seen in Table 3

Table 3-1. Bitumen emulsion usage (Le Coroller2002

The diagram originally presented here cannot be made freely available via LIMU Digital Collections
because of 'copyright'. The diagram was sourced frer@oroller(2002

Currently, one of the main objectives of using bitumen emulsion is to develop a product
that does not require heatiigsphalt Emulsion Manufacturers Association (AEMA),
2009) This will decrease emissions and the consumption of energy, avoid oxidation of

asphalt and be less hazard¢ilesmes, 2006)

Emulsions can be classified into thigeneralgroups(Akzo Nobel, 2008; James, 2006)
oil-in-water (O/W), watein-oil (W/O) and multiple phase emulsions. Tirst are those

in which the continuous phase is water with oily liquid dispersed in it whilerwabil

(W/O) emulsions are those in which oil is the continuous phase and water the dispersed

phase. Watemn-oil emulsions are occasionally termed inverted emulsions. More complex
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multiple phase emulsions can be created by which the dispersed dtbpleselves
contain droplets of ansaller size, usually comprisirtbe same liquid as in the continuous
phase(Akzo Nobel, 2008) Figure 31 illustrates the three emulsions types. Standard
bitumen emulsion is normally oil in water consisting of base bitumen (40% to 75%),

water (25% to 60%), emulsifier (0.1% 2.5%) and other minor compo(lartses, 2006)

Figure 3.1. The three groups of emulsion, (a) oiin-water emulsion (b) waterin-oil
emulsion (c) multiple emulsion (James, 2006permission to reproduce this figure

has beengranted by the Transportation Research Board

3.3 Bitumen EmulsionComposition

U Bitumen and water
The main constituent part of bitumen emulsion is bitumen, in most cases comprising 40
to 75% of the emulsion depending thie intended applicationt is a mixture of organic
liquids that are highly viscous, black, stickyngaletely soluble in carbon disulphide and
which consist mainly of highly condensed, polycyclic aromatic hydrocar{®oraer,
2001) Bitumen is produced from the distillation of crude petroleum and is manufactured

in a wide range of grades whoslearacteristics differ from hard and brittle to soft and
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viscous at service temperatures. Most emulsions are produced with bitumens in the 60
250 penetration rangehere the choice of grade for use is governed by the climate and
conditions of end use; lowiscous base bitumen is appropriate for colder climates and
vice versa(James, 2006)Bitumen is a noipolar, complex material in that there is a
uniform distribution of electrons in the constituent molecules across the structure, there
being no regions of charge concentration oraieriicy. That said, it does contain some

polar constituents.

The second component used in the production of bitumen emulsions is water which makes
up between 25% to 60% of the emuls(dames, 2006)Vater, in contrast to bitumen, is

a polar medium comprising of different ionic sy@s; for example D, OH and H, and

the polar water molecule itself. The polarity of thg&dHmnolecule is attributed to oxygen,

an electronegative atom, and hydrogen which is electropositive. If polar arublaon
composites are mixed under normal cirstimmces, the two constituents will separate as
the molecules in the polar medium strive to be in contact with each other in order to cancel

out positive and negative regions of chafiyeedham, 1996)

U Emulsifiers or surfactants

Emulsifiers are responsible for providing globule surfaces with electrical charges which
smplify the dispersion of bitumen keeping the bitumen globules in permanent
suspension; as a result, a homogenous emulsion can be acfilénaetya, 2003)
comprising0.1% to 2.5% emulsifierThe bitumen droplets in the emulsion are either
positively (cationic) or negatively (anionic) charged. The emulsifier which is active on
the surface of thbitumen droplet is responsible for this electrostatic charge. This means
that the emulsifier is a surface active agent, also known as surf@éssgalt Institute

and Asphalt Emulsion Manufacturers Association, 1997; James, 2006; Akzo Nobel,
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2008) According toRead and Whiteoak (20Q3everal functions are performed by the

emulsifier within a bitumen emulsion as follows:

1 Creates a decrease in the interfacial tension between bitumen and water to make
emulsfication easier.
9 Dictateswhether the emulsion is watar-oil or oil-in-water.
i Stabilizes the emulsion by avoiding droplet coalescence.
1 Dictates the performance characteristics of the emulsion such as setting rate and
adhesion.
Read and Whiteoak (2008)so stated that surfactants must be water soluble in order to
be effective. The ionic part of the emulsifis situated on the surface of the bitumen
droplet in the emulsion whereas the hydrocarbon chain positions itself on the surface of
the bitumen and is firmly bound to it as illustrated in Figuf Bmulsifiers molecules
have hydrophobic (ciloving) andhydrophilic (watefloving) portions(Thanaya, 2003)

Figure 33.
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Bitumen droplet
(dispersed phase)

Water phase

(Continuous phase)

/V

Repulsion between
particles (like
charges repel)

Attraction of
particle to
substrate

AN

Surfaceactive agent

Adhesion of bitumen Opposite charges attract
to aggregate surface

Figure 3.2. Schematic diagram of charges on bitumen droplets (Read an
Whiteoak, 2003) permission to reproduce this figure has been granted b
Shell International Petroleum Company Limited

Head Group
(Water Loving)

Hydrocarbon Chain (Oil Loving)

Counterion
(Water Loving)

Figure 3.3. Emulsifier structure (James, 2006)permission to reproduce this figure
has beerngranted by the Transportation Research Board

Emulsifiers can be categorised into anionic, cationic and nonionic acctodimgcharge

their head groups adopt in wat@dames, 2006 Cationic emulsifiers are principally acidic
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solutions, characterized by large cation organic fractions. Cetyl trimaaithiylonium
bromide (GeH33(CHs)3NBr) is a typical example of this kind of emulsifier. This type of
emukifier dissociates in water into the positive cetyl trimefwyimonium cation
(C16H33(CH3)N™) and the negative anion bromine {RiThanaya, 2003)An example of

a cationic emulsion system is shown in Figui4 3

Anionic emulsifiers are usually stabilized with fatty acids or sulphonate emul¢éRieas|

and Whiteoak, 2003Yhanaya (20033xplained how anionic emulsifiers have a pH more
than 7 and that they comprise large anionic ions, an example being sodium stearate
(CH3(CH2)16COONa). Ths emulsifier dissociates in water into (negative) stearate anions
(CH3(CH2)16 COQ) and (positive) sodium cations (NaStearate anion is soluble in
bitumen within the carboxylic group (COCthat carries a negative charge, the least
soluble part, produng bitumen globules with negative charges on the surface. Positively
charged ions are then attracted to the negatively charged ions to create electrical double
layers (Figure &). These charges on the globules repel each other and form the emulsion

system

Non-ionic emulsifiers are seldom used for road emulsions. They can be used to make
ethers and esters that are required for producing fatty acids and alcohol. Similarly,
colloidal emulsifiers are commonly used for industrial puesosnd not for road
emukions.

U Stabilizers
Bitumen may include salt remains because of insufficient desalting of the crude oil
source. This results in swelling of the bitumen droplets through osmosis as water is drawn
into the droplets giving increased emulsion viscosity, aleatiorg an effect on stability.
In cationic emulsions, calcium chloride or other soluble salts are added at-000%%

during the water phase of the emulsion to decrease water osmosis into the bitumen, this
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minimizing changes in viscosifyrhanaya, 2003)Trisodium polyphosphate is used for
the same reason in anionic emulsions.

U Solvents
Solvents can be added to emulsions to enhance emulsification, decrease settlement,
enhance the rate of curing at low temperatures or to produce the correct binder viscosity
after curing(James, 2006)Thanaya et al2006)also found that solvents such as white

spirit will improve coating ability.

Bitumen droplet
Water phase

(dispersed phase)

Cetyl trimethlyAmmonium Bromide: @H33(CHzs)3:NBr, dissociates in water to
become: i) Bromide Anion, Bfin water/ continuous phase). ii) Cetyl
TrimethylammoniunCation, (large portion), {gHs3(CH3)N*, ('in the bitumen globules/
discontinuous phase).

Figure 3.4. Diagrammatic illustration of the arrangement of cationic emulsifier
around dispersed bitumen globules irtypical emulsion (Thanaya, 2003)

permission to reproduce this figure has been granted bpr Arya Thanaya
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Bitumen droplet
Water phase

(dispersed phase)

Sodium stearate: CH3(CH2)16COONa dissociates in water becomes: i) Sodium Cation,
Na+ ,(in water/continous phase). ii) Strearate Anion (laoyggn), CH3(CH2)16
COO, (in the bitumen globles/discontinous phase).

Figure 3.5. Diagrammatic illustration of the arrangement of anionic emulsifier
around dispersed bitumen globules in typical emulsion (Tanaya, 2003)

permission to reproduce this figure has been granted b@r Arya Thanaya

U Sodium Tripolyphosphate
Sodium tripolyphosphate acts as a water softener and is used at 0.1% in anionic emulsions
which are sensitive to hard water, to improve emulsion qu@kygo Nobel, 2008)

U Thickeners
Including thickeners which are water soluble in the emulsion, can increase the viscosity
of the emulsion and decrease emulsion-gtinin open graded mixes. They can be
includedat the water phase or added to the finished emulsion at quantities of around 0.02
0.20%. Breaking and adhesion of emulsions are influenced by these thickeners meaning

that they must be chosen with céfdzo Nobel, 2008)

Anmar Dulaimi 48



Development of a New Cold Binder Course Emulshaphalt Chapte

U Adhesion Promoters
These materials can increase the adhesion of bitumen to aggregates therefore decreasing
the risk of stripping. They can be included in the asphalt or added to the finished emulsion.
These adhesion promoters are usually surface active amine compdameés, 2006)

U Asphalt Peptizer
Treating the bitumen with an asphalt peptizer produces enhanced emulsion quality by
improving emulsifiability, leading to the creation of smaller droplets. In addition, it can
decrease settlement, increase viscosity and improve adif€ébmmaya, 2003)

U Latex
Including a polymer can enhance the properties of bitumen with regard to cohesion, crack
resistance at low temperatures and resistance to flow at high temperatures. Latex, which
is a water based dispersion of polymer, is suitable for the modification of emulsions;
however, it is essential that the type of latex should be harmonious witinthisian.
Latex comes in cationic, ndonic and anionic formgAkzo Nobel, 2008) Regarding
paving grademulsions, the most common are styrene butadiene rubber, polychloroprene
and natural rubber lat€dames, 2006)
3.4 Classification of Bitumen Emulsions
Read and Whiteoak (2008gscribe four categories of bitumen emulsions, the first two

commonly used in road construction:

U Cationic
U Anionic
U Non-ionic
U Clay-stabilised emulsions
Electronic charges on bitumen globules are responsibkniafsion classification, both

positive and negative. Cationic emulsion refers to the emulsion system that has positive
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charges, while anionic is the system of bitumen droplets which have negative charges.
Cationic emul sions ar e whkeeasdnoaiecnemulsian® ares Wi
commonly alkaline with pH . 7. An emul si c
charges is a neionic emulsion. Claystabilised emulsions include fine powders which

are natural or processed clays or bentonites.

Catioric emulsions constitute the largest volume of emulsions manufactured universally
(Read and Whiteoak, 2003)hese emulsins are known to be more effective than anionic
ones for coating aggregates across all weather conditions. Withegi@ninstance, the
positively charged cationic emulsifier attracted to the globules is drawn to the opposite
charge on the aggregate swd; there ismattraction between negativallgarged anionic
emulsifiers and the negativetharged surface of idealized granitetO6 F| aher t vy,
Non-ionic emulsion is seldom used in highways application wilky-stabilised

emulsions are s for industrial applications.

3.5 Properties of Bitumen Emulsions

The perfect emulsion should be stable under storage, delivery and application conditions.
In addition, it should break quickly and soon after application, forming a binder which
has the prperties of the original bitumen with strong adhes{Read and Whiteoak,
2003) The main properties of bitumen emulseme described below.

3.5.1 Emulsion Stability

Emulsions can be said to be stable in storage when there is no sign of seflli¢iaeaya,

2003) The main two factors that impede or accelerate settlement are gravigpaisk
repulsion/attraction forces between bitumen droplets produced by the layers of emulsifier
on the droplets. Emulsions with a low bitumen content as well as low viscosity, are

susceptible to settlement. Grades of bitumen at ambient temperaturesdenaaty that
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is a little greater than that of the water phase of the emulsion. Accordingly, particles of
bitumen tend to settle through the agueous phase, leading to high bitumen concentrations
in the lower layer and low bitumen concentrations in {hyeen laye(Read and Whiteoak,
2003)
3.5.2 Emulsion Viscosity
The objective of bitumen emulsification is to decreasevtlcosity of the binder thereby
enabling coating of the aggregates at ambient temperatures and during spray applications;
the bitumen content of the emulsion is mainly controlled by emulsion vis¢dbiyaya,
2003) Emulsions which have a high concentration at the disperse phase (bitumen),
seldom have Newtonian viscosity characteristies d@pparent viscosity changes with the
shear rate at which the viscosity is measured. Emulsion viscosity is almost independent
of the viscosity of the disperse phase (bitumen). Consequently, it is possible to
manufacture emulsions of hard bitumen (&8 which are easily poured at’XD(Read
and Whiteoak, 2003Differences in viscosityfadhe emulsion are affected by:
U Bitumen Content
The effect on viscosity is small at low bitumen content, however a small increase
in concentration can induce a dramatic change in viscosity which may be
uncontrollable at high bitumen content.
U Modification of the Aqueous Phase
Aqueous phaseomposition is greatly influenced by the viscosity of the bitumen
emulsion. For instance, viscosity can be increased in traditional cationic road
emulsions by reducing the acid content or increasing the emulsifier content.

Additives specifically prepareas viscosity modifiers can also be used.

Anmar Dulaimi 51



Development of a New Cold Binder Course Emulshaphalt Chapte

i

Flow Rate Through the Mill

The particle size distribution of the emulsion is dependent on the flow rate through
the mill, particularly where bitumen content is higher than 65%. Globules of
bitumen are packed retag¢ly closely together, resulting in a change in particle

size distribution and viscosity.

3.6 Breaking Mechanisms of Bitumen Emulsions

Bitumen emulsions must remain stable so that they can be transported, stored and

handled. Eventually, they must breaktsat the bitumen can coat particles of aggregate

or pavement surfaces. It is very important that the breaking process should be

accomplished as soon as possible after the application of the bitumen enTlisiarater

in the emulsion must separate frone thitumen phase and evaporate, this separation

referred to as breaking or setting, generally distinguished by a change in colour from

brown to blackThere are six factors responsible for the breaking properties of emulsions

(Read and Whiteoak, 2003)

i

i

Bitumen Content

By increasing the bitumen content, particles are more likely to be in contact with
each other leading toree in the rate of breaking.

