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AASHTO

AAV

ACV

Aggregate

AlV

APT

ASTM

ATPB

AUSTROADS

BS

DEFINITIONS

(American Association of State Highway and Transportation
Officials) is a nonprofit making independent association that

represents highway and transportation departments in the USA

Aggregate Abrasion Value

Aggregate Crushing Value

Granular material used in construction. Aggregate may be natural,

manufactured or recycled

Aggregate Impact Value

Asphalt Pavement Test

(American Society for Testing and Materials) Based in the USA.
ASTM is one of the largest voluntary standards development

organizations in the world. Their standards are followed worldwide

Asphalt treated permeable bases, surface course, and upper course of

a pavement which is in contact with the traffic

the Association of Australian and New Zcaland Road Transport and

Traffic Authorities

(British Standards) is the National Standards Body of the UK,
responsible for facilitating, drafting, publishing and marketing

British Standards and other guidelines



Bulk Density

CEN

Coarse Aggregate

FWD

EVT

Fine Aggregate

Flow

Geophone

GMB

Is the mass of material in either a compacted or un-compacted state

in a given volume and is expressed in kg/m’

Is the European Committee for Standardisation. At this time the
CEN TC227 WG is rationalising the draft product standards for

bituminous mixtures.

Designation given to the larger aggregate sizcs with average

Diameter of 2 mm <D <45 mm

Falling Weight Deflectometer: is a testing device used to evaluate the
physical properties of pavement, designed to impart a load pulse to
the pavement surface which simulates the load produced by a rolling

vehicle wheel

Equiviscous Temperature, The temperature at which bitumen

attains the proper viscosity

Designation given to the smaller aggregate sizes with D less than or

equal to 2 mm and containing particles which mostly are retained on

a 0.063 mm sieve
Deformation of the moulded specimen in millimetres (mm) at

maximum load less the nominal deformation obtained by

extrapolation the tangent of the graph of load against deformation

back to zero load

A device which converts ground movement (displacement) into

voltage

Bulk specific gravity of a compacted specimen
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Grading Particle Size distribution expressed as the percentage by mass passing a

specified number of sieves

Gravel Product of the erosion of bedrock and surface matcrials
HAC High Alumina Cement

HMA Hot Mix Asphalt

kPa kilopascal (kN/m?)

LHPC Low Heat Portland Cement

LoCATE Low Cost Asphalt Testing Equipment

LTPP (Long-Term Pavement Performance)

LVDT linear variable differential transformer

MPa Mega Pascal (MN/m?)

NAT Nottingham Asphalt Tester

Natural Aggregate  Aggregate from mineral sources which has been subjected to

nothing more than mechanical processing

NMAS Nominal Maximum Aggregate Size

OGFC Open Graded Friction Course

OpPC Ordinary Portland Cement

Pavement Structure composed of one or morc courses, to assist the passage

of traffic over terrain.

VII



Pas

PD

PEN

Porous Asphalt

PSV

PTF's

RHPC

Rice test

RLAT

RLIT

Rutting

SHRP

In the SI system the dynamic viscosity units are Pa s, N s/m’ or
kg/m s wherc: 1 Pas=1Ns/m’=1kg/ms

Permanent deformation

Penetration

Bituminous material with bitumen as a binder prepared so as to

have a very high content of interconnected voids which allow
passage of water and air in order to provide the compacted mixture

with drain and noisec reducing characteristics

Polished Stone Value

Pavement Testing Facilities

Rapid Hardening Portland Cement

Rice Density or Rice Specific Gravity. A test used to determine the

maximum specific gravity or the zero voids density of a mixture

used in calculating the volume of air voids in a compacted Hot Mix
Asphalt (HMA) mixturc

Repeat Load Axial Test

Repeat Load Indirect Tensile Test

Surface depressions in the wheel path of a pavement

(Strategic Highway Research Program) SHRP was a five ycar plan
started in 1987 to improve highways in the USA through

development of new technology
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SRPC

SSD

Stability

TFV

TMD

UK

Wearing course

Workability

Sulphate Resisting Portland Cement

Saturated Surface Dried

Maximum resistance to deformation, in kilonewtons (kN), of a

moulded asphalt specimen

Ten Percent Fines Value

Theoretical Maximum Density

United Kingdom of Great Britain and Northern Ireland

Universal Testing Machine, the Servo-pneumatic Universal Testing
Machine CRT-UTM-NU is a development of the NAT which was
developed by Keith Cooper and Professor Steven Brown at the
University of Nottingham

Also called the surface course, the top course of asphalt pavements,

which is in contact with the traffic

Regarding HMA, a term that refers to an HMA’s ability to be
placed and compacted. Workable mixes are easy to place and

compact and are generally more viscous than mixes with poor

workability.
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ABSTRACT

The primary objective of this research study was to observe the changes in the physical

properties of cement coated secondary aggregates, namely surface roughness and angle of

internal friction and how these properties are related to the performance of Open Graded
Friction Course asphalt mixtures, OGFC made from these materials under laboratory Uni-
axial, deformation and rutting testing simulating the traffic loading and temperature of the

materials in service.

The secondary aggregates, namely Croxden natural gravel aggregates, which is rejected by

road engineers for use in road surfacing was upgraded with a specifically designed cement
coating. Asphalt mixtures mechanical properties in terms of stiffness modulus,
deformations and rutting were determined and analyzed using state-of-the-art laboratory
test equipment and supported by technical literature from different information and

resSources.

Three aggregate types were considered in this study; Arcow rock crushed aggregates (as a
control aggregate), Croxden aggregate (as a secondary or low quality aggregates) and
cement coated Croxden aggregate (as an upgraded material). One aggregate gradation was
designed for all mixture types and the adopted aggregate gradation had a nominal
maximum aggregate size (NMAS) of 14dmm. Two binder types were selected, 100/150 pen
binder and 40/60 pen binder to represent the soft and hard binders respectively that are
commonly used by road engineers. This research also documents a survey of litcrature
review that led to the design of a novel machine that is eagerly needed by thc pavement
industry to boost the knowledge and understanding of real tyre-road interaction. Computer
software, SOLIDWORKS, was used to create a 3-dimentional model of the machine that
was jointly named by the Highway Agency and Tarmac Itd., as Low Cost Asphalt Tasting
Equipment (LoCATE). The machine was designed for use and for the first time to
investigate the performance of the said mixtures under real traffic loading and

environmental conditions and to correlate its results with those obtained using Repcated



Load Indirect Tensile Test (RLIT) and Repeated Load Axial Test (RLAT), which were
carried out at 10°C, 20°C, 30°C and 45°C. At an advanced stage of this research work and
when the cost of fabricating LOCATE was found impossible to be met by LIMU, wheel
tracking tests were done on the materials studied as a replacement of LoCATE and this part

of the research program was achieved at Wolverhampton’s bituminous testing laboratories

in collaboration with Tarmac Ltd.

In general, the results of this research investigation indicate that the introduction of cement
coated aggregates to OGFC led to an outstanding improvement in the chemical propertics
of the coated natural aggregates and the stiffness and deformation properties/resistance of
the road mixtures containing them. This was in comparison with that made from the
uncoated aggregates in all the tests that have been carried out within this research study.
Also, the effects of elevated temperature were investigated and it was found to have
significant influence on the engineering properties, Indirect Tensile Stiffness Moduli
(ITSM) and permanent deformation/rutting characteristic of the mixtures were also

investigated.

Outstanding new results were achieved, using LIMU cement coating paste for coating the
waste natural aggregate and as thus this will hopefully eliminate the restriction imposed by
road engineers on the use of natural gravel aggregates.in road pavement surfacing layers.