Aqueous Phase Composition (pH Changes)

By reducing the acid content as well as increasing the emulsifier content, the rate
of breaking will be improved. Reducing the ratio between acid and emulsifier
contents will have the same effect. In some types of aggregate such as limestone
or filler like cement, lime filler can neutralise the acid in cationic emulsion and
increase the pH resulting in destabilisation of the bitumen emulsion. In other
cases, a smaller rise in pH results from the adsorption of hydrogen ions by

aggregates; this is still endugto destabilise the emulsion. Some soluble
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aggregates, for example limestone, can supply calcium or magnesium ions to the
solution which tends to neutralise the charge on an anionic emulsion.

U Particle Size Distribution
When bitumen particles are smallspiersion will be finer and as a result, the rate
of breaking will be slowerThe surface area at the bintteater interface will
increase because of a reduction in emulsion particle size. The size of emulsion
droplets and their distribution rely on the pess of emulsification because of, for
example, mechanical tools, developed energy, physiehical aspects (such as
phase inversion) and other emulsification parameters. Smaller droplets and
narrow distributions can be achieved by increasing agita@eds(Nagata,
1975)

U Environmental Conditions
Water evaporation from the emulsion system is affected by environmental
conditions such as temperature, humidity and wind velocity. Bitumen emulsio
application through the night is challenging as low temperatures, in addition to
relatively high humidity, will stop water evaporation. Conversely, bitumen
particles in the emulsion system are more mobile at higher temperatures. These
particles tend toame into contact with each other leading to coalescence.

U Adsorption of Emulsifier on the Surface of Aggregate
Emulsion comprises emulsifier molecules in both the water and on the surface of
bitumen droplets. Some emulsifier ions within the water form llegeHowever,

in a stable emulsion system, there is equilibrium as shown in Figfire 3
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;; Bitumen droplet
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Figure 3.6. Emulsion ions forming micelles in a stable emulsion (Read and

Whiteoak, 2003) permission to reproduce this figure has been granted bghell
International Petroleum Company Limited

If emulsifier ions are removed from the solution, equilibrium is restored by ions from the

mi celles and the dropletsd surfaacetact Thi s
with a mineral aggregate. An aggregate surface with a negative charge quickly absorbs
some of the i ons from the solution resul:t
surface; this will begin the process of breaking as shown in Figaré ®oint is reached

where the charge on the surface of the globules is so depleted that fast coalescence occurs
and the aggregate is covered in hydrocarbon chains. This is when adhesion occurs

between the liberated bitumen and aggregate surface.

U The Use & Breaking Agents
Das (2008ktated that the type and concentration of emulsifying agent highly influences

the speed of break of the emulsioithese chemical breaking agents can be sprayed
together with the emulsion or just after emulsion application. Much attention is required
when using these agents as too little will have no effect; too much will breakthsion

and adversely affect its adhesively.
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Figure 3.7. Schematic diagram of breaking mechanism (Read and Whiteoak,

g

2003) permission to reproduce this figure has been granted b8hell International

Petroleum Company Limited

3.6.1 Breaking Mechanism of Cationic Emulsion
There are several ways to explain the complicated process of bitumen emulsion breakage.
Three methods were introduced Wates and James (199®) describe how cationic

emulsions break onto negative aggregates, e.g. granite.

U Emulsion Abstraction
Here the emulsifier is withdrawn from the bitumen/water interfagethe surface
aggregate. The emulsion then becomes unstable becdahsdads of emulsifier, causing

the bitunen droplets to coalesce as shown in Figuge 3

U Emulsifier Deprotonation
In this situation, the acidified emulsifiers are deprotonated by which the protons are
adsorbed onto the surfaces of the aggregate, deactivating the emulsifier, producing

emulsionbreaking as shown in Figure®
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Bitumen Emulsifier

Aggregate

Aggregate

Aggregate

Figure 3.8. Breaking mechanism of cationic emulsion by emulsifier abstractign

permission to reproduce this figure has been granted bpr David Needham

Bitumen Emulsifier

Aggregate Aggregate

Aggregate

Figure 3.9. Breaking mechanism of cationic emulsion by emulsifier deprotonatign

permission to reproduce this figure has been granted bpr David Needham
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U Droplets Migration
This approach is considered to be thestraxceptable as evidenced by its extensive use.
Positively charged bitumen droplets are drawn to the negatively charge aggregates
surfaces. Assisted by the surfactant, the droplets spread over the aggregate surfaces as
shown in Figure 40. The surfactaimmolecules act as adhesion or attipping agents,
resulting in binding of the bitumen to the surface of the aggregate. This is the major reason
that cationic emulsifiers have become mooenmonlyused in comparison to anionic
emulsifiers for road applations.Plotnikova (1993)presented another theory on the
breaking mechanism of cationic emulsion on siliceous aggregates (greeitelaimed
that free emulsifiers are firstly adsorbed onto the aggregate surfaces. After that, the
emulsifiers are taken away or withdrawn from the bitumen droplets and adsorbed onto
the aggregate surfaces which become hydrophobic because of the adsofptio
emulsifiers, as illustrated in Figurel3. The rate of breaking of the emulsion can be
influenced by the rate of adsorption of the emulsifier onto the aggregate, which in turn is

governed by the surface area and chemical nature of the aggregaiteirauech lemulsion.
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Bitumen Emulsifier

Aggregate

Figure 3.10. Breaking mechanism of cationic emulsion by droplets migration

permission to reproduce this figure has been granted bpr David Needham
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Figure 3.11. Breaking mechanism of bitumen emulsion by emulsifier adsorptign

permission to reproduce this figure has been granted bpr David Needham
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3.7 Bitumen Emulsion Adhesively

The amount of adhesion between bitumen emulsioraggregates is influenced by how
much surface area is coated by the emulsion. In all applications, it is very important that
the aggregate surface is slightly damp to ensure easy spreading of the emulsion over the
aggregate surface. The adhesion or bondiraity between emulsion and aggregate are

affected by a number of factors such as:

U thetype and amount of emulsifier

U the grade of bitumen and components

U the pH of the emulsifier solution

U the particle size distribution of the bitumen particles in the sionyl and

U theaggregate typéRead and Whiteoak, 2003)
Theoretically, the best adherence occurs when the aggregatekseaathulsion have
opposite charges meaning that anionic emulsions are more suitable for positively charged
aggregates, for instance limestone or basalt, whereas cationic emulsions should be used
with negatively charged aggregates, for example, graniteuartzite. That said,
experience shows that cationic emulsions have a good affinity with all aggregates types.
Furthermore, an emulsifier of this category can actively provide aistaipping actions
which means that it is less affected by weather canditand will be more durable than

anionic emulsifiergLeech, 1994)

3.8 Naming of Bitumen Emulsion
The designationfacationic emulsions comprises five components in accordance with the

BS EN 13808: 2013 European Committee for Standardiea, 2013) The first

component indicates the emulsion type, e
binder content, followed by 6B6, the thit

by the | etter O0PO6. |ofethan2®, thesis thé feurttocomponent t e n
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indicated by the |l etter OFO6. Finally, th
where the higher the number, the slower the break rate, lower numbers referring to rapid
setting. For instance, C 55 BPFdicates cationic, binder content of 55%, manufactured
from bitumen which contains polymers and more than 2% flux with a Class 7 breaking

value.

Conversely, anionic bitumen emulsions are categorised according to the BS HN 434
(European Committee for Standardization, 2Qisihg a three element designation. The
first part indicates emul s The secohdycpngponent g .
indicates the breaking rate or stability ranging from 1 to 4, where 1 indicates rapid setting
and 4 indicates slow setting. The third part of the code represents the percentage bitumen
in the emulsion. For instance, A&D is an aniomm emulsion with rapid breaking and a

bitumen emulsion of 60%.

3.9 Application of Bitumen Emulsion

The consumption of bitumen emulsion rises from time to time as a result of the
development of CBEM technology and demand on bitumen emulsions for different
applications. The USA and France top the list of production using bitumen emulsion in
road applicatins because of their mainly secondary and rural networks with medium to
low traffic as well as success in applicati@@orroler, 2010) Table 32 summarises
typical applications of emulsions with various breaking rates. Bitumen emulsions have
been utilised in areas such as cold mix asphalt, slurry seals, slip, lag# stabilization,

protective coats and fog seal.
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Table 3-2. Typical applications for emulsions with different breaking rates (James,

2006)
Application Breaking or setting rate
Rapid Medium Slow

Plant mixes

Opengraded a

Densegraded a

RAP mixes a a

Stockpile mix a

Precoated chips a a
Mix paving

Opengraded a

Slurry seal a

Slurry for Cape seal a

Microsurfacing a
In-place mixes

RAP mixes a a

Densegraded a

Soil gabilisation a
Spray applications

Chipseal a

Fog seal a a

Tack coat a a

Prime coat a

Dust palliative a

Penetration macadam a
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CHAPTER 4

LITERATURE REVIEW Il |- CBEM ENHANCEMENT

4.1 Introduction

It is generally accepted thah asphalshould reach its full design strength in a short
period of time, tha enabling its characteristics to be measured almost immediately after
manufacture. For a number of reasons, the same measurements cannot be made with
CMAs (Serfass et al., 2004bFBEMSs are known to have low early strength, long curing
times and end mixtures which have relatively high poros{fiémnaya et al., 2009)

When comparing CBEM mixtures &sphaltsCBEMSs tend to be of relatively low quality

as demonstrated bprahim and Thom (1997)n consequence, the use dBEMS is

limited to reinstatement works and to pavement layers on low volume fidasl€hapter
investigates and assesses the methods and approaches that have been used by previou:

researchers to improve the poor performance of CBEMs.

4.2 Previous Attemptsto Enhance CBEMs

4.2.1 Enhancement by Compaction

The mechanical and performance characteristics of CBEMs are directly influenced by
compaction as satisfactory compaction is necessary for optimal perforrBaoee. and
Needham (2000bfior example, found that increases in compaction efforts lead to an
increase in the degree of emulsion coalescence when using granite aggregat2Owith

mm Dense Bitumen Macadam (DBM) specification.

Thanaya (2003)eported that the upper limits of porosity could be reached by adopting
heavy compaction (120 relution, 240 kPa, 2° angle of gyration) rather than medium
compaction (80 revolution, 240 kPa, 2° angle of gyration). He also established that

compaction of 240 gyrations is needed to attain a target air void content of between 5
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10%, this categorised axtea heavy compaction. This is of ndiecause focold mixes,

a heavy comaction application is necessaty confirm breaking of the emulsion and
ensure that mixtures strengthi@operly(Thanaya, 2007)The amount of excessive fluids

in CBEMs deceasethe effect oftompaction and prevesinixtures from reaching their
optimal density leading, in turn, to decreased stiffness and strength properties. Figure 4
1 describes the relationship between compaction efforts and stiffness modulus esh CMA
as repoted bySerfass et al. (2004bHere it is noted that an increasethe level of

compaction results in an improvement in stiffness modulus of the mixtures.

6000 -
5500 - .
5000 4 {#10°C - 120 ms | — et
4500 —(W15°C- 120 ||i~:.: ¢ i
4000 -
3500
3000
2500 1-
2000 4
1500 , |
81 82 83 84 8 86 87 8 89

Compaction degree (%)

Iindirect tensile modulus (MPa)

Figure 4.1. Influence of compaction on stiffness (Serfass et al., 2004pgrmission

to reproduce this figure has been granted bpringer Science+Business Media

4.2.2.Improvement by the Inclusion of Fibres

In the case oésphaltsstrength and bonding can be enhanced by the addition of fibres
(Wu et al., 2006; Ye et al., 200Fibre type and content, diameter, length, and surface
texture have a considerable impact on the performainftere-reinforced mixtures. The

use of fibre reinforcement to improve the mechanical properties of cold emulsion, densely

Anmar Dulaimi 63



Development of a New Cold Binder Course Emulshaphalt Chapgte

graded, emulsified asphalt mixes has been address&ldayo et al. (2003)Staple
polypropylene fibres1(0 mm, 20 mm and 40 mm) were added to mixtures in three
percentages; 0.10%, 0.25% and 0.50%. This addition of fibre was found to be accountable
for a reduction in dry density, Marshall Stability and mixture resilient moduli in
comparison to mixturewith no fibres Another study implemented yerrotti et al.
(2014) investigated the experimental characterization dfigh performance CMA
mixture reinforced by three types of fibres (cellulose, gtadlulose, nylorpolyester
cellulose) with two different antents (0.15% and 0.30%) by aggregate weight. The
materials were examined at different curing times (1, 7, 14, 28 days) and conditions (dry
and wet). The results indicated that the mix with 0.15% cellulose fibres offered a
comparable (for 14 and 28 daysing times) or even better performance (for curing times

within 7 days) than the standard mixture (without fibres).

4.2.3Improvement by Utilization of Polymers

Khalid and Eta (1997conducted experiments on the effect of polymer modified
emulsions (PMEs) on the characteristics of emulsified bitumen macadams (EBMs). They
used different aggregatgradings a close gradedurfacecourse and a dense graded
bindercourseor basewith a cationic emulsion containing 65% base bitumen. The base
bitumen grade was 100 pen with Ethylene Vinyl Acetate (EVA) and StyBateiene
Styrene (SBS) admixtures. They found that polymer positively modified bitumen
emulsions enhanced stiffness and permanent deformation of the mixtures compared to
unmodified bitumen emulsion mixtures. In addition, the fatigue lives of the 4% SBS and
6% EVA modified EBMs were approximately 45 to 35 times greater, respectively,
compared to the fatigue life of the unmodified EBMs. Further research implemented by
ChavezValencia et al. (200)sed polyvinyl acetate to enhance the compressive strength

of CMA. Polyvinyl acetate emulsion (PVE) was added to a rap&kt emulsified
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asphalt. Two CMA types were prepared: the aggregates were coated in the first type by a
film of asphaltpolyvinyl acetate (APVAC) binder, while in the second, the aggregate
was mixed with a diluted PVAE to cover iwith the polymer, the A2VAC binder then
layered. They found that the second type achieved a 31% improvement in compressive
strength as a result of the improvement in void content. Recutlgt al. (2015padded

a specially developed polymer modified emulsifier to an¥8Casphalt mixture. They
concluded that in terms of moisture susceptibility, high temperature andmesisb low
temperature crack, the mixture met performance specification requirements in addition to

an improvement in rutting resistance performance.

4.2.4Incorporation of Recycled Aggregate

The incorporation of milled, old road pavement in cold emulsiaxtures was carried

out byThanaya et al. (2014ixing them with virgin aggregate, rice husk ash and cement.
The specimens were subjected to a compaction delay of up 24 hours, thereafter cured at
ambient temperature. They found that such mixtures cand@a@ high percentage of

RAP (72.73%) while theolwest stability achieved was BlkIn addition, it was reported

that an increased early strength was attained when aged at tropical room temperatures as
a result of the evaporation of water in comparisaretoent contentGémezMeijide and

Pérez (2014ajonducted experiments using 100% recycled aggregates from construction
and demolition waste on CMA. They revealed that the indirect tensile strength, stiffness
modulus, unconfined compression strength and moisture igségpsitere acceptable in
comparison to 100% natural aggregates (control mix) and in line with values agreed by
various standards drrecommendations. In additioiese mixtures normally displayed
higher stiffness compared with the control mixdsweverto achieve this, substaally

more bitumen and watevas requireGomezMeijide et al., 2015)
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4.2 .5Enhancement by the Incorporation of Active Fillers
Fillers can play an important role in governing the engineering properties of asphalt
concretesn terms of stiffness, permanent deformation resistance, fracture resistance and

moisture sensitivity (Kim et al., 2003; Kim et al., 2008).