This 1s an outstanding knowledge extension in this field and marks a starting point for more

research in this ever growing industry i.e. the use of waste and recycled aggregates in

construction industry.
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INTRODUCTION

1.1 Introduction

Flexible pavements are a conglomeration of materials, namely aggregates and bituminous
binders. These materials, their associated properties, and their interactions determine the
properties of the resultant pavement. Thus a good understanding of these materials, how
they are characterised and how they perform, is fundamental to understanding pavement

engineering properties and its interaction with traffic loading and environmental conditions.

Throughout today’s transportation industry there is a continuous need to improve the

quality of the materials used for the construction of flexible pavements. These pavements
constitute a very large part of the transportation networks, therefore the performance and
durability of bituminous material needs a constant upgrading to meet the socio-economic

and environmental demands of the transportation network’s users.

Bituminous pavements consist mainly from graded crushed rock aggregates, sands and
asphalt binders. In many countries there are insufficient supplies of crushed aggregates
suitable for high stability, low dcformation bituminous road surfacing mixes. Often these
countries need to import expensive aggregates to meet their construction demands. It
follows then, that road construction and maintenance can become a burden on local and

national economies.

Poorer quality bituminous surfacing materials made from uncrushed poor surface quality
natural gravel or reclaimed waste materials arc no longer acceptable by road engineers, for
they can fail under the stresses applied by modern vehicles. The use of these materials
could therefore be costly in repair bills, and in the resulting traffic delays. Many countries
guidelines, specifications and regulations rulc out the use of these materials in all but the

least severe applications such as secondary roads.



This research work focused on the improvement of gravel aggregate’s surface quality so
they can be used in a wider range of applications in road surfacing material by testing a
coating paste made of cement and additives to improve the property of natural aggregate
and eliminate the restriction in using them in bituminous materials road surface

applications.

1.2 Project background

The project was developed from a PhD research work completed in 1999 at Liverpool John
Moores University (JMU) by Vaughan (1999), which was composed of an investigation of
cement coating on the properties of Porous asphalt containing natural aggregates, especially
the bonding and chemical adhesion between cement paste and natural aggregate particles.

The aim of Vaughan’s work was to understand and improve the bonding at chemical and
microstructure level between cement coated aggregates and asphalt binder to increase the
overall mechanical strength of asphalt specimens. The author, after discussion with the
supervision team, has recommended that; to give confidence in the new upgraded natural
aggregate for use in road pavements, Vaughan’s work needs to be extended to cover the
prediction of the material deformation resistance according to the British-European
standards, which is the primary aim of most highway agencies, so it became the focus of
this research work and thus provide a fundamental study predicting the performance of the
materials at different binder’s stiffness and traffic-road interaction conditions. The above

aim was also coupled with the development of a new testing facility named “Low Cost
Asphalt Testing Equipment (LoCATE).

The same type of low quality aggregate materials used in the Vaughn’s research work will
be subjected to stiffness and deformation (rutting) resistance testing according to the

Bntish-European standards but with different type of mix, namely, Open Graded Friction

Coarse. The three mixes are:

1. Mix with Arcow type aggregate (as a control mix),
2. Mix with natural aggregate (Croxden aggregate) coated with cement paste and

3. Mix with plane Croxden natural aggregate.



The effect of the coating paste on improving the deformation resistance will be mapped

against thosc of control mixes accepted by the road engineers.

The 1dea of cement coating arises from the:

1)

2)

3)

Preliminary studies of Curtis (1992), Vaughan (1999) and Al Nageim and Robinson
(2006) which showed that the performance of bituminous pavement depends upon
the bonding between the bitumen binder and the aggregate particles, and this
bonding is a function of both physical and chemical properties of the aggregate

particles.

Chemical properties of different types of aggregates have been studied by many
researchers, especially in respect of their mechanical strength, adsorption and
desorption of bitumen on the aggregate surface. Chemical tests were also used to
determine aggregate-bitumen pairings that were likely to produce a high
performance bituminous pavement material. These studies gave substance to the
hypothesis that bitumen share an affinity with calcareous, lime-rich, high surface
area microtexture aggregates. They also indicated methods of improving the surface
characteristics of poor quality aggregates by using cement dry powder coating as
cement being lime-rich and having a crystalline, high surface area microtexture
(Kandhal et al, 1998a, Brannan et al, 1991).

Very limited research work and to a lesser depth of application and laboratory work
was carried out by Daoud et al (1980b) on the use of coated primary aggregates in
flexible pavement, compared with Vaughan’s work (Vaughan, 1999), which
rccommended that further work on providing fundamental study in predicting the
performance of the materials at different binder’s stiffness and traffic interaction
conditions are necessary to give confidence in the use of the ccment coated

aggregates in pavement engineering and specially surface friction coarses.



1.3  Project Aims & Objectives

1.3.1 The Aim of the Rescarch Project

The aim of this research project is to investigate the performance of a new Open Graded
Friction Course (OGFC) asphalt mixes containing coated natural wastc aggregates, at
different traffic and road environmental conditions by means of testing laboratory prepared
samples for material stiffness and deformation responses using new Low Cost Asphalt
Testing Equipment (LoCATE) and comparing its results with those resulting from the usc
of The Nottingham Asphalt Tester (NAT) and The Wheel Tracking Testing Facilities

available as laboratory testing facilities in the pavement industry.

LoCATE has been designed in this research work to operate at a real tyre/road surface
environment interaction. The new testing facility will allow the researcher to extend the
knowledge by defining in fundamental terms tyre/road interaction in both laboratory and
real road pavement environments. By doing so i.e. using the same testing facility to test in
sitt samples and similar samples extracted from the same road section and tested 1n
laboratory conditions by the same facility. This will eliminate many discrepancies that
might arise from testing the samples in two different testing facilities and prepared at
different conditions. This also will allow the researchers to optimize the design of the Hot

Mix Asphalt (HMA) in general and the design of HMA containing the new upgraded

aggregate in particular.

1.3.2 The Project Objectives

The following objectives seck to define the scope of the research, and have provided the
framework for the experimental programme and subsequent analysis:

I. To reveal by literature review, those aggregate properties considered

necessary for good bonding with bitumen and compare those properties

with the properties of the new coating paste.

2. Compare the bitumen affinity between:



e Coated aggregates, primary aggregate and

e Uncoated aggregates.

3. To measure the deformation resistance of mixes containing control

aggregates, natural aggregate and cement coated aggregates at different

binder stiffness and temperatures using NAT and Wheel Tracking testing

facilities.

4. To create a 3-dimentional model of a new pavement testing facility, the
“Low Cost Asphalt Testing Equipment (LoCATE)", through the use of
the computer software (SOLIDWORKS version 2006 SP4.1) available at
LIMU, School of Engineering, followed by the assembly and calibration

of the LoOCATE machine.

5. To measure the deformation resistance of the three mixes mentioned 1n 3
above using LoCATE and comparing the results with those tested using

Wheel Tracking test facilities.

6. Critical analysis and assessment of the new mixes in terms of their

mechanical properties and suitability for use in road pavement industry.

1. Publication of conference and journal papers.
8. Writing up the thesis.

1.4  Mecthodology

The methodology adopted to meet the objectives of this study involves:
1. A literature review which includes:

.1 Identifying all the factors and the propertics of aggregates considered

necessary for use in road surface layers,



2.

1.2 Studying the influence of thc propertics of thc new cement coated

aggregates on:

1-

it

Their adhesion with binder and
The permanent deformation response of pavement mixtures

containing coated aggregates compared with control mixes

1.3  Testing methods that are used to characterize permanent dcformation

property of asphalt mixtures.

Laboratory investigations which involves:

Manufacturing laboratory specimens, made with two levels of binder hardness

(100/150 pen graded and 40/60 pen graded) and threc types of mixes (mixes

containing natural low quality aggregates, coated aggregates and crushed primary

aggregates), compacted by the Marshall compacter, and tested mainly at different
temperatures (10°C, 20°C, 30°C and 45°C) for all the mixturcs.

All the mixes will be prepared at their optimum binder contents according to the BS
DD 232: 2005 procedures.

iil

111,

1v.

Evaluating stiffness modulus and deformation of the mixes

containing untreated aggregates using the NAT testing machine.
Evaluating rutting (rut depth) of the mixes containing untreated
aggregates by using the Wheel tracking testing machines

Evaluating stiffness and deformation / rutting (rut depth) of the
mixes containing trcated aggregates by using both the NAT and
Wheel tracking testing machines

Evaluating deformation and rutting (rut depth) of the mixes
containing treated and untreated aggregates by using LOCATE,
NAT and Wheel tracking testing machincs

Analyzing/ Evaluating the cffect of cement coated aggregates on the
stiffness modulus, permanent deformation and rutting responses of

all mixtures studied.



3. Critical analysis of the results and cvaluation of the suitability of the ncew

developed materials for use in road pavement construction.

1.5  Sequence of Thesis Chapters

The thesis has been constructed in nine chapters:

1- Chapter One: Introduction.

This chapter covers the project background, project aims and objectives,

resecarch methodology and the sequence of thesis chapters.

2- Chapter Two: Literature Revicw.
This chapter will be concentrating on the literature review on the usc of primary
and natural aggregates in Hot Mix Asphalt (HMA), and on why natural
aggregates are not considered suitable by road engineers for use in HMA. This
chapter will also be covering bitumen-aggregates adhesion and the introduction
of the upgrading cement paste to natural aggregates. The limited previous
research work on the evaluation of the chemical and mechanical properties of
coated aggregates will be discussed in this chapter as well as the cvaluation of

the mechanical properties of HMA containing coated aggregates.

3- Chapter Three: Materials Design.

Chapter three will have a detailed review of the:

e Description of the cement coating concept,

e Choice of cement coating type and amount,

e Surface roughness measurement of utilized aggregates,
e Asphalt binders utilized in the research work,

e Dectermination of mixes volumetric properties,

e Mixture design procedures and

o Aggregates gradation modification,



Chapter Four: Design of OGFC for Performance tests (NAT and Whecl
Tracking Testing).

This chapter will be discussing the mix design procedures to compose the Open

Graded Friction Course (OGFC) asphalt mixes, and this will include:

e Aggregate types and bituminous binders utilized for mixes prcparations,

e Binder drainage test,

e Specimens preparation for the NAT facility (RLIT and RLAT tests),
e Specimen volumetric properties,

e Specimens preparation for the Wheel tracking tests,

o Results of volumetric properties and

e Graphical and summary of results

Chapter Five: Determination of the Indirect Tensile Stiffness Modulus for
OGFC Mixcs.
This chapter will be concentrating on the evaluation of the stiffness moduli for

the three types of mixtures under consideration, and the chapter will include the

following topics:

e Introduction
e The Repeat Load Indirect Tensile testing method (RLIT),
e (RLIT) Testing procedures,

o RLIT results and discussion
e Factors affecting resilient modulus values

e Summary of findings

Chapter Six: Evaluation of Deformation by Repeat Load Axial Tests.

This chapter will focus on the (RLAT) testing procedures that were carried out
in order to investigate the axial deformation found in laboratory manufactured
specimens containing the three different types of aggregates and the two types

of binders.



Chapter Seven: Evaluation of Deformation by Wheel Tracking Tests.

This chapter will be focusing on the testing procedures of wheel tracking tests’
that were carried out at Wolverhampton’s laboratorics, in collaboration with

Tarmac 1td.

Chapter Eight. The Concept led to the Creation of the LOCATE Facility.

This chapter will be discussing the industrial and educational needs for a new
novel facility developed in this research work which has the characteristics of

being mobile, versatile and affordable by research institutes as well as private
contractors worldwide, so they can investigate road bituminous problems more
easily and frequently.

It will also be covering the following topics:

e Impact of traffic loading & environmental conditions,

e Road maintenance cost,

e Accelerated pavement testing facilities,

e Summary of the weaknesses of the existing pavement tasting facilities,

e The development of the Low Cost Asphalt Testing Equipment (LoCATE)

and

e Detailed specifications of the LOCATE Testing Facility:.

Chapter Nine: Conclusions and Further Recommendations.
Conclusions of results and recommendations for further works will be dealt with

in this chapter.



CHAPTER 2

Background and Literature Review

2.1 Introduction

As was mentioned in chapter one, flexible pavements are conglomeration of materials and
these materials include aggregates (coarse and fine), asphalt binders and binder modifiers.

A wide range of rocks of igneous, sedimentary and metamorphic origins and a number of
artificial aggregates are used in bituminous mixes (Hunter, 2000). The general requirements
for aggregates are to be durable (i.e. resistant to abrasive wear), strong (i.e. resistant to slow

crushing loads and to rapid impact loads) and where appropriate, i.c. in surface course and
surface dressing applications, resistant to the polishing action of traffic (Smith and Collis,
2001). An additional property required especially for surface course aggregates is that they
should show good quality adhesion with bituminous binders (Mick et al, 2001).

It 1s important to have suitable proportions of asphalt and aggregates in HMA so as to
develop mixtures that have desirable properties associated with good performance. These
performance measures include the resistance to the threce primary HMA distresscs:
permanent deformation, fatigue cracking, and low temperaturc cracking. Pcrmancnt
deformation refers to the plastic deformation of HMA under repeated loads. This

permanent deformation can be in the form of rutting (lateral plastic flow in the wheel-path)

or consolidation (further compaction of the HMA after construction). Aggregate interlock is
the primary component that resists permanent deformation with the binder having only a
minor role. Angular, rough-textured aggregates will help reduce permanent deformation.
To a significantly lesser extent, stiffer binder may also provide some minor benefit (Fwa,
2006). As highway pavements consist, mainly of multi-layers of selected and processed

materials whose main function is to impose and spread the applicd vehicle loads to the sub-

grade, the most important aim is to guarantce that the transmitted stress has been adequately
reduced and would not top the supporting stress capacity of the sub-grade. Highway

pavement layers mostly consist of surfacing layer, road-base and sub-basc. Each of these

10



layers may be subdivided into two more layers. The surfacing layer includes a wearing
course (surface course) and a binder-course. The base may be divided into an upper and

lower road-base, each of which may contain the same or different materials. The road basc

may be divided into two layers namely road basc and sub-basc (Fig.2-1).

Surface Course

Surface layers Binder Course

Sub-base Course or Road Base Materials
Road basc layers Capping Layer (Optional)
Sub-grade ( Existing Soil)

Fig.2-1: Typical Flexible Pavement Structure

The wearing course (surface course) is one of the main pavement layers; its functions arc to
resist the deformation by traffic as well as the effects of weather, abrasion and fatigue. It
should also give sufficient skid resistance in wet weather as well as allowing a rclaxing
vehicle journey. Since it is the prime pavement components, that distribute the applied loads
to the lower layers, they must be strong enough to protect the lower layers of the pavement.
This requires a list of requircments for wearing courses to compromise in terms of the

component material types used, in particular the performance of aggregates.