Mineral filler includes materials passing through a 63 um sieve. In CBEldss can be
either reactiveor nonreactive (inert) material&izi et al., 1997) The former is a filler
type that reacts when it comes into contact with emulsion and/or any additional water in
the mixture, resulting in a hydration process e.g. cement. The latter, for example silica
fillers, will not react with emulsions. The quantity of the filler in aspkapends on

gradingandthetype of mixture.

Supplementary cementitious materials (SCMs) represent an alternative for the industry to
achieve sustainability by reducing cement content withmumtifscantly compromising
mechanical properties while at the same time enhancing durability. A cementitious or
hydraulic material is finely ground and contains adequate calcium to form compounds
which react directly with water to form cementitious compaufithanaya, 2003)
Cement and high calcium fly ash belong to this category. However, lpokzmaterials

react chemically in water with calcium hydroxide-K{}, the compounds formed having
cementitious properties. Pozzolanic materials are siliceous or-allioginous or a
combination of both, having no binding properties when mixed with \katewhen in a

finely ground state, will react with dissolved hydroxide Ca(9&t)d produce calcium
silicate and calcium aluminates which facilitate the development of str@dgthlett,

2006) Mineral admixtures such as pozzolanic and cementitious materials, have been used
extensively in concrete construction. The properties of both materials are controlled by
their mineralogical content in addition to their particle grbies such as particle size,

surface area, shape and text{ireanaya, 2003)
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4.2.5.1 Inprovement by Cement Incorporation

From a technical point of view, a cement can be defined as any material which, if added
in an appropriate procedure to an accumulation of particles with-aot@sive nature,

will later harden by physical or chemical means, the particles binding intbeaerd

mass. Cements such as Portland, slag, pozzolanic andltigima cements, are all finely
ground powders which undergo hydration processes to generate a binding material with

very strong and durable properteO6 FI1 aherty, 2007a)

Cement production requires balanced quantities of the raw materials to be ground and
mixed, after which the mix is uslya fed over a coafired, high temperature kiln.
Incipient fusion happens when the temperature of the material is around 1450°C, leading
to the constituent lime and clay to combine and generate clinkers consisting of tricalcium
silicate (3Ca0.Si@ abbrevated GS), tricalcium aluminate (3CaO.A); or GA),
dicalcium silicate (2CaO.Sgor GS), and calcium aluminoferrite (4CaO28k.Fe03

or GAF). Burnt clinkers are taken to balhdtube mills, allowed to cool then ground to
generate a fine powder. Gsyom is added (normally 1%#6) to the mix during the

grinding process.

The use of cold emulsified asphalt as structural layers is very restricted as a result of the
long period required for such materials to reach their full strength after paving
(particulaly in the UK), as well as because of its high sensitivity to rainfall in the early
stages of installatiofOruc et al., 2007b)To enhance the weak properties of CBEMS,

several studies have been implemented examining the addition of OPC.

The use of cement in asphalt is not a new idea; Portland censeinédia used as a filler
in warmmixed asphaltdo avoid binder stripping from dried aggregate. It has also been

used b improve wet aggregate coating with bitumen ofTaansport and Road Research
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Laboratory (TRRL), 1969)One of the first studies which incorporated cement into
emulsiontreated mixes was conductedgrrel and Wang (1971 hey established that

the rate of development of the resilient modulus could be accelerated by using cement as
a catalyst to increase the rate of curing of asphalt emulsion mixtures. They suggested that
C&* ions from cement nexdlizes the anionic emulsifier allowing emulsion droplets to
coalesce and adhere to the aggregate. This helps the emulsion to break faster as well as
absorb water in the mixture thus reducing curing times. In add8ichmidt et al. (1973)
investigated the role of cement in emulstogated mixes as a means of speeding up the
developmenbof their strength. They found that when cement was added to the aggregate
at the same time as the asphalt emulsion, mixes cured quicker, had a more resilient

modulus (Mr), developed at a quicker rate Aaadmore resistance to water damage.

Head (1974pimed to improvelte Marshall stability of modified cold asphalt mixes. He
saw that the incorporation of 1% OPC increased the Marshal stability of modified CMA
by around three times compared withtteated mixes. However, ravelling of the surface
occurred as a result of thettle nature of the resultant mixtur&ardak (1993%uggested

that thickness of the treated unbound layer, which formerly needed to be 22 cm, can be
reduced to 12 cm by using OPC treated emulsion mixtures as a result of the increase in
stability (200%300%) of a sand emulsion treatadkture by incorporating cemerti et

al. (1998) investigated themechanical properties of thregghase CemerAsphalt
Emulsion Composite (CAEC). Their findings revealledttmost of the features of both
cement and asphalt were possessed by CAEC; they have a longer fatigue life and lower
susceptibility to temperature, like that of cement concrete, and a higher toughness and
flexibility in common with asphalt concrete. Cemerorks as an adhesion agent and can

assst the enhancement of the shiarm properties of compacted mixtures implying that
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its use may bea foregone conclusion to act agher as the main binder or as a

supplementary bind€¢Milton and Earland, 1999)

Brown and Needham (2000bxaminedcement modified emulsion mixtures where the
prime aim was the evaluation of the positive influence of ad®Rg to such mixtures.

They used a granite aggregate grading imtigdle of 20mm Dense Bituméviacadam

(DBM) with a single slowsetting emulsion. They concluded that the addition of OPC
enhanced the mechanical properties namely, stiffness modulus (Figyreesistance to
permanent deformation and the fatigue strength. OPC caused an increase in pH which led
to an increase in the tendency of the emulsion to break. Scanning Electron Microscopy
(SEM) provides evidence of the cement hydration and wherecemidnt becomes part

of the binder (Figure-8).
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Figure 4.2. Influence of OPC on stiffness modulus (Brown and Needham, 2000)
permission to reproduce this figure has been granted by Association of Asphalt

Paving Technologists

Anmar Dulaimi 69



Development of a New Cold Binder Course Emulshaphalt Chapgte

T
169U HEN

Ettnngite crystals CH crystals C-S-H crystals

Figure 4.3. Hydration products of OPC (Brown and Needham, 200Qpermission
to reproduce this figure has been granted by Association of Asphalt Paving

Technologists

The type of cement used affects the rate of increase in strength of C8Blzaya,

2003) Thanaya reported that Rapid Setting Cement (RSC) provides a better rate of
increase in strength in comparison to OPC. He described how a stiffness 258100

MPa can be achieved in just a few weeks by incorporating 2% RSC, rather than the 16
weeks needefor mixes without RSC. This is because the cement behaves as an active
filler in CBEMs resulting in an increase in pH. Subsequently, if a cationic emulsion is
used (the system is acidic with pH values of less than 7), the inclusion of cement results
in arise in pH meaning that the emulsion becomes unstable and sets Tast®ya
(2007)stated that the performance enhancement of the CAEMs can simply be achieved

by including up to 2% OPC by aggregates mass.

Taking this furtherOruc et al. (2006andOruc et al. (2007byonducted investigations
to evaluate the mechanical properties of emulsified asphalt which included 0% to 6%
OPC substituted for mineral filler. Significant improvements were realised with higher

percemages of OPC as can be seen in Figufle 4'his led them to suggest that cement
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modified asphalt emulsion mixtures might be utilized as a structural layer. They also
established that without cement incorporation, CMAs have poor mechanical performance
anda high susceptibility to moisture. More recentBruc et al. (2013)examined the

effect of Portland cement asabstitution for mineral filler in cement modified emulsified
asphalt. They used three asphalt emulsion mixtures with various residual asphalt contents
of 4.2%, 5.2% and 6.2% by dry aggregate mass, finding that the cement acted as a
secondary binder in themulsion mixtures, responsible for improvement in creep and
resistance to permanent deformation. The increase in residual asphalt content caused a

reduction in creep deformation resistance in emulsion mixtures.
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Figure 4.4. Influence of cement on resilient modulus (Oruc et al., 200;f)ermission

to reproduce this figure has been granted bpringer Science+Business Media
Recently, there has been much more research on using cement in emulsion mixtures.
Wang and Sha (2010pvestigated the interfacial characteristics of cement asphalt

emulsion mastics and aggregate finding that a finer cement and mineral filler enhances
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the micro hardness the interface, but care has to be taken not to use mineral filler which
is too fine.Garcia et al. (2012psted CMAs with various cement quantities in terms of
the Marshall stability test. Mixturegere cured at various environmental humidity levels
(35, 70 and 90% RH). They demonstrated that combining asphalt emulsions and
cementitious material results in a material possessing beneficial properties for both
asphalt and concrete. The incorporationcement causes changes in the pH of the
emulsion leading to it break, as shown in Figw®. & his suggests that composites of

asphalt and cement may be appropriate for use as a road material.
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o
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| |

s T
U )
Water —iv;&;&}g Aggregate
S 35 der L
C :
\

1 Bitumen emh Ision breaking
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Figure 4.5. Schematic representtion of the hardening process of an asphalt
emulsion composite (Garcia et al., 2012)ermission to reproduce this figure has

been granted bySpringer Science+Business Media

Wang et al. (2013ytudied the influence of pH and water loss induced on emulsion
stability by the hydration of cement. They concluded that the increase in pH value

significantly influenced the chemical stability of cationic emulsions. A droplet
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flocculation evident at upper pH levels, was revealed in the optical photos of cationic
emukions as presented in Figur&4 The charge and cationic emulsifier on the cationic
emulsion droplets are rapidly broken down, leading the emulsion to speedily flocculate
and coalescdncreasing the pH a little, gives some enhancement to the aniongi@mu

stability.

(2) pH value = 1.52 (b) pH value =759 (c) pH value=1123

Figure 4.6. Optical image of cationic emulsion at different pH value (Wang et al.,

2013) permission to reproduce this figure has been granted blsevier

Al-Hdabi et al. (201H) investigated the use of OPC as a full substitution for traditional
mineral filler, focussing on mechanical properties and water damage resistance, in order
to develop a new cement tted CBEM made with gap gradingheir results indicated

that gapgraded, cold rolled asphalt mixtures gained significant enhancements in

mechanical properties, resistance to water damage and temperature susceptibility.

Fang et al. (2014)eported that the benefits of Cement Asphalt Emulsion Composites
(CAEC) are lower susceptibility to temperature in comparison to asphalt concrete and
highe flexibility compared with cement concrete. They studied the influence of cement

hydration on mechanical properties using two types of emulsions (cationic and anionic).
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CAEC mixtures were examined by isothermal calorimetry as well as Marshall tests by
incorporating OPC in three percentages; 0%, 3% and 6% by dry mass of aggregates. They
revealed that the emulsion had no substantial influence on the degree of cement hydration.
A higher amount of cement added to the mixture did however, lead to more bamgls bei

formed.

The use of rapithardening cements in Cement Bitumen Emulsion Asphalt (CBEA) was
also investigated b¥ang et al. (2016a)heir aim to accelerate the improvement of
mechanical propa#ds of such mixtures and achieve a better understanding of the role of
cement in CBEAThe mechanical properties after atesy of curing by the incorporation

of calcium sulfoaluminate and calcium aluminate cement are comparable to those

achieved by usingortland cement after orveeek of curing.

In summary, from the previous studies it can be seen that cement has been widely used
in CBEMs to enhance the properties of the mixtures. However,ntemanufacture is a

very energyntersive process leading t@amful environmental effects during production
(Schneider et al., 201L1The manufacture of 1 tae of OPC involves the consumption

of 1.5 tomes of quarry material,raenergy consumption of 5.6 @&fineand emissions of
approximately 0.9 tameof CO,. The cement industry is responisitior the production of

5% of total global carbon dioxide G@missionf O6 Ro ur k e .Ravikumar et, 20
al. (2010)reported that the recent drive to increase the consumption of waste-and by
product materials has resulted fromrawing awareness about the ecological impact of

Portland cement as a construction material.

Most of the above research work has concentrated on road surfacing pavement mixtures
with OPC added as a filler; no similar studies have been done on the perferafianc

binder courses using alternative fillers made from waste fly ash and waste materials as is
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the case in this research work. Developments addressing the challenges in this area have
focused on the exploration and utilization of waste angdroguct matgals to reduce the
cement content in CBEM mixtures for the enhancement of the mechanical properties and

durability of these mixtures.

4.2.5.2Incorporating Waste and By-Products Materials as A Filler Replacement

The utilization of byproduct andwaste materialsasfiller in the pavement industry,
specifically in the manufacture of CBEMs, is oway to addressssues aroundhe
removalor treatment ofuch materials, somethimghich isbeconing aseriouschallenge.

The increase of bproduct andwaste maerials is unavoidable, but new and useful
recycling opportunities which are economically sound and environmentally friendly, can
be established and applied. By using these materials, two advantages can be achieved;
they have a slight or no manufacturetcarsd the raise of such material will eliminate

the need for expensive disposal.

Previous studies have established that the mechanical properties of CBEMs can be
enhanced by using cementitious materials, for example Portland cement and rapid setting
cemat. Unfortunately, these materials have two main disadvantages; their environmental
impact and cost. Therefore, theuse of industrial byproducts and waste materials in
CBEMSs production is justifiable for technical, economic and ecological reasons as
explained earlier. In addition, the greater thickness of binder courses will allow the
guantity of the waste materials to be maximized which, in turn, will produce
environmental advantages. The pavement sector is a great consumer of materials, so there

is huge potential for the utilization of substantial amounts of waste materials in this field.

Thanaya (2003has carried out research applying different waste materials to CBEMs to

enhance their mechanical properties. He found that red porphyryn sand, synthetic
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aggregates made from sintering quarry fines and crushed glass, cabeasityrporated

into CBEMs and still allow satisfactory stiffness values. Examining other materials,
Thanaya (2003found that steel slag was risky as it leads to an expansion in volume in
wet conditions while crumb rubber causes cracks at early stages of compaction.
Conducting experiments using pulverized fly ash (PFA) as aifilleBEMs at full curing
conditionsThanaya et al. (200&)Ilso established th&@BEMs stiffness was comparable

to hot mixes thus confirming its suitability for use.

Research work perfmed byEllis et al. (2004)considered a variety of storage grade

macadams consisting of recycled aggregates from various sources bound by bitumen
emulsion and Ground Granulated Blastfurnace Slag (GGBS). The results here showed
that the stiffness and strength can development when GGBS is added in high humidity

conditions.

Recently, Al Nageim et al. (2012¢onducted experiments using waste materials and
industrial byproducts to develop a new clegeaded CBEM that has superior mechanical
properties compared to traditional HMA surface courses. Waste domesist flgamely
LIMU-FAL, was substituted for traditional mineral filler and as a result, another binder

was produced from the process of hydration between L-BU and the trapped water.