Aggregates are the essential component in bituminous mixtures. They must have specific
properties to withstand the stress imposed on the road surface layer. The main part of
designing successful bituminous mixtures is the selection of a physically powerful
aggregate. The best aggregate for producing a successful bituminous mix would have
suitable gradation and size, be strong and tough, and be angular in particle shape whilst
providing good adhesion properties with the binder. The high quality aggregates applied 1n
bituminous mixture would provide high resistance to premature failure, such as rutting and
cracking during the pavement’s service life (Patrick, 2003 ). The emphasis in this research

will be upon the use of upgraded natural rounded aggregates type (i.c. naturally occurring

aggregates).
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2.2 Types of Hot Mix Asphalt (HMA)

HMA can be designed and produced from many different aggregate types, a wide range of
aggregate size combinations and a variety of binder types. Every mix has its specific
properties which make it suitable for particular conditions of use. All these mixes can be
produced using a blend of new and reclaimed materials. An asphalt mix 1s normally
modified with some additives to improve one or more of the engineering properties such as
durability, fatigue resistance and resistance to plastic deformation, and are normally
distinguished by aggregate grading; and they are in general classified into three categories
(Figure 2-2):

a- Dense graded,

b- Open graded and

c- Gap graded mixes

_“_
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Sieve Si:e“s(mu)
== Dense Graded wte= Open-Graded = Gap-Graded
Fig.2-2: Aggregate Gradations of Common Asphalt Mix Types (Fwa, 2006)
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2.2.1 Dense Graded Mixes

A dense-graded mix 1s a well-graded HMA and it is relatively impermeable nominal stone
s1zes of up to 40 mm are commonly used, and this type of mix derives its high resistance to
plastic deformation from the well graded coarse aggregates (Fig. 2-3). They can be
classified as fine-graded or coarse-graded. Fine-graded mixes have more fine and sand sized
particles compared to coarse-graded mixes. This mix can suit all pavement layers and all
traffic conditions. Dense graded mix involves a combination of well graded aggregate and
asphalt binder. The comparatively low binder content of these types of mixes, together with
the macrostructure roughness of the aggregate, make these mixes more suitable for base

coarse and inappropriate for use in surfacing (SABITA, 2001).

Large Sized Aggregate
Asphalt Binder

Small Aggregate
& Vouds

Fig. 2-3: Schematic representation of Dense Graded Mix Cross Section

2.2.2 Gap Graded Mixes

As the names mean, gap-graded asphalt mixes have a specific range of particle sizes
missing from aggregate gradation selected for a specific project (Fig. 2-4). They comprise
of coarse aggregate of a more or less uniform size blended with fine aggregate (sand) and
filler. Research studies have pointed to that gap-graded mixes are better than densely
graded mixes with regard to fatigue resistance (SABITA. 2001; CSRA, 1987). In practice,
however, this will depend on the grouping of layer thicknesses. For some layer thickness
combinations the strains in more continuously-graded mixes may be lower, due to their

increased stiffness. This can result in similar or higher fatigue performance for densely
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graded mixes than for gap-graded mixes. Recent in-service experience and controlled
accelerated trafficking by the Heavy Vehicle Simulator (HVS) (seen in section 8.3.1.2.a of
this thesis) have indicated that with some materials it may be difficult to design gap-graded
mixes that have sufficient resistance to plastic deformation under heavy traffic conditions.
The quality of sand (or fine aggregate) is of particular importance in this regard. Gap-
graded asphalt has slightly higher voids in the mineral aggregate and a lower tensile

strength than the more densely graded mix types (Mick et al, 2001).

Large Sized Aggregate

Small Aggregates
& Vouds

Asphalt Binder

Fig. 2-4: Schematic Representation of Gap Graded Mix Cross Section

2.2.3 Open Graded Friction Course Mixes (Asphalt Concrete Surface, Wearing
Course)

Open graded porous asphalt mixes developed and used, by the military airfield runway
pavements, in UK, in the early 60s as porous friction course material to avoid aquaplaning
and skidding in wet weather (Khalid and Jimenez, 1996). In later years, as the technology
was developed for road surfaces, different names were used based on the application and its

looks, such as popcorn mix, whisper mix, drainage mix, as well as OGFC mix.

An open-graded HMA mixture is featured for its high permeability (Fig. 2-5). Open-graded
mixes combines crushed stone (or gravel) and a small percentage of manufactured sands.
The two most typical open-graded mixes are Open Graded Friction Course (OGFC) and
Asphalt Treated Permeable Bases (ATPB). OGFC mix is used only at surface course and its

air voids is more than 15% and this reduces splash/spray during downpour and result in
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smooth surface and reduces tyre noise. (ATPB) is less efficient and used only with dense-
graded HMA and Stone Mastic Asphalt (SMA) for drainage. Research, in the United States
of America by Kuennen (1996), has shown that OGFC provides immediate reduction in
tyre-pavement noise level by as much as 5 decibels (dBA), although the effect may
diminish with time but these benefits can come at an extra cost, with OGFC costing up to
35% per ton more than same bulk of conventional asphalt pavements. Interestingly, in the
UK stringent complaints from residents have encouraged Highway Agency to reduce noise
level by overlaying all major highways with Asphalt Surface Friction Coarse, by 2010

(Assoc. of British Drivers, 2001 ).

OGFC are lighter in weight than conventional mixtures, due to their high level of porosity,

an
Aggregate

Asphalt Binder

Vouds

Fig. 2-5: Schematic Representation of Open Graded Mix Cross Section

equivalent amount of OGFC material can cover more square metres of pavement surface
than a conventional mixes. But even the cost disadvantage is far overcome when long-term
life-cycle costing is used, both in terms of reduced future maintenance and in reduced delay
costs to highway users during maintenance operations. And although that some previous
research work indicated that OGFC may disturb winter snow and ice control, with higher
levels of salt required, Oregon, a leader in OGFC research and use in the USA, has
indicated that the use of OGFC does not prevent the use of sand as friction material n
winter conditions (Kuennen, 1996). Table 2-1 shows the typical rating of asphalt types in

terms of their engineering properties.
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Mix property:

Durability

M Gap-graded Opcn-graded
Tensile strength

Fatigue Resistance 4105 | 4
Resistance

Impermeability to
water

Skid resistance

(1=poor and 5=good)

Table 2-1: Engincering Propertics of common Asphalt Mixtures (CSRA
Committee of State Roads Authorities, 1987)
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2.3  Open Graded Porous Asphalt Mixes

Unlike conventional dense asphalt mix that normally has low void contents; porous asphalt
1s designed with void content of up to 25%. These interconnected air voids allow rain water
to infiltrate vertically through the layer, which is normally constructed on an impermeable
layer, and drains out side way according to the cross fall of the pavement to the road edge
into appropriate drainage system. Porous asphalt was first developed and originally uscd

by the military airfield runway pavements in the early 60s in UK as porous friction course

matenial to avoid aquaplaning and skidding in wet weather (Khalid and Jimenez, 1996).

In later years, as the technology was developed for road surfaces, diffcrent names were
used based on the application and its looks, such as Popcorn mix, Whisper mix, Drainage

mix, etc. With the development in binder technology and mix design methods, porous
asphalt is gaining recognition especially for road surface application. In the last decade,
open graded friction course, has been used extensively worldwide, especially in European
countries (where it is typically called porous asphalt as well as OGFC) since the 1980s 1n
many countries such as Germany, Netherlands, France, Italy, United Kingdom, Belgium,
Spain, Switzerland, and Austria (Kandhal, 2002). It is also being used in Japan, Singapore
and some states in the USA, such as Florida and Georgia (Kandhal et al, 1998b), for its

benefits 1n noise reduction and improved safety under wet conditions, namely:

Reduced spray levels from vehicle tires in wet conditions,
Prevention of aquaplaning,
Improved skid resistance in wet conditions,

Reduction in vehicle induced traffic noise generated at the tire/ road intcrface,

Reduction in headlight glare from oncoming vehicles on wet pavements and

AT B B &

Improved night time wet weather visibility.
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2.4  Characteristics of Open Graded Porous Asphalt Mixes

In general, porous asphalt consists of large proportion of coarse aggregate, generally 75%-
85%, 4-5% binder and the rest fine aggregate and filler. It is also designed to contain more
than 15% and up to 25% air voids by mean of specially selected aggregate grading. With

the high air voids content that are interconnected, the wearing course with this porosity will

allow water to seep and drain away.

2.5  Predicting Mixtures Performance
There are three general varieties of laboratory mixture design and evaluation tests:

1. Performance related,
2. Performance based, and

3. Index tests.

Performance-related tests measure properties or responses related to mixture performance
(density, air voids, etc.) but separately are inadequate to drive a performance prediction
model. Performance based tests evaluate material properties such as (resilient modulus,
complex modulus, etc.) that can be used in fundamental response models to predict mixture

response to applied vehicle and environmental loads.

Index tests, also known as torture tests, are experimental and apply very severe loading
conditions on the test sample to evaluate a type of failure condition in a tested mix (FHWA
, 1998). As stated previously, there is an increasing need for a simple performance test that

can accurately predict the mixture’s ability to resist permanent deformation (rutting).

Witczak et al (2002a) defined the simple performance test as follows: “A fest method(s)

that accurately and reliably measures a mixture response characteristic or parameter that
is highly correlated to the occurrence of pavement distress (e.g., cracking and rutting) over

a diverse range of traffic and climatic conditions” .
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2.6  Permanent Deformation (Rutting) in Flexible Pavements

Permanent Deformation (Rutting) is one of the main distress mechanisms in flexible
pavements, and 1t can be defined as a longitudinal surface depression in the wheel path of
road traffic (Fig. 2-6). It can occur in all layers of the pavement structure and results from
lateral distortion and densification. Moreover, rutting represents a continuous accumulation
of incrementally small permanent deformations from each load application (Ralph and
Haas, 1982; Werkmeister et al, 2004). There are different causes of rutting depending on
configuration and structural capacity of the different layers and environmental conditions,

In most cases, by pavement upheaval along the sides of the rut.

Applied Load Applied Load

Flexible Pavement

J' ! ‘# ] = * il : . \ . . L \ i : J |

Poorly designed Pavement well designed Pavement

Kig. 2-6: Flexible pavement load distribution (Washington DOT, 2003)

Significant rutting can lead to serious structural failure and hydroplaning, which is a safety
hazard. Permanent deformation is composed of two different mechanisms (Roberts et al,
1996): densification and repetitive shear deformation. The densification takes place at the
early stage of cyclic loading, whereas the shear deformation is a long term process. Lytton
(2000) showed that permanent deformation relates to micro-cracking and defined a

transition point where micro-cracking starts | *].

["] As pavements expand and contract, internal stresses are produced. Aggregates have different expansion
characteristics than the asphalts. As asphalts age, the internal stresses allow for pavements to form micro
cracks.
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When an asphalt mix is subjected to repeat loading, it hardens with accumulating plastic
deformation. If there is no micro-crack preventer, nor the material heals rapidly, it will
reach a point where it is stiff enough for micro-cracks to initiate and grow. The asphalt mix

starts accumulating more plastic deformation after the start of micro-cracks, where 18

commonly called (tertiary flow) (Witczak and Kaloush, 2002b).

Because of the increase in tyre pressure and axle loads in recent years (COST 347, 2001),
rutting has become the dominant mode of failure of flexible pavements in many countries.
In Europe, a survey was conducted, under the COST 333 programme (E.C., 1999), to

determine the most common type of pavement deterioration. Accordingly, countries were
asked to rate the most common forms of deterioration observed on their roads using a rising
scale of increasing importance from 0 to 5: where 0 indicates that it is not observed; and 5 it

is a major determinant of pavement performance. Figure (2-7) shows the result of the
survey. The figure clearly shows that rutting starting in asphalt layers 1s the most common

form of pavement deterioration on European roads (E.C., 1999).

0 20 40 60 80
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Loss of skidding resistance l/l%sf,.}..::.:.::l I ZEBRN N
Cracking inbated at the surface (74 E4 EEE UM WA | BB
Longitudinal uneveness |V//|ﬁ§?%?'§i'... ERA PA IR
General surface cracking I’Zvlﬂm """"" Im.a H sl?-\ﬁl\
Longitudinal cracking in the wheelpath *-:i'i =7 W3 %N NN
Cracking initiated at bottom of base course l/a """ 2 i l***""l//l-\\‘\%l
Raveling s s‘iiif A EUEL 0 AL EE
Rutting in the subgrade /!“ R SZRZEEN|
Frostheave (| E1 BV A1 | Ei
Low temperature cracking | A H 184 M 1| H
Wear due to studded tyres | [ B 74 \

Rutting originating in the bituminous layers

l
4
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Fig. 2-7: Rutting as a main deterioration in EU countries (E.C., 1999)
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As shown in Figure (2-8), rutting is in fact a repeated creep mechanism with sinusoidal
loading pulses. In this case the pavement layer is not forced back to zero deflection but
would recover some deformation due to elastic energy stored in the material of the layers.
Under this type of loading, the energy is dissipated in damping, also called visco-elasticity.
The damping energy is mostly recoverable but requires time to be effectively dissipated.
The energy related to the permanent flow, however, is lost and thus called permanent. The
permanent part of the dissipated energy is believed to be the main contributor to the rutting

behaviour of asphalt mixtures and pavement layers (Richard, 2008).

Def orm‘\tmn

Fig. 2-8: Dcformation duc to cyclic application of load  (Richard, 2008)

It is thus clear that rutting caused by accumulation of permanent deformation in asphalt
layers is the primary source of flexible pavement wear and tear. To reduce this form of
wear and tear it is necessary to pay more attention to the selection of materials and mix
design. To be able to design mixtures that have adequate resistance to rutting, the properties
of the constituent materials on their permanent deformation response and effect of
mixtures’ volumetric composition must be clearly understood. Furthermore, there should be
a simple measure of resistance of mixtures to rutting that can be used at mix design stage to

enable estimation and selection of rut resistant mixtures. These issues are the main areas

focus of this research work.
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2.7  Visco-clastic Bchaviour of Porous Asphalt Mixture

The response of materials to load is defined by the stress-strain behaviour. Elastic materials
show time-independent behaviour and can be characterized by its elastic modulus. Viscous
materials behave time-dependently and exhibits continuous non-zero strain after the stress

has been removed. Asphalt binder exhibits both elastic and viscous behaviour; thus it 1s

considered visco-elastic material. Figure (2-9) shows the stress-strain outcome of the three
materials under a simple creep test. A constant load is applied to a material at time (t) and

removed at time (t;) (Figure 2-9).

The elastic material instantly deforms to a continuous strain after a load is applied and
recovers to zero when the loading is removed (Figure 2-9 a). Linear viscous materials

deform at a constant rate when the load is applied at time ( t ) and continues to deform at
the same rate until the load is removed, beyond which there is no further strain alteration
(Figure 2-9 b). Visco-elastic materials experience an instant strain followed by a gradual
time-dependent strain rise up to time (t;). When the load is removed the matenal
experiences a small immediate strain recovery, followed by a time-dependent strain

recovery (Figure 2-9 ¢).