Al-Hdabi et al. (2014g)erformed experiments on the mechanical properties and water
sensitivity of coldrolled asphalt (CRA) by using a Waste Fly Ash (WFA) as a substitution
for traditional mineral filler. A silica fume, a Byroduct, was also incorporated as an
additive to improve the mechanical properties and durability of CRA. The results
confirmed a substantial enhancement in stiffness modulus and uniaxial creep tests, in

addition to water damage resistance.
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More recentlyNassar et al. (2016axamined the improvement of CAEMSs using binary

and ternary blended fillers (BBF and TBF). OPC, fly ash and GGBS were used for the
BBF while silica fume (SF) wasdded to the BBF to achieve TBF. He concluded that
TBFs are more suitable than BBFs based on the mechanical and durability results,
suggesting that TBFs would be active in road pavements subjected to severe conditions

both in hot and cold climates.

Dulaimi et al. (2016byleveloped a new cold asphalt concrete binder course mixture by
replacing limestone filler with a new binary blended filler material produced from high
calcium fly ash and a fluid catalytic cracking catalyst (FC3Rproved to be very
effective in providing microstructural integrity having a very high early strength and
showing a significant improvement in permanent deformation and fatigue resistance.
Adding a waste alkaline NaOH solution to the this binarydsefiller (Dulaimi et al.,
2017)resulted in the development of a niastcuring and environmentally friendly cold
asphalt concrete for binder courses mixtubellaimi et al. (2017)concluded that
incorporating an alkali activated binary blended cementitious filler (ABBCF)
considerably improved its mechanical properties and water susceptibility. This high
performance ABBCF mixtar also has a substantially lower thermal sensitivity than
traditional hot asphalt concrete binder course mixtures. SEM analysis revealed that the
main crystallisation had taken place at an early stage and more significantly, the new
mixture had a comparabktiffness modulus with the traditional asphalt concrete binder

course after a very short curing time (less than one day).
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4.3 Summary

This chapter has focused on the previous attempts to improve the performance of CBEMs.
Different techniques have been used to enhance the mechanical properties of such
mixtures to make them environmentally friendly, economical and sustainable alternatives
to traditional asphaltsecause they can be mixed with aggregates without the need to heat
the stone and the bitumen in contrasttiaditional asphaltsHowever, weak early
strength, long curing times to achieve full strength and high porosity of cordpacte
CBEMSs have been cited as the main barriers to wide utilisation. The inclusion of OPC in
CBEMs has an advantage in that satisfactory strength can be reached in a short period of
time. However, OPC is not a green material and has a negative impact on the
environment. The reise of waste materials in CBEMs is commonly promoted for two
reasons; environmental sustainability and economic advantages. Accordingly, several
candidate waste materials have the potential for inclusiGB{DEA mixtures to generate

newcementitious materials to overcome the shortfallEBECEA mixtures.
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CHAPTER 5

RESEARCH METHODOLOGY AND CHARACTERIZATIO N OF

CANDIDATE MATERIALS

5.1 Introduction

To meet the overall research aim, this chapter provides information on the research
methodology adopted for the work, together with the characterizations of the materials
used to develop ne®BCEA mixtures. A number foindustrial waste materials were
collected, their mineralogical, chemical and morphological properties explored to assess
their potential for further research. This is important as such characteristics have a
significant influence on the properties @BCEA mixtures. The characteristics of OPC

and LF are also defined.

5.2 Research Methodology

A laboratory study approach has been selected to explore techniques which can be used
to develop new, fasturing CBCEA mixtures using different waste materials. Potential
activation techniques were proposed based on the initial properties of candidate waste
materials. The methodology adopted for this study has been detailed below, a schematic
diagram of the entire methaglmmarized in Figure-%. Concentrations of calcium,
silicon and aluminium in waste materials had to be considered when choosing
replacements for conventional limestone filler as a balanced oxide composition and an

alkaline environment was necessary inribey cement material.
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Figure 5.1. Schematic diagram of the proposed research methodolog
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5.3 Experimental Techniques for theCharacterisation of Candidate Filler Materials

The following analytical techniques were implemented in order to explore the physical
and chemical characterisations of the candidate waste materials and assess their
incorporation, individually or collectivg] in this research. The main aim was to
determine and explain the relationship between the phgsiemical structure of the
selected waste materials and hence produce a new cementitious filler foQBEEA

mixtures.

U Energy Dispersive Xray Fluorescence (EDXRF)
An X-ray fluorescence technique (XRF) was applied to explore the chemical composition
(major oxide and trace elements) of the selected waste materials using a Shimadzn EDX
720, energy dispersive,-ay fluorescence spectrometer (Figé). Qualitative and
guantitative element analyses were performed as it is ideal fordewiructive
application. The analysis is accomplished by applyirgays to the specimens and

analysing the remitted characteristic fluorescentry.

Figure 5.2. Energy dispersive Xray fluorescence (EDXRF) spectrometer
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U X-Ray Diffraction (XRD)
X-ray diffraction is a method where a focuseday beam is targeted at a sample in a
powder state, the pattern of difftad rays recorded. This technique involves analyses of
the intensity and the angle of the diffractedtay beam after encountering a plane of
atoms in a materialAlizadeh, 2009h) Patterns identified using this technique, each
material composed of a unique fingerprint, can be utilireclassify the mineralogy of
crystal particles in the powder and is usually used for the characterization of crystalline
materials and the detection of different chemicals. In this research, XRD testing was
performed by using a Rigaku Miniflex diffracteter, as shown in Figure® The phase
composition of the materials was determined using CtiRax radiation, 30 kV voltage,
current 15 mA at a scanning speed of 2.0 deg./min. in continuous scan mode with an

aluminium specimen holder. The samples tesiaaldry state.

Figure 5.3. Rigaku Miniflex diffractometer
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U Laser Diffraction Particle Size Analyser
Particle shape and size play a substantial role in the improvement and application of
sustainable CBEMsechnology. A Beckman Coulter Laser Diffraction Particle Size
AnalyserLS 13 320 (Figure ), was used to determine the Particle Size Distribution
(PSD) of the filler materials while in liquid mode. It uses reverse Fourier optics
incorporated in a paterddibre optic spatial filter system and a binocular lens system.
This allows the LS 13 320 to optimize light scattering measurements across the widest
dynamic range, from 40 mm to 2000 pum, in a single scan in aqueous liquid mode (ALM)
(Beckman, 2016) The average from five consecutive runs was taken for each

measurement of particle size.

Figure 5.4. Laser diffraction particle size analyser

U Scanning Electron Microscopy (SEM)
SEM is a method for higkesolution imaging of sampleusfaces by scanning with a high
energy beam of electrons across a surface. It is a technique used to illustrate the

microstructure morphology of particlesd the surface characterization of materials
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SEM images were collectedsing both Inspect S and Quanta 200 scanning electron
microscopes as shown in Figurés5The specimens were coated with palladium, using
an auto fine sputter coater, to increase conductivity. 8pMies a focused beam of high
energy electrons to producedeversity of signals at the surface of solid samplese Th
signals arising from electraample interactions reveal information about the specimen,
comprising external morphology (texture), chemical composition, crystalline structure
and the orientation ofmaterials(Swapp, 2016) Test conditions comprised an SEM

resolution of 34 nm, high vacuurand a test voltage ofZb6 kV.

Figure 5.5. SEM apparatus

i pH Measurement
The pH, or hydrogen activity, is a measure of the acidity or alkalinity of a solution.
Cement hydration and pozzolanic materiate,[@H dependent and as such, the pH value
determination test is a significant test to identify different reactions which may d&gur.

using a pH meter (€orningmodel 240 as shown in Figure-&), the pH of selected
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materials was measured, a Buffer santiused for calibration prior to the test. A

suspension of water with filler was prepared and the pH measured at lab temperature.

=

. g S ‘
A A 3 ’ S

| %

Figure 5.6. pH meter

U Concentrations of Heavy Metals
The environmental impact of including waste materials in pavement layers is a significant
issue that must be considered fonwanber of reasons. These layarg in continuous
direct contact with the surface and also with underground water, this incréeeshagard
of water pollution because of leaching of harmful materials, such as heavy metals, into
underground water resourc@dodarres et al., 2015a)t was reported bylalim et al.
(2003) that small quantities of heavy metals are essential for health, but excessive
amounts can cause serious or chronic toxicity. In this research, a Toxicity Characteristic
Leaching Procedure (TCLP) test was used to determine the leached concentrations of
cadmium (Cd), chromium (Cr), lead (Pb), barium (Ba), copper (Cu), arsenic (As), nickel
(Ni) and zinc (Zn) from the ne@BCEA following the procedure adopted Byie et al.

(2009)andModarres and Ayar (2016) analyse the possibility of heavy metals leaching
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from the CBCEA mixtures. The concentration of heavy metals was measured using an
atomic adsorption spectrophotometer (type: Thermo, Model: ICE 3300) as shown in

Figure 57.

Figure 5.7. Atomic adsorption spectrophotometer

U Density
Density is required for volumetric analysis performed according to the standard BS EN
10977 (European Committee for Standardization, 2008nga pyknometer. Density is
measured as the volume of irregularly shaped samples determined by substituting a
certain quantity of liquid of identified density with the testrtppn over known mass

sample.

5.4 Selected Fillers Characterizations

5.4.1 Limestore Filler (LF)

Commercialimestone filler (LF) was supplied by Francis Floved at BS EN 13043
grade, fulfilling the following parameters: a Cagifontent greater than 70%; loose bulk

density in kerosene between @® g/ml; a particle size with moreath 70% passing
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63um, and a moisture content of less than 0.1%. The measured pH was 9.39 and the
measured density 2.37g/ m°. From the SEM seen in Figure85it can be observed that

the particles are irregular with sharp angles. Figu@eshows the powdeXRD pattern

of LF which is composed of calcite and quartz. The PSD of LF in Figafeshows that

i's composed of 2 4oar@ Becrespeeativelty. Mo of UFGartiolesdare

bet ween 3em and 130em in si ze. alyfisieshowim e mi ¢

in Table 51 where it can be seen that the LF was mainly composed of CaO and SiO

curr

65 pA Inspect S

Figure 5.8. SEM view of limestone filler particles
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Figure 5.9. Powder XRD pattern for limestone filler
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Figure 5.10. Comparative PSD of LF and OPC
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Table 5-1. Comparative chemicalproperties of LF and OPC

Properties LF OPC
CaO, % 76.36 62.379
SiOz, % 16.703 26.639
Al20s, % 0 2.435
MgO, % 0.981 1.572
FeOs, % 0 1.745
SGs, % 0.096 2.588
K20, % 0.348 0.724
TiO2, % 0.185 0.385
NaO, % 2.258 1.533

pH 9.39 12.92

5.4.2 Ordinary Portland Cement (OPC)

A commercially available cement type CHMA/LL 42.5-N, manufactured by Hanson

UK, has been used throughout this work. OPC has a density of d@h&; the pH of

the aqueous solution was found to be 12.92. It can be observedhieoRSD of OPC

shown in Figure 80 that o and do wer e measured as 11.90
respectively, with the majority of partic
doo value of OPC makes the particles finer than those in LF. This alldughar level
reactivity through hydration reactions producing higher strength. Tablat®ve details

the prime oxides identified in EDXRF, namely Ca, Si, Al, Mg and Fe with a 2.588%6 SO
content. The high Ca and Si content and significant content of §laMl Fe oxide
constitute the major chemical strength behind their pozzolanicity. These results are
consistent with those obtained Iorinaldesi and Moriconi (2009); Sadie et al.
(2012b); Sadique et al. (2012a) the same type of cement. In the SEM view as shown

in Figure 5.11, OPC patrticles show as irregular shapes produced after grinding clinker.

The powder XRD patte of the reference cement as shown in Figure 5.12, reveals that it
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was composed of alite (3CaOS3)Qbelite (2Ca0Sig), ferrite (4CaOAIOs.fex0s),
calcite (CaC@) and periclase (MgO). Cement has conventionally been used to speed up
the breaking of bitumeemulsion in CMA and the consumption of water by cement

hydration(Fang et al., 2016b)

mag O wD HV | 10 = —4 O N 111
4000x 8.2mm|S500kV|4:3 Quanta 200

Figure 5.11. SEM view of OPC patrticles
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Figure 5.12. Powder XRD pattern for OPC

5.4.3 Paper Making Sludge Ash (PMSA)

PMSA is produced by the paper recycling industry from the combustion of waste paper

and is classified as unsuitable for recycling. These wastes are burned to decrease their

volume and geneta energy. PMSA is rich in hydraulic minerals such as lime (CaO),
mayenite and gehlenite and can be categorised as a hydraulic mineral ad(Seguie
et al., 2012)Free lime in the mix reacts with water providing a highly alkaline solution

leading to the release of mareactive jpases such as A); and SiQ into the system

(Mozaffari et al., 2009)

PMSA is a dry whiteashresidueand was obtained from Aylesford Newsprint Mill

Limited Ltd (ANL), Europeds

principal

W a S

of newsprint, manufacturing 400,000 tonnes annually of recycled newsprint from 500,000

tonnes of waste paper fibre. This produassund 125,000 tonnes of PMSA annually in

the UK (WRAP, 2007) In the EU, the process of combustion is controlled and usually

utilizes fluidised bed combustion at 850°C to 110Q0®ng et al., 2015)
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In this research, two grades of PMSA have been collected, sourced from the same
manufacturer namely: Fine RapMaking Sludge Ash (PMSAK) and Coarse Paper
Making Sludge Ash (PMSA). It can be seen from Figurel3 that PMSAF has finer

grain size distribution than PMS@ but they have the same coarse particles in the range
0-1 um. Most of the PMSA- particles ee in the region of 30 um to 160 um having d

and do equal to 41.24 um and 119.0 um respectively. Conversely, most of the RMSA
particles fall in the region of 30um to 400pm having and @o equal to 9.58um and

323.1um respectively

The PMSA sampleare generally calcium aluminosilicate, seen in Tale &s identified

by X-ray fluorescence spectroscopy. The major oxides for both grades are Ca, Si, Al, Mg
and Fe with some trace elements. No major variation has been identified in the chemical
structue of either grade of PMSA. The presence of Ca, Al and Si in flysastnificant

for the development of a new cementitious material from waste apcblyct materials
(Sadique et al., 2013padique and ANageim (2012)yeported a lower CaO content
(57%) in their investigation with a higher proportion of 5(@8%). The pHvaluefor
PMSA-F and PMSAC are 12.74 and 12.72, respectively. The benefitisfhigher pH

with high calcium and silicon oxide contents will be discussed as this is deemed necessary

to explain the mechanical properties of the I@&BCEA mixtures.