The amount of recoverable strain would be a function of the time allowed for recovery,
whilst the non-recoverable strain is called permanent deformation. Most visco-elastic
materials display a significant amount of delayed elastic response that is time-dependent

but fully recoverable. Some types of binder; display significant plastic strains over finite

recovery times, thus having a visco-plastic behaviour.

22



Applied Stress (o)

to t Time -t
Strain (&)
Time -t
(a) Elastic Response
Strain (&)
Time -t
(b) Viscous Response
Strain (g)
""""""""""""" = Inostantitneous
Creep Under - _i_ - _R"’f? oLy
Constant Stress
Delayed
Recovery
Iostamtaneouns ==L <r==<<t1--
Elasticity ¥ F Time -t
: . \Pcmmmm
(¢) Viscoelastic Response Deformation
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Visco-clastic Materials under Constant Stress

Loading: a) Elastic material b) Viscous material ¢) Visco-clastic material

(Abbas A. et al, 2004)
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2.8  Aggregate Characteristics Affecting HMA Performance

Shape, texture, and angularity are among the properties of aggregates that have a significant
effect on the performance of hot-mix asphalt as most of the available information on the
influence of aggregate characteristics on performance emphasizes. Most of the test methods

used In the literature did not separate the influence of angularity from that of texture.

Therefore, the term macrostructure is used in this study to reflect the combined effect of
angularity and texture. Previous research confirms that aggregate geometric irregularity
improves the resistance of HMA to rutting. Also, aggregate macrostructure influences the

resistance of asphalt mixtures to fatigue cracking (Hunter, 2000).

In general, angular aggregates that increase mix stiffness are needed for thick pavements,

while smooth aggregates that reduce mixture stiffness are needed for thin pavements to
provide resistance to fatigue cracking (Kandhal et al, 1998a). Aggregates macrostructure
also 1mproves bonding between the aggregate surface and asphalt binder, and thus

generally minimizes stripping problems.

2.9  Aggregates Quality Needed for Open Graded Asphalt

Good quality aggregate with rough macrostructure, higher abrasion value, crushing value
and polish resistance value is selected, specially shaped and sieved aggregates for porous
asphalt are critical in order to achieve the interconnected air voids so that high permeability
can be measured (Kandhal et al, 1998b). As an example of this imbalance, the mineral
production in the United Kingdom in 2006 shows the discrepancies in values between

crushed aggregates and natural aggregates (BGS, 2006), as shown in Table (2-3).
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River or sea gravels,
seashore and windblown
sand

Fully water worn or completely shaped

Rounded by attrition

Pit sand, pit gravels, land
and dug flints

Naturally irregular or partly shaped by

Irregular . .
res attrition with rounded edges

Possessing well-defined edge
intersection
of roughly planer faces

Crushed rocks of all types,

Angular talus

Matenal, usually angular of which the
thickness is small relative to the width
and/or the length

Flaky Laminated rocks

Table 2-2: Classification of Aggregates Shapes (Patrick, 2003)

Thousand

Construction Minerals
tonnes

Aggregates 237, 685
of which: Land-won sand & gravel 71,418
of which: Marine-dredged sand & gravel 20, 639

of which: Crushed rock (stone) 145, 578

Clay & shale for construction 798 (a)

Cement raw materials (limestone & chalk, common clay & shale) (GB) 15, 172 (a)

Clay & shale and Fireclay (for bricks) (GB) 7, 000
Gypsum, natural 1, 700
Slate 865

(a): 2005 data (BGS, 2006)

GB: Figures for GB only.
Table 2-3: Minerals Produced in the United Kingdom (UK) in 2006
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There are three main types of natural aggregates; crushed stone, gravel, and sand. Crushed
stone is mechanically crushed rocks. Most crushed rock is extracted from bedrock. Gravel
18 the product of the erosion of bedrock and surface materials (Table 2-2). Gravel can also
be crushed, to increase its angularity and roughness, and that is recommended for its use in
asphalt pavements. Sand can be either from abrasion of bedrock or be mechanically
crushed, it is distinguished by its size, which according to British Standards (BS EN 13043,
2002) would be particles smaller than 4.75mm but larger than 75 micron.

Some early works to evaluate the main qualities required from road aggregates to be used
in pavement surfacing materials have been documented by Hosking (1970), Hartley (1974)
and Lees and Kennedy (1975). According to their works, they concluded that the main

qualities of road aggregates utilized in pavement surfacing can be identified into six

categories, they are:

1) Toughness — is the ability of aggregate to resists the slow crushing and the rapid
loading.

2) Hardness — 1s the ability of aggregate to resists the abrasion or attrition.

3) Resistance to stripping — is the ability to maintain adhesion to any bituminous binder

with which the aggregate is used.

4) Resistance to polishing — is the ability of aggregate for wearing course materials and

surface dressing to resists the polishing by vehicles tyre.

5) Resistance to weathering effects in the pavement (e.g. resistance to frost action,

swelling and softening by water).

6) Ability to contribute to strength and stiffness of total mix by intrinsic aggregate strength
and shape properties.

All these road aggregates qualities requirements were commonly used by road engineers as
a reference to assess the aggregate suitability for producing high quality bituminous
mixtures. The following sections of the thesis will provide more information on the above

road aggregates properties.
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2.10 Road Aggregates Propertics

2.10.1 Aggregate Crushing Strength

Crushing strength is the ability of the road-stone used in pavement surfacing to resist the
crushing under a gradually applied compressive load by the vehicles (Hunter, 2000). The
crushing strength of aggregates can be determined by using the Aggregate Crushing Value
(ACV) test specified in BS 812: Part 110 (1990). This test is currently used by the road
engineers and the researchers. There are many factors affecting the crushing strength of
aggregates such as the porosity of aggregates. It was noted that the higher the density, of an
aggregate, the higher the crushing strength, and the main factors affecting the toughness or
crushing strength of aggregates had been explained by Hartley (1974). An example of
various suggested minimum crushing strength value required from aggregate proposed for
different usages has been recognized by Shergold (1948) and these propositions are

summarized in Appendix A.

According to Appendix A, it demonstrated that the crushing strength requirements of an
aggregate utilized in asphalt mixtures are mostly depending on the locations of pavement
construction layer, the type of material composition and the traffic stresses. For example;
the aggregate with (ACV) not greater than 13% was suitably applied in water-bound
macadam (or unbound material) and to be utilized under heavy traffic, whilst at the other
extreme, aggregate for use in the body of asphalt pavement road surfacing structure with

light to medium traffic conditions might be permitted to have an ACV up to 40%.

2.10.2 Resistance to Abrasion and Polishing

In highway pavements, the opposing effects of traffic tending to increase the state of
polishing of road stone aggregates, whereas, weathering, frost action, wetting and drying
and temperature changes all tend to remove or reduce the polished state of road stone
aggregates (Lees, 1978). The Department of Transport Specification for Road and Bridge
works (DOT UK, 1976) specified that the minimum polished stone value, (PSV), and the

maximum aggregate abrasion value, (AAV), of aggregates used for wearing course shall be

as described in the contract.
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The Department of Transport Technical Memorandum H16/76 (DOT UK, 1976) asked for
specific requircments for aggregate properties and macrostructure depth for bituminous
surfacing for new motorway and road construction. This Technical Memorandum H16/76 is
shown in Appendix B. In addition to specifying minimum PSV’s for aggregates to be used
in such surfacing materials, the Technical Memorandum H16/76 states maximum

Aggregate Abrasion Value, (AAV), requirements for diffcrent traffic loading calculated as

that using the lane at a time equal to two-thirds of the anticipated life of the surfacing.

These maximum AAYV requirements are shown in Appendix C.

2.10.3 Resistance to Stripping

Adhesion failure is defined as a collapse of the bonding forces between an aggregate and its
bituminous binder coating. The stripping is a phenomenon associated with the presence of
water or moisture content. Hallberg (1950 and 1958) who observed that although,
statistically, basic rocks have exposed better adhesion quality than acid rocks, he went to
suggested that: “The comparatively poor performance of acid rocks may be not only related
to the high silica content but also to the formation of hydroxides of sodium, potassium and
aluminum in the water medium adjacent to the mineral surface. Because of these molecules

in the water would have the effect of lowering the interfacial tension and hence also the

adhesion tension”.

The above research findings were supported by Hunter (1994) as he found that: most

aggregates have a greater attraction for water than for bitumen due to bitumen’s lower

surface tension and thus, lesser wetting power. It is therefore difficult for bitumen to

displace water, which has already created a film over the aggregate macrostructure Hunter
(1994).

Adhesion between the aggregate surface and bitumen may be destroyced by water forcing its
way under the bitumen shelling layer and stripping it free from the aggregates surface. The
softer the bitumen the greater is the stripping risk and that is more apparent with acidic or
high silica aggregates. Low silica aggregates such as limestone are thought to have a

greater chemical attraction for the polar carboxylic acid components of bitumen.
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2.10.4 Resistance of Pavement to Weathering Effects

Resistance to weathering is not an engincering property by itsclf but it can help in

evaluating the reaction to weathering factors, which can lead to greater or less variation 1in

the engineering properties of strength, resistance to polishing, abrasion and adhesion. The
potential to resist weathering effects not only the action of aggregates but also the binder
used. This is because of the consistency of binder will changes with temperature. During
the warm weather, the binder will becomes softer, whereas in cold weather, the binder will
becomes harder. These changes effect caused by weathering will lower the durability of

pavement.

Granite

Basalt

[.] Sand and
gravel

[7] clay and
chalk

Limestone

JATT LTS

Fig. 2-10: Simplificd gcological map of the UK showing main
distribution of Rock types used in the Pavement industry (Hunter, 2000)
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The majority of road-stones that are used in the UK and other Europcan countries for
bituminous surfacing materials are adequately strong and long-lasting to experience little or
no weathering during the life of the pavement matenial of which they form a part. Fig. 2-10
shows a basic geological map of the UK showing main distribution of Rock types used in

the Pavement industry.

Normally, the weathering effects on pavement are such as by frost action and hot scason.
Some instances have been reported in the UK by Hosking and Tubey (1969). They reported
that the aggregate type named (Dolerites and Teschenites) utilized in road surface pavement
caused premature failure and that was expected by the result of deterioration in stockpiled

during service life. As according to these results, they found that the premature failures of
bituminous mixture are much less when the aggregate coatings arc adcquate with binder

and the mix 1s designed to a low or zero permeability.

2.11 Aggregates gradation

Gradation refers to the particle size distribution of aggregates and generally described in
terms of particle size distribution curve (also known as gradation curve or gradation chart),
therefore, gradation must be a main concern in HMA mix design. As gradation of aggregate
has a profound effects on all HMA properties and it is essential to perform a sieve analysis
to determine the type of gradation such as dense graded, gap graded and open graded
(Roberts et al, 1996).

When a washed sieve analysis is done to obtain a washed gradation, the aggregates are
washed over a 75micron sieve to remove the dust or fine particles. The aggregate is then
dried, weighed, and graded as a dry analysis. The amount of weight lost after washing is the
passing 75micron material or dust. In designing asphalt mixtures, an accurate determination
of the amount of material finer than 75micron has significance on the performance of the
mixture. It is preferred to use the wet analysis method for determining the gradation of

aggregates to be used for asphalt mixtures (Patrick, 2003).

(Mamlouk and Al Basyouny, 1999) evaluated the effect of aggregatc gradation on the

rutting potential of Superpave mixes. They prepared several mixtures with different
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aggregate gradations, performed creep test, and analyzed the results using the VESYS-
3AM (a visco-clastic multilayer programme) to estimate the rut depth of the different
mixtures. They concluded that both the aggregate gradation and aggregate nominal size
affected the rut depth for specific pavement section as cstimated by the VESYS-3AM
software. Specifically they found out those mixtures prepared using aggregate gradation
passing below the restricted zone (on the Superpave gradation chart) had better resistance

to rutting as compared to those made from aggregates with gradation passing through or

above the restricted zone.

However, as the comparisons were made based on rut depth predicted by model rather than
measured rut depth, the study is subject to limitations of the model. (Cross et al, 1999)
evaluated two mixtures made from aggregates with different gradations. The aggregate for
first mixture had an S-shaped gradation that stayed below the maximum density line and

passes below the restricted zone.

The second mixture was made from aggregate with finer gradation that stayed above the
maximum density line and above the restricted zone. Other mixtures with aggregate
gradations 5 to 20% coarser, as measured on the 4.75 mm sieve, than the fine and coarse
mixtures were too prepared and tested. The mixtures were assessed for permanent
deformation as well as other mechanical propertics using Asphalt Pavement Analyzer (rut
tester). They concluded that the finer gradation had better resistance to permanent
deformation, which apparently was in contradiction with conclusions of Mamlouk and Al

Basyouny (1999) in the previous paragraph. Figure 2-11 shows measured rut depth at 8000
cycles for the mixtures evaluated in the study by (Cross et al, 1999).
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Fig. 2-11: Rut depth at 8000 cycles (Cross et al, 1999)

2.12 Asphalt

Around 6000 before Christ (B.C.), the Sumerians (IRAQ nowadays) had a thriving ship-
building industry that produced and used asphalt for caulking and waterproofing. As early
as 2600 B.C. asphalt was also used by the Egyptians as a waterproofing material and also to
impregnate the wrappings of mummies as a preservative, and it was also used by other
ancient civilizations as a mortar for building and paving blocks used in temples, reservotrs,
irrigation systems and highways. The first recorded use of asphalt as a road building
material was in Babylon around 625 B.C., and the asphalts used by early civilizations
occurred naturally and were found in geologic strata as either soft, workable mortars or as

hard, brittle black veins of rock formations.
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Natural asphalts formed when crude petroleum oils worked their way up through cracks to
the earth's surface. The action of the surrounding environment such as sun and wind cxpel
the lighter oils and gases, leaving a black leftover. Natural asphalts were extensively used
until the early 1900s. After the discovery of crude oil, and the increasing popularity of the
automobile, served to greatly expand the asphalt industry. Modern petroleum asphalt has

the same durable qualities as naturally occurring asphalt, with the added advantage of being

refined to a uniform condition free from organic and mineral impurities. Most of the

petroleum asphalt produced today is used for highway surfacing,

2.13 Cement Coating of Aggregates

Generally, aggregate quality has a predominant role in HMA mixes performance. The
availability of good quality aggregates is of concern in many countries including the UK.
Upgrading and developing the properties of the available, plentiful secondary aggregatcs
will solve the problem of this type of aggregates of being secondary, and then it can be
accepted by road engineers as a sound material. Previously upgrading of sccondary
aggregates had been studied but not to the extent of studying its effects on permanent
deformation level. This project has concentrated on testing three types of OGFC mixes with

two different asphalt binders in different laboratory testing techniques.

The cement coating of secondary aggregates addresses the macrostructure of aggregates
particles and improves the bond between these particles and the asphalt binder; as it will
roughen the aggregates surface and that is suppose to lead to increase the bonding between

the aggregate particles and asphalt binder. The new cement coated aggregates can then be

utilized in asphalt mixes by regarding it as new upgraded aggregates and usual mix
procedure are applied to it. A thorough description of the cement coating method will be

discussed in the next chapter, (Chapter three).