The SEM view of both PMSA samples patrticles in Figurdsi@and 515, shows both
gradego be flaky, thin and agglomerated. However, these photos confirm the PSD results
which identified PMSAF particles as finer than PMS@ particles. Theg equal was to

41.24 um for the PMSA- sample while it was equal to 97.58um for the PMS8ample.
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Figure 5.13. Comparative PSD of PMSAF, PMSA-C, LF and OPC

Table 5-2. Comparative chemical properties of PMSAF and PMSA-C fillers

Properties PMSA-F PMSA-C
CaO, % 67.057 66.964
SiOz, % 24.762 24.662
Al203z, % 2.430 2.347
MgO, % 2.845 2.744
FeOs, % 0 0
SGs, % 0.340 0.332
K20, % 0.266 0.326
TiO2, % 0.473 0.519
NaO, % 1.826 1.760

pH 12.74 12.72
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20 pm
Inspect S

Inspect S

Figure 5.15. SEM view of PMSA-Coarse particles

It was found that both PMSA powder samples had the same XRD pattern, as shown in

Figure 516, the samples observed to be crystalline, containing sharp peaks without
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significant noise in the background. The major crystalline phases determined by XRD
are: calcite (CaCg), lime (CaO)mayenite (CaAl14033), merwinite (CaMg[SiO4]) and
gehlenite (CAI[AI,SiO 7]). A similar mineralogy was reported Badique and ANageim

(2012)andSadique et al. (2012ahowever no merwite was detected in the latter.
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Figure 5.16. Powder XRD pattern of PMSA

5.4.4Fluid Catalytic Cracking Catalyst Residue (FC3R)

FC3R is white or very slightly grey, created as a petroleum waste product from the fluid
catalytic cracking (FCC) units of oitracking refineries and has specific or certain
molecularweight. It is composed chiefly of inorganic silica and alumina with an open
zeolitic structure and shows pozzolanic actiyMejia de Gutiérrez et al., 2015)hese
products have a short life with regard to cgtalactivity and old inactive catalysts may

be substituted by a new, active catalyst. Consequently, substantial amounts of FC3R are
generated,about 400,000 tonnes every ydaurimsky, 1996; Pacewska et al., 2002)

resulting in significant waste disposal problgiaya etl., 1999) Pacewska et al. (1998)
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have studied the pozzolanic nature of this catalyst using thermal and spectroscopic
techniques ah have suggested that the ability of FC3R to react with Ca(@H)
comparable to microsilica. It has been proved that FC3R is an excellgmbdhyct
pozzolanic material enhancing the early strength of cement mixtures and improving
pozzolanic reactiorfPaya et al., 2001; Marmol et al., 2016pr the current research,
FC3R was collected from OMYA CLARIANA, originally generated by a BP oil refinery

in Castelléon (Spain). The main oxides in this FC3R (TakB &reAl,O3 and SiQ,
consistent with thoseundby Marmol et al. (2015); Mas et al. (201%he measured pH

of this FC3Rwas6.09

From the PSD shown in Figurel¥, it can be seen that madtthe particles bFC3R are

in the region of 0.8um to §0n having d and do equal to 9.16um and 40.4&h
respectively.Microstructural studies in SEM, seem Figure 518, show that FC3R
particles are not irregular shapes but agglomerakhd. powderdiffraction in XRD
(Figure 519) reveals that FC3R has very low crystalline peaks comprising kyanite
(Al20sSi), quartz (SiQ, mullite (AlI6SkO13), and dehydrated GA zeolite
(Al9eCa1s0384Shke), of an amorphous nature meaning that it will show high nagcti
during the hydration process and can be used as an activator mdarialol et al.
(2015) investigated the pozzolanic activity of FC3R comparing its reactivity to
Metakaolin, a synthetic pozzolaithey found that FC3R has a comparable chemical
structure and high pozzolanic adtyv Pacewska et al. (199&vealed that both spent
catalyst and microsilica have the same potential to be combined with Ga@Hje
hydration process is highly exothermic, resulting in rapid setting of the cement paste.
Therefore, FC3R has the potential be used as a supplementary cementitious material
(SCM) which can replace cement in CBEbffering a way to manage sustainability

eliminating the need for cement in CMAs.
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The soluble Si@and AbOz present in the glass phase of the pozzolanic materials, reacts
with Ca(OH} released through the hydration of cement to make an extra calcium silicate
hydrate (CS-H) gel that improves the mechanical strength of the hardened concrete

structure(Lea, 1970)

Table 5-3. Comparative chemical properties of FGR

Properties FC3R
CaO, % 0.047
SiOz, % 35.452
Al203, % 44.167
MgO, % 0.684
FeOs, % 0.368
SGs, % 0
K20, % 0.049
TiO2, % 0
NaO, % 0

pH 6.09
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Figure 5.19. Powder XRD pattern of FC3R

5.4.5 Sodium Hydroxide (NaOH) Alkali Waste

Sajedi and Razak (201Hjiscuss a range of chemicals that can be used to activate
reactivity in cementitious components, for example, wodnydroxide (NaOH) which is

usually used as the alkaline activating agent for fly ash and other waste materials
(Ravikumar et al., 2010; Bui et al., 201%) this research,oslium hydroxide (NaOH)

alkali waste has been used as the alkali activator, the first time aseerapht for the
prewater content. The VWaOH alkali waste solution was produced by an acid
neutralisation plant (Lambson Limited, W

water.

The glassy component of fly ash powdenedterial is changed througalkaline
activation into very wellcompacted cemer(Fernandezliméenez and Palomo, 2005)
Palankar et al. (2015gported that AlkatActivated Slag Fly Ash Concrete (AASFC)

mixes have an acceptable enough performance for ps&@ment quality concrete when
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using steel slag aggregates, arguing that alialvated binders have the potential to
replace traditional OPC binders. Many materials such as GiGuaulated Blast
Furnace Slag (GGBFS), Fly Ash (FA), Rice Husk Ash (RHAT3R and Metakaolin,
can be used to produce alkatitivated binders through alkali activatidviorsy et al.
(2008) found that alkakactivated cementitious binders display greater mechanical
properties in comparison to OPC binders so, the alkali activation of fly ash offergadotent

financial and environmental savings when used as a cement repla¢Bangas, 2011)

Xu and Van Deventer (2000); Sofi et al. (200&ported that the alkali activation of
aluminosilicate materials such as GGBFS or FA as binder systems are being investigated
for use in concretes. For example, duriaigali activation of aluminosilicates, the
dissolution stage was found to be similar to Portland cement hydration at ear}{ages

and Van Deventer, 2000; Fernandiéménez et al., 2005Al-Hdabi et al. (2014c)
reported that the incorporation of high alkali teasaterial as a filler replacement in
CBEMSs provides an ambient environment to activate the hydration process of the

incorpomted cementitious constituents.
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5.5 Mechanical and Durability Laboratory Testing

Thanaya (20033tated thathe propertiesof asphaltsnust be assessed by suitable testing
methods. An extensive rangd tests and configurations exist to evaluadéevant
properties. The Marshall stability test and the Indirect Tensile Strength test (ITS) are tests
modes which do not take into consideration the elastic properti@spbalts In other
testing modes, iparticular in the Indirect Tensile Stiffness Modulus (ITSM) test, the

elastic properties dsphaltplay a significant role.

In general, there are three properties to consider in order to classify the perfoahance
an asphalt namelynechanical propertiesdurability and volumetric properties. At
present, there are no CBEM design procedures, testing protocols or specifications similar
to asphalt Consequently, researchers have usually adaptalttesting methods to
characterize CBEMs. Some amendmeragehbeen made to cover the compatibility of

the properties of CBEMs under related testing temperatures, curing and condition times.
Fundamental tests, i.e. ITSM on cylindrical samples, wheel track test on slab samples,
four-point load tests on prismatic reples and sentircular bending tests, were
implemented to investigate the mechanical properties for the new product/s. Table 5.4
shows a summary of the tests carried out to estaBBSDEA properties for this research.

With reference to ecological issu@stoxicity characteristic leaching procedure (TCLP)
test was performed to analyse the leachate from the specimens for concentrations of heavy

metal.

5.5.1 Mechanical properties

A laboratorytesting programme was set up to investigate the mechanical fgezerd
behaviour of theCBCEAs and to evaluate the effect of replacing traditional limestone
filler with new cementitious material. Four tests were performed to investigate the

mechanical properties as seen in Table 5
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Table 5-4. Tests used to identify the properties o€BCEA mixtures

Properties Test Specification
Indirect Tensile Stiffness Modulus BS EN 1269726:
(ITSM) on cylindrical specimens 2012
Wheeltrack test on slab sample at BS EN 1269722:
Mechanical 45°C and 60°C 2003
properties Fatigue test (foupoint bending test) or  BS EN 1269724,
prismatic samples Annex D: 2012
- . BS EN 12697
Semitcircular bending test (SCB) 44-2010

BS EN1269%12:
Water sensitivity S 69

Durability 2008
Ageing test SHRP AO03A
Bulk density BS EN 126976: 2012
Volumetric Air voids, Voids in Mineral
properties Aggregate(VMA) and Voids Filled with BS EN 126973: 2003

Bitumen(VFB)

5.5.1.1Indirect Tensile Stiffness Modulus (ITSM) test

The stiffness ofan asphaltis defined as the proportion of uniaxial stress and
corresponding strain. With a high stiffness modulus, the structuraklafarroad will
distribute wheel loading over a large area, protecting the underlying layers of the
pavement. The ITSM test is designed to test the capacity of individual layers of pavements
to spread traffic loads to the layer underneath. An ITSM test with diametric pulsed loads
on a cylindrical specimen has been selected because it is relatively fadgstauctive

and widely used throughout the world to assess the stiffness modualsghaits |t can

also be considered as a synthetic index of the structural properties of mixes. The test is
conducted to measure small strainsasphaltdy applying implse loading on a vertical

diameter of a cylindrical samp{®jum, 2015)
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Currently, stiffness modulus is generally accepted as a highly significant performance
property ofasphaltsused as an indication of théoad distributioncapability. Stiffness
modulus is one of the most significant properties which affects the critical strains
produced in both base and subgrade layBesad and Whiteoak, 2003p6 F| aher t
(2007a)also statedthat the stiffness modulus is a significant performance property of
both base andinder course, defined as the loggreading ability ofasphaltlayers.
Sunarjono (2008kuggested thatmeasurements of stiffness may also be used as an
indicator of the quality of mixtures in terms of susceptibildytemperature, sensitivity

to water and ageing. This test has often been used by researchers as an indicative test for
ranking CBEMg(Thanaya, 2003; Oke, 2010; Al Nageim et al., 2012BAsaltan et al.,

2012; AlHdabi et al., 2013a; Dulaimi et al., 2016A8) minimum of five samples have

beenused for eacmixture type.

In this test, five load pulses were applied to the sample to determine stiffness. An indirect
def ormation on the horizont al di ameter
diameter is known, the strain can be determined appéed stress can albe calculated

since the crossectional area is known, meaning that the force utilized can be calculated
(Read and Whiteoak, 20Q3Jhe stiffness modulus @fsphaltscan be determined, after

calculating the stress and strain, by using the equation below:
Sm=—®x(v+ 0.27) eéélpgeéée

Where:
Sm = indirect tensile stiffness modulus (MPa)
L = the peak value of the applied vertical load (N)

D = the peak horizontal diametric deformation resulting from the applied load (mm)
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t = the mean thickness of the test specimen (mm)

v= t he v al u atotofthedsphaliat the tanipsrature of test.

A measurement of the stiffness of the mixture is obtained by the application of
predetermined, repeatedalis to each sample under festd by deciding the particular
recorded passing deformations througlo Linear Variable Displacement Transducer
(LVDT) sensors. The test was conducted &t2&ccording to the standard BS EN 12697

26 (Eurgpean Committee for Standardization, 2012€ijgure 520 depicts the test
configuration of the ITSM test using the Cooper Research Technology HYD 25 testing
apparatus with a pneumatic close loop control system, while Tablednprises a

summary of theest parameters for the ITSM test.

Table 5-5. ITSM Test Conditions

Parameter Range

Specimen diameter, (mm) 100+ 3

Rise time, (ms) 124 £ 4

No. of conditioningpulses 5

Loading time, (S) 3i 300
Transienpeak hori zontal 5

Poi ssonb6s ratio 0.35

No. of testpulses 5

Test temperature, (°C) 20+ 0.5

Specimen thickness, (mm) 63+3

Compaction Marshall 50 blows/face
Specimen temperature conditioning 4 hours before testing
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Figure 5.20. ITSM Test Configuration

5.5.1.2Resistance to Permanent Deformation

Permanent deformation is one of the major issues for bound and unbound layers in asphalt
pavementslefined as an accumulation of the minor, irrecoverable part of the deformation
produced by each wheel load. It develops slowly with an increase in number of load
applications, appearing as a longitudinal depression taking place in the wheel path of the
vehicle. It is affected by mixture properties, i.e. material properties and volumetric
composition. The resistance of asphalt to permanent deformatidireba assessed using

the wheeltracking test by several research&wdin et al. (2009); Ma et al. (2015);
Dulaimi et al. (2016h) Wheel tracking tests have been applied to investigate the
permanent deformation resistance in this research to est@{SBAs susceptibility for

failure under loading. These tests atidely accepted as a reproduction of the effects of

traffic on the surface @afsphalt The test was performed to recreate, as closely as possible,
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conditions on the road in order to identify and appraise the mechanisms of failure of

CBEMSs under controlledonditions(Ojum, 2015)

Thetest wasconducted at two temperatures;y@mnd 60C, in a temperature controlled
chamber using a safl, model HYCZ5, wheeltracking device as presented in Figure 5

21. This device is used by the Liverpool Centre for Material Technology (LCMT) lab to
assess rutig resistance at moderate to heavily stressed sites and very heavily stressed
sites respectively, according to BS EN 13{B8ropearCommittee for Standardization,
2015) The tests were carried in accordance with BS EN 12&9nstructiongEuropean
Committee for Standardization, 2003&pble 56 illustrating the test conditions. In the
wheel track test, a rubber tyre moving at a speed of 42 passes/minute, is acting on the
sample in a forwards and backwards mode in theeehthe slab sample with a contact
width of 50 mm. A Linear Variable Differential Transformer (LVDT) was employed to
measure the vertical displacement of the slab sample along the path of wheel. The final
vertical deformation was used as an indicatorrudfing resistanceThe testswere

performed with five specimens per mix type.

A slab specimen of length 400 mm, width 305 mm and thickness 50 mm was compacted
in a steel mould using a Cooper Technology Roller Compactor device following the
standard BS ENL269733 (European Committee for Standardization, 2008)ich is

shown in Figure 22.

The parametrs for both th&VheelTracking Slope\WTSair) andProportional Rut Depth
(PRDar) were determined according to the standard BS EN }2@9(European
Committee for Standardization, 2003ap assess the mixturesbd

deformation where:

U PRDar is the proportional depth of the rut after 20000 cycles (%)
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U WTSanr is the tangent ofie angle of slope of the rut depth increase (mm/ cycles),

determined from:

WTSar = eeééeeéeeceéeeéeeée. .2 (5

where: d5000, d10000: the depth of the rut after 5000 and 10000 loading cycles (mm).