The two types of aggregates that were utilised in this research work are:

1. Arcow aggregates that were brought from “Arcow quarry” of Helwith Bridge,
Horton-in-Ribblesdale in North Yorkshire. It belongs to a rock type named Silurian

Greywacke (fine grained siltstone deposited about 420 to 440 million years ago).
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2. Croxden aggregates that were brought from “Croxden quarry” of Croxden
Common, Cheadle, Stoke-on-Trent, Staffordshire. It is comprised of major
inclusions of quartz and quartzite together with lesser inclusions of sandstonc,

siltstone, granitic fragments and ironstone.

The chemical compositions of these two types of aggregates are shown in Table 2-4 below,

as provided by Tarmac Ltd.

Substance | Arcow Croxden
(Chemical Symbol) ‘

Al203 12.2% 2.41%
Fe203 0.97%
-
—_
e | e | e

Table 2-4: Chemical Compositions of Utilized Aggregates  (Tarmac limited 2008)
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2.14 Asphalt Absorption

Aggregate absorption is the quantity of water an aggregate will absorb when it is saturated

in water, Aggregate, especially porous ones will also absorb the asphalt binder. Owing to

the viscosity of the asphalt binder and the fact that nearly all aggregates are hydrophilic
(water loving), the aggregate will absorb less asphalt binder than water. Absorption of
asphalt by a mix can be calculated if an aggregate is very absorptive; it will continue to
absorb the asphalt binder after the primary mixing at the mixing plant, hence leaving less of

an asphalt binder film on its macrostructure.

The absorptive capability of an aggregate is usually accounted for in the laboratory mix
design process. The amount of asphalt binder in a mix less than the asphalt binder
absorption of the aggregate is identified as the effective asphalt binder content. If an

aggregate absorbs too much of the asphalt binder, the mix will become less cohesive and

difficult to be placed and compacted. The mix will also have a low asphalt film thickness

on the aggregate surface, which can lead to mix stability problems. These aggregates will

require higher asphalt binder content to provide a mix with a satisfactory performance.

Highly porous aggregates ought to contain other desirable qualities to overcome their
excessive asphalt demand. Absorption is expressed as a percentage by mass of aggregate

rather than as a percentage of total mixture. Absorption is determined by the equation
(Patrick, 2003 ).

Pra =IOOXMXG3 (2.1)
G:bGu
Where:

Py, 1s the absorbed asphalt (%),

Gs. 1s the effective specific gravity of aggregates,
Gs  1s the bulk specific gravity of aggregates and
G, 1s the specific gravity of the binder.
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CHAPTER 3

Materials Design

3.1 Cement Coating Design Concept

Increased aggregate angularity is well known to increasc the resistance to permanent
deformation in bituminous mixtures; this phenomenon is documented in references such as
Brannan et al (1991). Generally road stone cement coating was not new, Schmidt (1973)

showed that adding dry cement at any percentage of less than 10% of the total weight of

crushed rock aggregates in the mix will produce an enhanced strength properties of the mix.

Daoud et al (1980a) had carried out experimentation using Portland cement for coating
crushed local primary aggregates for the production of high-quality mixtures. Initial
experiments were anticipated to improve the general mixture by enhancing the frictional
component of stability and the aggregate-binder affinity and adhesion. The main aim was
being to reduce excessive rutting, The aggregate was treated with about 11-15% by weight
(of the total aggregate in the mix) by Portland cement with sufficient water to satisfy the
requirements of aggregate absorption and cement hydration. The cement-aggregate mixture
was allowed to hydrate for two days to form a coating of hydrated cement before 1t was
crushed for separation before its use. Encouraging results led to the construction and
monitoring of a 500m trial section on a major road. The performance of this trial section
was judged to be very satisfactory, and the technique was subsequently introduced into the

construction specification of the major road network.

A Kuwaiti government regulation document (M of PW, 1980), published at that time,

compared, in the laboratory, the performance of cement coated aggregates, with the
corresponding performance of two conventional mixtures, of the same gradation and type
of parent aggregate. Results showed that, on the whole, cement coating of the parent

aggregate had the effect of increasing the Marshall stability, the optimum binder content

and the void content of the mixture. These are all desirable qualities in the production of
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modern mixtures, especially stone mastic and porous asphalt type mixtures. Compact-
ability tests, (1.e. Marshall Test’s results at 50 and 75 blows) also showed that cement
trcated mixtures contained 37% more voids after 75 blows than ordinary mixtures at 50

blows. This indicated that cement coated mixtures are capable of reducing permanent

deformation, supported by Kandhal et al (1992).

Another advantage of cement coating on primary crushed aggregates highlighted in
Daoud’s research work (Daoud, 1980) was the ability of treated mixtures to resist the

deleterious effects of water on the pavement performance.

In an immersion-compression test (AASHTO T165) which was conducted by the Ministry
of Public Works in Kuwait (M of P W, 1980), where the alternative procedure in which the

immersed specimens are kept in water for 24h at 60°C + 1°C was adopted, the following

statements summarised:

(1) Untreated specimens lost about 50% of their compressive strength after immersion,

specimens that had 1 per cent hydrated lime and those treated with cement appeared

completely resistant to water.

(i)  The large drop in compressive strength of untreated specimens occurred despite of
their high fines content of 8 to 10% (mostly limestone dust), which should have
improved the mechanical component of adhesion and thus the resistance to stripping

by increasing the viscosity of the original binder in the mixture. This was thought to

be because, unlike active fillers such as hydrated lime, limestone dust is inert and
insoluble in water and does not therefore change the physicochemical mechanism at

the aggregate-bitumen interface, which is known to influence greatly the adhesion

and stripping of bitumen films.

(i) The change of filler content from 8% to 10% appecared to cause no significant

change in the index of retained strength in almost all cascs.
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(iv)  The compressive strength, in the case of both dry and immersed specimens was seen
to increase by an average of 20% for specimens with hydrated lime treatment and
13% for specimens with heavy cement treatment. Specimens that had light cement

treatment yielded the greatest improvement in compressive strength. The

improvement where found to be 52% and 34% for the dry and the immersed

conditions respectively.

The above statements provide evidence to support the hypothesis that cement coating in the
correct proportions can significantly increase the performance of a road material, in both

wet and dry environments.

Work by Daoud et al (1980b) and Daoud (1980), at the Road Research Centre in Kuwait,
indicated that the optimum coating, (in terms of uniformity of distribution of the added

cement paste among different size fractions of the treated aggregate), was usually achieved
at 11-15% of cement, by weight of the aggregate. This depended on a number of material

and processing variables, (including aggregate type and gradation, water/cement ratio, etc.).

Later Guirguis et al (1982) studied the findings of Daoud et al (1980b) and Daoud (1980),
and they concluded that using a range of 11-15% of cement in the coating process was not
economically possible for many applications. They thus considered it necessary to
determine the effect on bituminous mixture propertics, by using lower percentage of
cement added to the utilized primary expensive crushed rock aggregates. Three levels of

cement coating were therefore considered and the resulting coatings were recognized as:

1. Light (5%),
2. Medium (6.5%) and
3. Heavy (8%)

They found, in summary, that the addition of cement as a coating had the effect of:

Increasing the stability,
Lowering the potential for binder bleeding,

Increasing the resistance to the effects of water and

ol

The mixtures tended to remain stiff at higher temperatures and resist excessive

brittleness at very low temperatures.
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All the research work previously mentioned had applied cement coating on primary
crushed rock aggregates. In this research work wet cement coating with additives will be
used for upgrading waste natural aggregates, which are available in