2 I L— Displacement
‘e P

~.sensor

: I

Rubber wheel

Specimen

Temperature Senso[

>

Figure 5.21. Wheettracking equipment used by LCMT lab
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Figure 5.22. Roller compactormachine

Table 5-6. Wheettracking test conditions

Parameter Range

Tyre of outside diameter, (mm) 200205

Tyre width, (mm) 505

Trolley travel distance, (mm) 230+ 10

Trolley travel speed, (time/min) 42 +1

Contact pressuréMPa) 0.7 £0.05

Poi ssonds ratio 0.35

No. of conditioning cycles 5

No. of testcycles 10000

Test temperature, (°C) 45, 60
Compaction Roller compactor
Specimen temperature conditioning | Fourhours before testing

5.5.1.3Resistance to Fatigue Cracking
Fatigue cracking is fracturing which occurs under repeated loading, having a maximum

value usually less than that of the material tensile strgRgthd, 1996)It is one of the
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primary sources of distress resulting from cumulative damage under repeated load
variations in temperature and construction practices which induce stress less the tensile
strength of asphalEatigue resistance is an important mechanical propeggphals as

fatigue is one of the most common mechanisms of pavement degradatiompltises

two main stages; crack initiation which can be described as the coalescence of micro
cracks to generate a maarack under repeated application of tensile strains, and crack
propagation which constitutes the growing of the macatk throughtte material under

the additional application of tensile straifead and Whiteoak, 2003)

In this research, fatigue aleng resistance has been carried out 4C24t a frequency

of 10 Hz in strain control mode by means of fpaint bending beam tests on shaped
prismatic samples according to the standard BS EN 1282012(European Committee

for Standardization, 2012bYhe compaction of slab samples was carried out using a
roller compactor, the prismatic samples then generated frese #labs. These prismatic
specimens measured 48G0 x 50 mm with a swan face (Figure23). The tests were

carried out with five samples per mix type.

The prismatic beams were subjected toHpoint, periodic bending with free rotation and
translationat all load and reaction points. Bendingeftectedby loading the two inner

load points (inner clamps), in a vertical direction, vertical to the longitudinal beam axis.
The pependicular position of the endearings (outer clampsj)s fixed. This load
configuration will create a constant moment and therefore a constant strain between the
two inner clamps. During the test, a sinusoidal waveform load was applied. The four
point beam fatigue set up is depicted in Figu&t5vhile Table 57 provides a summary

of the test conditions. In this study, fatigue life is defined as the number of cygles (N
required to achieve a 50% decrease in material stiffness modulus. The relationship

between fatigue life and range of strain levels, i.e. 1@6,and 150 microstrains, have
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been examined fohe new fasturing CBCEA mixtures and compared &sphaltswith
binder grade 100/150 pen and 40/60 pen. The fatigue line can be plotted according to the
results representing the length of lifef\Xor the chosen fatigue criteria by forming a

linear regression between the natural logarithmsaind the natural logarithms of the

initial strain amplitude (U). The equati
INNi=Ao+Al n (0) eéeéeéeéeceéceéeéeéeds
where:

Ao represents intercept withgkis

A1 represents the slope of the fatigue line

Figure 5.23. Four Point Load Prismatic Specimens
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Figure 5.24. Test Set Up for FourPoint Bending

Table 5-7. Four Point Bending Fatigue Test Conditions

Parameter Range

Control method Constant strain
Test temperature, (°C) 20+1
Sampledimension, (mm) 400x50x50
Frequency, (Hz) 10

Microstrain 100-150

Initial stiffness end alue, (%) 50

5.5.1.4SemiCircular Bending (SCB) Test

Semicircular bending (SCB) tests have been used to assess the potential for crack
propagation by determining the tensile strength or fracture toughnasgtafits The test

was performed at °®&, according to BS EN 126974 (European Committee for
Standardization, 2010a)ising a Universal Testing Machine type (H25KS) as shown in

Figure 525. A vatical load is applied until the serircular specimens (150 mm
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diameter) are fractured, this providing flexural strength and fracture toughness readings
The laboratorycompacted slabs, prepared by using a roller compactor, were cored using
the core madhe. Threespecimens were obtained from each slab, measuring 150 mm in
diameter, each then sliced down the middle to produce two duplicate samples (Figure 5
26). A notch of depth 10 mm was made on each sample before th@dhitdlexural

test was perfaned, following the specification BS EN 12684 (European Committee

for Standardization, 2010a)n the semcircular specimen. Loading was carried out on
the centre of the seraircular specimen under a constant displacement rate of 5
mm/minute, until the sample was damaged. Loading sensors and LVDT were used to
record the applied load and theresponding vertical deflection at the centre of the semi

circular samples.

In accordance with thEuropean Committee for Standardization (20188 maximum
stress and, ahdahe toughnessf),(offeach sample was calculated, according
to Equation (86) and (57) respectively.

o I T S A
0 max= ———— Nmni? eeééééceecceeceeeéeée. (549

where:
D = is the specimen diameter, mm

t = is the specimen thickness, mm

Fmax = is the maximum force of specimen, N

Kic= nix. f (=) N/mm3? Eéééééééeeeceeéeéeéeéee. .-5(5
where:

w = specimen height, mm

a = notch depth of specimen, mm

0 max = Stress at failure of spesen, Nnm2.
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f (a/W) = geometric factor of specimen, for 9 <a <11 mm and 70 <W< 75 mm, then f

(a/W) = 5.956.

Figure 5.26. SCB samples preparation
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5.5.2 Durability Tests

Durability can be conceptualised as the capacity of materials in an asphalt pavement, to
withstand environmental effects $uas temperature variation, water and ageing without
any substantial weakening over a period of time for a geeal of traffic loading. It is
generally accepted that water sensitivity and ageing aradbesensitive parameters that
affect the durabiliy of asphaltsin this research, the durability of the mixtures has been

tested in terms of water damage resistance and age hardening failure.

5.5.2.1Water Sensitivity Test

Moisture damage in asphalt is connected with the loss of adhesion and/or cohesion in the
material which leads to a decrease in stiffness, durability and stré®gihkah et al.,

2009) Water sensitivity is therefore an indefkavaluation of the performance of asphalt

in a pavement. The existence of water in the layers of the pavement will cause initial
failures in asphalt pavements in two ways: stripping distress as a consequence of
debonding of the bitumen film from the aggate surface and/or premature

rutting/fatigue distress resulting from a reduction in the strength of the mix.

In this research, water sensitivity tests were performed according to BS EN-12697
(European Committee for Standardization, 20@8re the Stiffness Modulus Ratio
(SMR) was used to examine sensitivity. Two sets of specimens with three parallel
samples in each set were prepared using a Marshall hammer. The first set was assigned
as the unconditional test (dry), the samples kept in their moulds for 24 hours after which
they were extruded and placed in the lab at 20°C for 7 days. Following this, they were
subjected to ITSM at 20°C. The second set was prepared for the conditional test (wet),
left in the moulds for 24 hours before extrusion and cured’a& &0 4 days. Thg were

then conditioned as follows:
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1 Immersed in water, making sure they were completely covered with water,
thereafter subject to a vacuum (6.7 kPa pressure) as shown in Fgnifers30
minutes at 28C.

1 Left submerged for the next 30 minutes after gedly letting atmospheric
pressure into the vacuum desiccator. The pressure was decreased slowly to avert
damage to the samples from expansion.

1 Immersed in a water bath for 3 days at@0

After conditioning, all samples were tested for ITSM test &iC2&here the water
sensitivity was evaluated by determining
stiffness modulus, according to the standard BS EN 1:2@4Furopean Committee for

Standardization, 2008)

Water path Vacuum pump Glass jar

Figure 5.27. Water sensitivity apparatus
5.5.2.2Ageing Test
It is generally agreed that shtetm oven ageing, which simulates the ageing of mixtures
during the production stage, may not be applicable for CBEMs because of heat

elimination through the process of production. A more appropmatéod may be long
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term oven aging which simulates the ageing of mixtures on the road when in use. The
method recommended by the Strategy Highway Research Program (SHRP) AO03A was
adopted in order teimulate longterm ageing.Kliewer et al. (1995)describe this
procedure asuringcompacted samples in an oven at@¥%or 2 or 5 days to simulate 5

or 10 years ageing of bitumen in the field.

Two groups of samples were prepared and divided to two sets. The first set was
unconditioned where the samples were kept for normal curing and not exposed to oven
curing. Regardinghe second set, specimens were prepared and placed in an ov¥h at 85
for five days to simulate 10 years of the dg&dening effects. Both groups of samples
were subjected to ITSM following the BS EN 12627 (European Committee for

Standardization, 2012¢) measure the Stiffness Modulus Ratio (SMR).

5.5.3 Volumetric Properties
Air voids percentage, dry bulk density, Voids in Minerajghegate (VMA) and Voids
Filled with Bitumen (VFB) were determined following M3} (Asphalt Institute, 1989)

Volumetric properties can be calculated as follows:

Wet density eéeéeéeéeée. ... .-0).
Dry density=—xwet density €Eééééééérpgececeé
SGmax= eééeéeée. éée. éée 8
Airvoids= (I-———)x1 0 0 % Eeéeéeéeénee. . é
VMA = air voids+ €Eééeéecé. éeée ¢é.¢é.W
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VFB= x1 00 % Cs11) . L L 6

where:

SSD: weightsaturated surface dry condition by towel drying the soaked samples,
RBC: residual bitumen content,

W: water content at the testing time.

SGmax IS the maximum specific gravity for the mixture.

CA: percentages of coarse aggregate.

FA: percentages of fineggregate.

F: percentages of filler.

B: percentages of bitumen.

5.6 Mix Design Procedure

5.6.1 Mix Design

Until now, there has been no universally accepted, design mixture for CBEMs. Some mix
design procedures have been proposed by various authoritiessaadchers, e.g. the
Asphalt Institute (1989); Jenkins (2000); Thanaya (2003)e majority of these
procedures are based on the Asphalt Institute procedure but with some modifications. In
this research, the design procedure for@BCEA mixtures was based on the method
adopted by thésphalt Institute (1989)namely the Marshall Method for Edsified
Asphalt Aggregate Cold Mixture Design (M3). The Marshall test in this method was
replaced by the indirect tensile stiffness modulus test. The following steps represent the

design method fathe preparation of the samples.
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U Determining AggregateGrading
Gradingand the properties ¢iieaggregate play an important role and exert an influence
on the performance of CBEMs (OJUM, 2015). TMarshall Method for Emulsified
Asphalt Aggregate Cold Mixture Design (M%) requires the maximum size of
aggreyate to be 25 mm or less. In this research, a crushed granite aggregate for both
coarse and fine aggregate obtained from Carnsew Quarry at Mabe, Penryn, UK (operated

by Colas) was used. These materials are normally used to prashltats

Asphalt concete is a contiuous graded mixture providiggod aggregate interlock. This
means that it has very good loadreading properties as well as a high resistance to
permanent deformation, making them the choice for use in places with slow moving
traffic, e.g.uphill, and at locations exposed to stationary traffic, e.g. car parks and aircraft
standf Read and Whiteoak, 2003; OO06FRemdaad t vy,
Whiteoak (2003)describe howthese mixtures are produced with cargiively low
bitumen contentsO 6 F | a h e r treportdd 2h@t @leh$e)bitumen macadam (DEsVI)

the predominarasphaliutilized in thebinder courses and bas#drunk roads (including
motorways) in the UK. A number of factors associated with the chosen aggregate affect
final mix properties such as filler type and its percentage, shagbetyge of aggregate

and the specific gravity of different aggregate portions.

Foll owing a healthy discussion with the
(LCMT) industrial partner, the author with his supervisory team decided to use the same
aggregatagrading as the current binder course madasmhalts Therefore, al\C 20

dense binder eose was selected with gradiag shown in Figure-28 andaccording to

the standardBS EN 13108l (European Committee for Standardization, 200&)e
physical properties of the aggregate with traditional limestone mineral filler are presented

in Table 58. This represents a traditional deresphalt oncretewhich is the most
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common mixture in use as a binder course and base in road pavements in ffeeUK.
aggregate was completely dried in an oven at@C1the materials then riffled and subject

to sieve analysis in accordance with BS EN -@38European Committee for

Standardization, 2012aJhe fractions were recombined to give the ekgrading for

the manufacture of the mixtures.

Table 5-8. Physical characteristics of the granite aggregate

Material Property Value
Bulk particle density, Mg/rh 2.62
Coarse aggregate Apparent particlelensity, Mg/ni 2.67
Water absorption, % 0.8
Bulk particle density, Mgh® 2.54
Fine aggregate Apparent particle density, Mg? 2.65
Water absorption, % 1.7
]Si)"oer:ventlonal MINera  particle density, Mgnh® 2.57
100
90 -
oo diie« Lower limit
N 80
2 70 . /
7] Upper limit
@ 60
o
o
b= 50 =g Selected
% 40 grading
S //
@)
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Figure 5.28. AC 20mm dense binder course aggregate graug
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U Bitumen Emulsion Selection
The choice of bitumen emulsion is highly dependent otyfieeof aggregate and gradjng
environmental conditions angreparationin addition to thelaying equipment.
TheMarshall Method for Emulsified Asphalt Aggregate Cold Mixture Design {MS
14) specifies that slow settingreilsion is appropriate for wajraded aggregate whereas
for open gradednixtures fast setting emulsion isuggested, in accordance with the

Asphalt Institute (1989)uidelines.

A slowsetting cationic emulsion (C60B5), containing 60% residual bitumen designed for
use in road pavement and common maintenance applications, was used throughout this
research. The emulsion has to supply a bituminous binder for bonding the mix ingredients
andwater for the hydration of cementitious materials used to replace conventional filler,
and at the same time, retain the flexibility of the mixtures. The high adhesion and high
stability of such emulsion i.e. cationic emulsions, make them the preferreg ¢bouse

in CBEMs, as recommended bykolaides (1994); Thanaya (2003)he emulsion was

supplied ly Jobling Purser, Newcastle, UKs main properties presented in Tab{®.5

Regarding the production of hot asphalt concrete binder course mixtures, two bitumen
grades of 100/150 peand 40/60 pen have been used for comparison purposes. Table 5

10 showshe properties of both bitumens.
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Table 5-9. Properties of (60B5) bitumen emulsion

Description (C60B5) bitumen emulsion
Type Cationic

Appearance Black to dark brown liquid
Base bitumen, 1/10 mm 147 pen

Bitumen content, % 60

Boiling point,°C 100

Relative density at 1%, g/ml 1.05

Table 5-10. Characteristics 0f40/60and 100/150penetration grade bitumens

Bituminous binder 40/60 Bituminous binder 100/150
Property Value Property Value
Appearance Black Appearance Black
Penetration at 25°C 49 Penetration at 25°C 131
Softening point, °C 51.5 Softening point, °C | 43.5
Density at 25°C 1.02 Density at 25°C 1.05

U Determination of Initial Emulsion Content (IEC)
Applying the Asphalt Institute empirical formula given belPsphalt Institute, 1989)
the Initial Residual Bitumen Content (IRBC), designated as P, can be calculated as shown

below:

P=(0.05A+0.1B+05C)x(0.7)é 6 éé6ééééeécécéé. ééé -12b
where:

P = percent by weight of emulsified asphalt, basedwvanght of dry aggregate,

A = percent of aggregate retained on sieve 2.36 mm,

B = percent of aggregate passing sieve 2.36 mm and retained on 0.075 mm,

C = percent of aggregate passing 0.075 mm.
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A value of P = 6.23% wasbhtained for the mixture grading@me modifications were
made in line with common practice in the UK whereby a si&e &f 2mm was used
rather thar2.36mm and also a sieve size 0.063mm used instead of sieve size 0.075mm
The initial emulsion content (IEC) value can be determined by idyid® by the

percentage of bitumen in the emulsion as shown below:

IEC (%) =— 6666666666666 6666( 43

where:

Xis the bitumen content of the emulsion which is 60%.

IEC =6.23 /0.6 = 10.38 (rounded up to 10.5%)

U Determination of Pre-Wetting Water Content
Thom (2009)eported that aggregates need to beyeted to make an acceptabliader
coating. The ability of bitumen emulsion to aggregate coating is sensitive to thefpre
water content of aggregate. Inadequatevpeewater results in balling of the asphalt with
the fines leading to unsatisfactory coat{fi¢panaya, 2003)He also stated that this pre
wetting water content will facilitate uniform distribution of tlenulsion onto the
aggregate surface allowing for better binder coat@®igm (2015)described how pre
wettingwith water lubricates aggregatas well as activating the surface charges on the
aggregatearticlesprior to the addition of the bitumen emulsion. The optimuravyaeer
contert depends on aggregate gradargl the physical properties of the aggregates. The
Asphalt Institute (1989)ecommended testing various percentages chpreng water
with the determinedhnitial emulsion content (IEC)o establish theowest premixing
water content needed to create the maximum coating percentage. This test was carried

out on a range of preetting water contenT'wo and a halbf total aggregate weight was
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used as starting point with 60 seconds of mixiAgewetting wder was added to the
aggregate, followed bghe emulsion and mixed for 60 seconds. In addition, four, 0.5%
additional increments were prepared as shown in Fig2@® Fhe optimum prevetting
water content giving the best bitumen coating on the mineratgatg, where the mixture

is neither too sloppy nor too stiff, w&5%, this the lowest percentage that gives the

highest coating percentage by visible judgment.

3.5%

Figure 5.29. Pre-wetting water content test

U Obtaining the Optimum Residual Bitumen Content (OREC)
Using the optimum prenixing, a sequence of tests was carried out with various residual
bitumen contents to optimize the residual bitumen content. The indirect tensile stiffness
modulus (ITSM) test was applieaccording to the standaf@S EN 1269726:2012
(European Committee for Standardization, 201@c)decide the optimum emulsion
content. According t o tic$ the optimansresiduahbaumenr i a l
was found to be 6.3% of total aggregate weight for soaked specimens. 10.5% emulsion

content was adopted as the optimum emulsion content.
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0 Optimum Total Liquid Content at Compaction (OTLC)
During this research, all the colalixtures were compacted directly after mixing.
Consequently, the OTLC was 14% by aggregate mass. High perforrGB{EAS,
which are suitable for use as a binder course, can be produced without any delay between
mixing and compaction leat) to fast manufeture of highdensityCBCEA mixtures for

binder course.

5.6.2 Preparation of Samples

5.6.2.1 ColdBinder Course Emulsion Asphalt (CBCEA)

These mixtures were prepared accordingrtfehod outlined by the Asphalhdtitute
(Asphalt Institute, 1989)Jsinga Hobart mixer (Figure 5.30a), aggregate materials were
placed into a mixing bowl and mixed with the specified 3.5%weting water for 60
seconds at a low speed. This was followed by the gradual addition of the bitumen
emulsion (10.5%) over 30 secondwlanixed for the next one and a half minutes at the
same speed. The samples were subject to impact compaction, using a Marshall hammer,
of 100 blows, 50 blows per face (Figure 5.30 b). It was reportédblgar et al. (2016a)

that Marshall compaction is an accepted procedure used to create a suitably dense
material. Finally, the 100 mm diameter samples were left inside their moulds for 24 hours

then extruded using a hydraulic-a®uldingapparatus.
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Figure 5.30. Mixing and compaction apparatuses

5.6.2.2 Hot Asphalt Concrete Binder Course Mixtures

Appropriate comparisons can be made by measuring the mechanical properties of
CBCEAIn relation to those of standard, AC 20 mm dense binder course mixtures. To do
this, two asphalt concrete binder course mixtures were fabricated, namely an AC 20 mm
dense imder course (100/150) and an AC 20 mm (40/60) dense binder course using the
same aggregate type and gradation asCBEEA mixtures with two different bitumen
grades. 4.6% optimum binder content by weight of aggregate was added accoiing to
6691 (European Committee for Standardization, 201faln)the AC 20 dense binder
courseThe two grades of AC 20 binder course were mixed at temperatures- 65D

and 16017CC for the 100/150 gn and 40/60 pebitumens respectively.

5.7 Summary
This chapter has examined and investigated the candidate waste materials that have the

potential to be used in new cementitious material to produce a GBEEA mixture.
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The research methodology adopted has been described to give guidelines on the
procedue used to achieve the research aim by accomplishing the research objects. The
selection of tests used to evaluate the n@BCEA mixture in terms of mechanical and

durability properties based on the fundamental tests that are used successfully for

asphais, have also been discussed.

Characterisation of the candidate waste materials revealed that the PMSA samples had a
high lime concentration with sharp peaks; the existence of Al and Si were expected to
have a substantial effect in the development of #ve cementitious material. The high
silica-aluminous concentration of FC3R, similar to metakaolin, makes this material
promising with reference to the activation of PMSA. Tamorphous nature of FC3R
means that it will demonstrate high reactivity duringtilgdration process. Furthermore,

the inclusion of WNaOH will provide an alkaline environment which is expected to
break the glass phases of fly ash particles and react with Ca¢@ddjing GS-H gel.

The results discussed in the next chapters will sobata the above claims.
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CHAPTER 6

THE DEVELOPMENT OF F AST-CURING COLD BINDER

COURSE MIXTURE/S

6.1 Introduction

This study aims to produce a fastring, cold binder coursemulsionasphaltmixture/s
(CBCEA) using a continuous aggregate grading. In this chapter, the process of adding
different types of fillers generated from waste materials and appropriate actfeatioa

filler will be discussed and analysed. The development of aGRGEA will overcome

the problems associated with the use of conventional CBEMs; low early strength and a
lengthy curing time ranging from 2 to 24 months as statddebgh (1994)The first step

was to produce a cold binder course using traditional limestone mineral filler. This filler
was replaced by Ordinary Portland Cement (OPC) which has been used extensively by
the pavement industry and researchers in the production of CBEMs in order to enhance
their mechanical properties. To overcome the disadvantages of OPC filler, high energy
comrsumption and environmental impact, candidate cementitious and pozzolanic materials
were used both individually and collectively. The results are reported and discussed in

this chapter, demonstrating the suitability for use in GBCEA mixture/s.

6.2 Curing of NewCBCEA Samples

A room temperature of 2Q was adopted as the normal curing environment for all the
mixtures in this research worRoyle et al. (2013)eported that curing regimes at ambient
temperature have been adoptatkly to overcome th difficulties relatingaccelerged

laboratory testing to in situ conditions.
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The specimens were kept inside their moulds for 24 hours before being extruded, this
representing the first stage of curing. Samples were then left in the lab and tested for
ITSM at various ages, i.e. 1, 3, 7, 14, 28, 90, and 180 days. In the pastesearghers

used higher temperatures such a%4i@ their curing regimes such akanaya (2003);

Al Nageim et al. (2012)Al-Busaltan et al. (2012); AHidabi et al. (2013b)Adopting a
normal curing temperature in this research will simulate the production, compaction and
placing of such mixtures in field conditions and will also avoid any premature ageing of

the binderSerfass et al., 2004b; Khalid and Monney, 2009; Ojum et al., 2014)

6.3CBCEA Mixtures Production

6.3.1 Production of the ControlCBCEA Mixtures

The first CBCEA control mixture was made using commercial limestone mineral filler
(LF). The preparation process for these mixtures was explained in section 5.6.2.1. All
samples were subject to ITSM testing at 1, 3, 7, 14, 28, 90 and 180 dagadore their
stiffness modulus. ITSM is a natestructive test used primarily to assess the stiffness

modulus ofasphalts t hi s associated to the materi al

Both grades of20mm asphalt concrete binder course mixtufdse second control
mixtures) were stored at 2D and tested at the same ages, i.e. 1, 3, 7, 14 and 28, 90 and

180 days.

The presence of water in the LF mixture makes it behave in a more complex manner in
comparison to the control AC mixtures. Figurd @lustrates the behaviour of these
mixtures, in terms of ITSM at different curing times, where it can be seen that the LF
specimens failed the ITSM test and coutd withstand test loads afterdhy of curing.
However, the samples gained some strengtér afuring forthree days, showing an

increase in the stiffness modulus. Increases in ITSM were observed mainly during the
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first 28 days curing; there was only a further 37% increase at age 180 days compared to
28 days. These results were very low in congoa to the ITSM of traditionalasphalt

concrete binder course 100/150 pen with a value of 2152 MPa. The ITSM forthe LF
mixture was around 9% of the AC 100/150 after 3 days, while at 28 days this value
increased to about 17%. After 6 months, the ITSNhe LF was around 24% of that of

the AC 100/150. The main reason for low early strength is trapped water in the LF
mixture; the evaporation of this water governs gains in strength. It should be noted that
five samples were prepared and tested for eaetifgpcuring time for the LF mixtures
because some damage was noticed for these reference samples especially at early ages.

There was no noticeable change in the ITSM for both typ&€diinder course.
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©
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2_ 3000 -
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o
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1000 A
D i —
0 J""‘_‘* T T T T T T T 1
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days
—@—LF —— AC 100/150 pen —— AC 40/60 pen

Figure 6.1. ITSM development of the controlCBCEA with LF

6.3.2CBCEA Mixtures Treated with OPC
Needham (1996&kported that the addition of OR€ 20 mm Dense Bitumen Macadam

(DBM) results in an increase in the stiffness values of such mixtures, as well as
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improvements in other mechanical properties. The effect of adding OPC to CBEMs and
the associated positive effect of this, has been exammesdne detail as described in

Chapter 5.

In the current research where the aim is to produce a newguiast) CBCEA treated

with OPC, OPC has been used as a replacement to traditional limestone mineral filler in
the following percentages: 0%, 1.5%, 3%8% and 6% by total dry aggregate weight. It
can be observed from Figure26that the incorporation of OPC significantly improved

the stiffness modulus of the samples reaching its maximum value when all the limestone
filler was replaced by OPCrhe CBCEA mixtures treated with OPC have a stiffness
modulus around 19 times more than the refered@BEEA with LF after 3 daysin
addition, incorporating OPC i€BCEA mixtures enhanced the rate of increase and
strength values for these mixtures in the early daysdd days) of curing. After 7 days,

the rate ofncreasavas comparatively low (Figure-8).

This enhancement in the ITSM will overcome the major shortcominGBGEAs that
contain LF; low early stiffness and a long curing time. After one day, the [D8hkhe

OPC treated mixtures was 1763 MPa which is not far from the target ITSM (2152 MPa).
In addition, OPC treated mixtures surpass AC 100/150 within the first three midys a
achieve about a 60% increaselTSM after 3 days compared to the AC 100/15bis

result satisfies the first aim of the current research work, to decrease the curing time in
the field for such cold mixtures. The formation of cementitious bonds is the main reason
behind this improvement, as well as the consumption of trapped wadtered by the
hydration process of OPC, which leads to a loss in moisture from the mixtures. In
addition, the alkaline nature of the cement paste (see section 4.2.5.1 of Chapter 4)

neutralizes acids in cationic emulssoleading to an increase in pHhis increases the
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rate of destruction of the charge and cationic emulsifier on the cationic emulsion droplets

allowing the emulsion to flocculate rapidly as describetiMayg et al. (2013)
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Figure 6.2. ITSM results for OPC incorporation after 3 days
7000 -
4‘
6000 -
5000 ¢
©
S 4000 -
=
£ 3000 -
2000 A
1000 -
o0 . —o
O T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
days
—&—LF ——0OPC  —A—AC 100/150 pen —#—AC 40/60 pen

Figure 6.3. ITSM results for different curing times of OPC mixtures
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6.3.3CBCEA Mixtures Treated with PMSA

One of the main aims of this research work is the substitution of OPC filBBGEAs

with filler made from waste materials which have cementitious or pozzolanic activity
properties in order to produce fagtring CBCEA mixtures. From the previous sectjon

the importance of replacing limestone filler with OPC has been established, enhancing
the weak early stiffness modulus GBCEA mixes. However, cement manufacture
requires extensive quarrying and energy intensive procedures, causing ecological impacts
atall stagegSadique and ANageim, 2012)3.8 million tonnes of C®were releastby

the cement industry in the UK in 2010 aldbepartment for Energy and Climate Change,

2012)

Because of this, many waste andgrgduct materials (PMSA, FC3R, CKD, SSA,
GGBS) have been analysed, both physically and chemically, to explore their cementitious
and pozzolanic properties. It was concluded that the existence of silicate bearing minerals
(e.g. ghelinite), calcium bearing hydraulic minerals (e.g. merwinite, lime) and other
pozzolanic calciuralumincsilicate phase in PMSA (Figure1}) allow materials to

have a degree of pozzolanic and hydraulic properties. Two grades of PMSA have been
usedas limestone filler replacement in this research, as described earlier in Chapter 5.
Both have been incorporated in 0%, 1.5%, 3%, 4.5% ant\6¥y aggregate weight.
Figure6-4 illustratesthe ITSM results of both PMSA grades at 3 days. Both grades show

a significant improvement in ITSM especially at full PMSA replacement thus

demonstrating the positive effect of the addition of PMSA.

The addition of PMSAF lead to a marked increase in ITSM at a curing time of 3 days as
compared to the PMSAE specimens ahLF samples. The ITSM of the former, with full

filler substitution, was approximately 13 times higher than the control LF mixture after 3
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days, while the latter displayed an ITSM approximately 11 times better than the reference

LF (with 6% filler replacerant) at the same age.

These enhancements are tluthe generation of a new binder from the hydration process
of the PMSA in addition to the residual bitumen binder. The absorption of trapped free
water during this process is also of note as this waternisly responsible fdow early
strength. The alkaline nature of both PMSA grades causexdirhision to flocculate very
quickly and perform in a similar way to OPC as explained in section 6.3.2. However,
finer PMSAF particles (see FigureB)) speed uphe pozzolanic reaction, something
which is usually a slow process. The ITSM of PMEBAvas lower than that of PMSRA

as the larger particles in this material did not permit full hydration leading to a weakness
in the core of the particle, resulting in Iatiffness modulus. Unfortunately, the ITSM

for both PMSA grades were still lower than the OPC treated mixtures by 31% and 40%

for PMSA-F and PMSAC, respectively.
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Figure 6.4. ITSM results for PMSA-C and PMSA-F treated mixtures after 3 days
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6.3.4 PMSAF Activation: the Effect of PMSA-F Grinding on ITSM

PMSA-F powder was subject to grinding, via low energy intensive dry agitation, using a
pestle and mbar as detailed in Figure-% (1 horsepower motor witR.5 litre bowl
capacity). The powder was ground for a short period of time (12 and a half minutes)
taking sustainability into account and to prevent particle agglomeration which is harmful
for the quality and activity of the ground prod@dthasz and Opoczk$990) Although

grinding produces a larger surface area, the agglomeration phenomena that is generally
associated with extended grinding time, negatively affects pozzolanic éRtdngues

et al., 1999)

It was decided to grind the PMSAto make the PSD of this material similar to the OPC

to explore the effect of its finenessonthe x e s & mechani cal proper
improvement. After various tests, it was efitiled that grinding PMSA- for 12-

minutes produced idéical PDS to OPC (see Figuredh. It can be sen from Figure &

that the particle size of ground PM3Ahas been improvedompared with untreated
PMSA-F. The fineness of the ground PM$As more or less the same as OPC except in
the range 1417 um where it is a little finer. OPC has more fine particles than ground

PMSA-F in the range of 1.5 to O pum.
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Figure 6.5. Pestle and mortar

Cumulative < Volume

PMSA-F

100-{ opc raed
90~ PMSA-F-12.5 min -

80-

70

60 -

50 -

Volume (%)

40

30+

20

10

0 I BT | I T T I V. Vof T I LB I T ¥ I I
0.04 01 02 04 1 2 4 6 10 20 40 100 200 400 1000 2000
Particle Diameter (um)

Figure 6.6. Comparative PSD
Ground PMSAF was incorporated in 0%, 1.5%, 3%, 4.5% and 6% by aggregate dry
weight, percentageshich represent 25%, 50%, 75% and %fler replacement. Figure
6-7 illustrates the ITSM test results of ground PMBANd the control mixtures where it

can be seen that a substantial increase in ITSM was achieved for the mixtures
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incorporating ground PBA-F. ITSM increased significantly when the percentage of
ground PMSAF was increased reaching ultimate strength value (3181 MPa) when all the
traditional LF was replaced. This improvement is around 36% greater than mixtures with
PMSA-F. The early stiffnes of the ground PMSA mixtures (at 3 days), is more than

17 times the control LF mixtures, this helping to minimize curing times in the field. The
ITSM for the ground PMSA= mixtures under normal curing process conditions, is higher
than the control AC 1W150 by around 48%. This is due to the extra fineness of the
ground PMSAF facilitating sound cementitious characteristics and packing effects.
Furthermore, these fine particles accelerate the pozzolanic reaction as they react better
than coarser partickePeris Mora et al. (1993gported that increasing the fineness of fly

ash can reduce the interior friction in fresh ranrAccording to this phenomenon, called

a o6l ubricant effect 6, -Ftmixtaresvinahiskeaearchihasbeen o f

improved.

It can be observed from Figure8&hat the increase in ITSM for ground PMSA was
dramatic in the first 7 days, thacrement rate decreasing thereafter. This pattern of
behaviour is similar to that of the OPC mixtures, providing evidence of the cementitious
action of the ground PMSA. The results also established that neither AC binder course

mixtures showed ITSM delagpment during the curing period.
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Figure 6.7. ITSM results for ground PMSA-F
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Figure 6.8. The ITSM development of mixtures
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6.3.5CBCEA Mixtures Treated with a Novel Binary Blended Cement Filler (BBCF)
Metakaolin has been identified as an effective material to activate PDI8&imi et al.
(2015)demonstrated that a relatively small amount of Metakaolin facilitated a substantial
improvement in the strength of sustainable cold asphalt concrete binder course mixtures.
The fluid catalytic cracking catalyst residue (FG3Raluminosilicate waste material
which is similar to Metakaolin with reference to its chemical components, the main oxides
being ALOz and S3Os. The powder diffraction in XRD, as seen in Figur&& shows

that FC3R has very low crystalline peaks whach amorphous in nature. In consequence,
high reactivity will occur during the hydration process meaning that this material can be
used as an activator. It is expected that it will convert the soluble calcium hydroxide (C
H) produced by the hydration press of ground PMSA into a dense calcium silicate

hydrate (CGS-H)/ calcium aluminum silicate hydrate {&S) gel by pozzolanic reaction.

It was therefore decided to use this material to activate ground FMBAr and produce

a new Binary Blended Cemehiller (BBCF) to use as a filler replacement to generate a
new fastcuring cold binder course mixture based on continuous aggregate grading. FC3R
was used as a substitute for the ground PNFS#d introduced in four percentages, 1%,
2%, 3% and 4% by aggyate dry weight to specify the optimum composition which
provides the maxinm ITSM after 3 days (Figure-8). A considerable enhancement in

the ITSM was achieved when 1.5% of FC3R replaced the ground FiVIi8Aew BBCF

was generated at this point (1.5% RC3 4.5% ground PMSA) which lead to an
increase in ITSM by around 17% compared to the ground PM&Axture.A balanced

oxide composition was expected to be formed within the BBRH#s improvement
illustratesthe positive role of FC3R in the néd®BCEA mixtures. The improved stiffness

of the new BBCF mixtures after 3 days, are approximately 20 times higher than the LF

mixture, surpassing OPC treated mixtures by about 9%.
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It can be observed from Figurel®that the addition of FC3R to ground PM$Aesllts

in the significant development efrly strength as well as lotgrm strength. The rate of
stiffness modulus improvesnt was also higher up to tleevenday point when a
reduction in this rate was detectddhe ITSM of the BBCF mixtures was comparabd

the AC 100/150 mixture after just orgay, leading to a decrease in curing time in the
field. This FC3R reaction reflects its pozzolanic activity as reportdeblyq et al. (1999)
FC3R isrich in pozzolanic particles, helping to accelerate the hydration of ground-PMSA
F particles, generating more hydrated products. Thegeolanc particlesreacted with
Ca(OH) released during the hydration process generath®HIC-A-S gel which is

responsible for the development of strength.
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Figure 6.9. Influence of ground PMSAF replacementwith FC3R after 3 days on
ITSM
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Figure 6.10. Effect of curing time of BBCF mixtures on ITSM

6.3.6CBCEA Mixtures Treated with Alkali Activated BBCF

Alkaline activated materials have been found to havesbatechanical characteristics
than cemeniDavies, 2011) The inclusion of alkalactivators increases the pH of
hydration mediums which in turn will improve breaking and dissolution in the glassy
phase of the pozzolanic mater{@8akharev et al., 1999; Shi and Day, 2Qd0)et al.
(2000) reported that adding a NaOkblution is a common method of increasing

alkalinity.

This stage in the process involves the use of alkali activation to facilitate further
improvement of the BBCF by generating more activation in the hydration process. In the
current study, waste alkaodium hydroxide (\W(NaOH)) will be used as a replacement

for 3.5% of the pravetting water content. New fastiring, alkali activated binary
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blended cement mixtures for binder course (ABBCF) have been produced by replacing

the prewetting water content wh W-NaOH in three percentages; 33%, 66% and 100%.

The samples were tested after thdegs to gaug ITSM improvements. Figure-BlL
shows that maximum ITSM values were achieved by replacing all thegitieg water
content with the \ANaOH solution. In comarison to the BBCF mixture, increments in
ITSM by percentage of WWaOH solution added (33%, 66% and 100%), were 6%, 22%
and 33%, respectively. This increase in alkalinity facilitates a breaking down in the glass
phase of particles in the alkaline enviraemhwhich react with Ca(OHR¥reating CGS-H

gel and a denser structure.
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Figure 6.11. Stiffness development using alkali activation afteB8 days

The ITSM tests, carried out at different curing times for @ahali activated binary
blended cement filler mixtureGABBCF), are seen in Figure-B. It is important to
observe the properties of such mixtures over different curing periods in order to

understand performance.
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A substantial increase in the ITSM was found when all theveténg water content was
substituted by a WNaOH solution. Under these conditions, the ABBCF mixture
produced a higher stiffness modulus than control LF, OPC, gieiM®lA-F, BBCF and

AC 100/150mixtures over all curing times. The ITSM increment rate was very high in
the firstthreedays, increment rates decreasing after this. The stiffness modulus of the
ABBCF mixture after one day and at normal curing, was more than the control AC
100/150 by 486 and achieved the British and European requirements in terms of ITSM.
This new, fasturing ABBCF mixture, overcame the OPC mixture, in terms of stiffness
modulus, after one day by 78% at normal curing. This represents a substantial
environmental and ecomic advantage because of the use of waste materials as a
replacement for OPC. Accordingly, a new binder generated completely from different
waste and byproduct materials has been produced as a new cementitious material which

has the opportunity to be efoged in OPC fields.

Increasing the stiffness modulus of ABBCF mixtures means that this is now an
appropriate material for use as a binder course layer for major heavy trafficked
motorways, as it significantly decreases the loads transferred by tratfie toundation.
ABBCF mixtures permit early and temporary trafficking where site restrictions prevent
the placement of a surface course prior to the elimination of traffic management. This
mixture also eliminates restrictions imposed by road engineeraditidnal cold binder
course by decreagnthe curing time to less than oday, because according teech
(1994) traditional cold mixtures only achieve their required strength somewhere between

2 and 24 months.
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Figure 6.12. Influence of curing time on stiffness modulus

6.4 Water Loss in theCBCEA Mixtur es

Moisture loss gives an indication about the gains in strengBB&fEA mixtures and the
hydration process. Water loss was measured at 1, 2, 3, 7, 14, 21 and 28 days by weighing
them, the average loss percentages noted at different curing times. After compaction, all
the samples were left in their moulds for 24 hours befxireigion then placed in the lab

at 20C for curing throughout the period of the investigation.

In Figure 613, it can be observed that the main water loss occurred during the first three
days, the rate of the water loss during these three curing days kixgim at later ages.

This rate also decreases with the inclusion of active fillers i.e. OPC, ground FMSA
BBCF and the incorporation of \WNaOH.CBCEA with LF had the highest loss of water
over the testing ages. Howev&BCEA mixtures with cementitiouadditives lost less

water as some of the trapped water was absorbed by the active filler and used during the
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hydration process. ABBCF mixtures had the lowest percentage of water loss as most of

the water was consumed during the hydration process.
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Figure 6.13. Water loss at different curing times

6.5 Temperature Susceptibility of CBCEA Mixtures

To assess the thermal sensitivity of mixtures, ITSM tests were performed at different
temperatures. All th€BCEA mixtures, as well as the two reference AC mixtures, were
tested for ITSM after 28 days of curing at three different temperatbfft€s 20°C and

45°C. The stiffness modulus decreased with an increase in testipgrature as seen in
Figure 614. The cure of the slope in a servgarithmic plane can indicate temperature
sensitivity where the higher rate of change of the mixture represents higher sensitivity to

temperature.

Regarding ITSM, theCBCEA with LF exhibited a very strong trend to decrease in
comnon with the two AC mixtures. It was not possible to test the ITSM for the LF
samples at 4% as all the samples failed whichnfirmed the thermdependence of such

mixtures Both the AC 100/150 and AC 40/60 lost around 97% of their stiffness when
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heatingfrom 5°C to 45°C. In contrast,a reduction in stiffness for the oth€BCEA

mixtures i.e. ground PMSA&, OPC, BBCF and ABBCF indicates that they bgs

susceptible to temperature change, specifitattemperatures. They are more thermally
stable, thisof huge benefit in terms of pavement performance in hot weather, reducing
their tendency to high temperature rutting. In addition, these mixtures are also less likely
to suffer from low temperature cracking. The presence of strong bonds as a result of the
binding of cementitious materials, the interlocking of aggregates within the mass of the

mixtures and paste cohesion between aggregate particles, ensures high stiffness properties

at high temperatures. These results are consistent with those obtaireddnsgpresearch

(Bocci et al., 2002; AHdabi et al., 2014b)
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Figure 6.14. Stiffness modulus results at various testing temperatures
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6.6 The Performance of Outdoor Samples

Specimens of all the cold mixtures; LF, OPC, ground PMISBBCF and ABBCF were
fabricated and cured wutdoor exposure conditions, the aim being to better simulate site
conditions and assess the rate of strength gain of the mixtures at normal climate conditions
with rain and real temperature profiles. After compaction, the samples were left inside
their mauld for 24 hours before extrusion. The sides of the samples were sealed with
plastic adhesive tape to simulate site conditions where, accordiimgiaya (2003)he
evaporation of volatiles will mainly happen through the mixture surface. The specimens
were then placed outdoors on a flat surfaceéhe car park area of the HgnCotton
Building, Department of Civil Engineering, Liverpool John Moores Univeestghown

in Figure 615. The mean monthly temperatures in 2015 in Liverpo#l dte illustrated

in Figure 616, the average weather by month in Liverpool detailed in Tafile 6

Two sets of samples were prepared, the first fabricated on 1 June, 2015 when the average
morthly outdoor temperature is 14@® (Tutiempo, 2016)to represent the summer
condition. The second setaw made on 7 December, 2015 when theame outdoor
temperature is 8°€ representing the winter condition. The samples were tested at ages

1, 3,7, 14, 28, 90 and 180 days. Figw#36and 619 illustrate the rate of strength gain

in terms of ITSM at 28C for the two outdoor specimens as well as the indoor samples

cured at ambient temperature.

It can be observed in Figureld that after 28 days, the results for the summer set of
outdoorCBCEA mixtures are close, in terms of ITSM, to the samples subjected to normal
curing. The summer set is better in ITSM performance than the winter set, where high
humidity and a low temperature in winter lead to a decrease in ITSM. That said, both sets

still have a much improved performance in comparison to the reference AC 100/150 pen.
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The higher temperature in summer months encouraged the hydratioesgpracd
evaporation. Figure-&8 shows that the improvements in strength over time for both sets
of ABBCF oudoors samples is similar to normal lab curing. Both summer and winter
ABBCF samples achieved the target ITSM for AC 100/150 pen within 1 day. The strength
gain, in terms of ITSM for the ABBCF, occurred significantly faster than the LF mixture.
This constiutes a considerable enhancement to curing in comparison with some CBEM
site trials where much longer curing times (2 to 24 months) were reqilieeth, 1994)

The improved early strength seen in the new tre@BEEA mixtures, especially the
ABBCF mixture, confirms the positive contribution of such mixtures under the real

weather conditions with raiand real temperate profiles.

Figure 6.15. Curing of outdoor sample
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