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Abstract

Abstract

The increase of road infrastructure around the wiasldlving the traditional hot mix
asphalt(HMA) technologyand its effect on the environmerdand healthmeanshat
seriots attentionneeds @ be paidto buildng more sstainable flexible pavements
Cold bitumen emulsion mixture (CBEM) as an increasingly attractive cold asphalt
mixtureis therefore becoming an important subject area for sidespite theefforts
applied during thelast few decades tenhanceand develop CBEMapplication
certain issuesstill exist that make it inferior to HMA, resulting ifimiting or
minimizing its use.However, the enhancement of CBEM for flexible pavements
construction, rehabilitation and maingarte is increasingly gaining interest in both
pavement engineering industrial and research sedtbesefore, hemainaim of this
studyis to gain a deep insight and understanding into the impact respbuosing
natural and synthetic fibres as reinfoiz materials, on the mechanical properties
and water susceptibility of CBEM including indirect tensile stiffness and resistance
to rutting, cracking and moisture damageur different types of fibres were used:
glass as a synthetic fibre, and hemp, pnd coir as natural fibre¥arious samples

of CBEM, with and without fibres, were fabricated and tested. Traditional hot mix
asphalt mixture was also used for compari€nachieving this aim it is expected
that the use of CBEM would increase, allowingcls mixture to be used as

structural pavement materials with some confidence.

In spite of he quality of an asphalt mikeing one of the most important and
significant factors that affedhe performance of both h@nd cold mix flexible
pavementsand tre high quality mixes are often cost effective as these mixes require
less maintenance and increase #ervice life of the pavementy, is also cost

efficient to replace the sermperimental flexible pavement design methods with

vii



Abstract

fast and powerful softwar that includes finite element analysis. Several finite
element models (FEM) have been developed to simulate theibehaf hot mix
asphalt but none gists for cold mix asphalteinforced by natural and synthetic
fibres. This study alsalescribes the delopment of a thredimensional (3D), finite
element modebf flexible pavements made with CBEMs, which has itself been
reinforced with natural and synthetic fibreBhe 3-D finite element model was
employed to predict the viscoelastic and viscoplassponses of flexible pavements
based on CBEM when subjected tlifferent multiple axle loads, bituminous
material properties,yte speeds and temperatures. The pavements were subject to

moving and static loading conditions to test for permanent deform(atitiimg).

The results indicate a significant improvement in the indirect tensiltness
modulus, for all fibrereinforced BEMSs, over different curing times. The improved
tensile behaviour represents a substantial contribution towards slowing crack
propagation in bituminous mixtures, while scanning electron microscopy analysis
confirmed the fibre shape and surface roughness characteristics. The improved
performance of the reinforced mixtures withthbanatural and synthetic fibres
facilitated a substdially lower permanent deformation than traditional hot and cold
mixtures at two different temperature$5(°C and 60°C). When using glass and
hemp fibres as reinforcing materials, there was a significant improvemeBEN C

in terms of water sensitivityThese reinforcing materials can extend the service life
of flexible pavementsFinally, the results show that the finite element model can
successfully predict rutting of flexible pavements under different temperatures and

wheel loading conditions.
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Chapter 1 Introduction

Chapter 1

I ntroduction

1.1 Overview

An effective transport system is essential for the economic and social development
of any country. Roads arene ofthe most populaelementsof a transportation
system.In recent years, demand on road transport networks around the world has
developed increasingly in tegof traffic volume and axle loadSubsequently, road
pavement structures are deteriorating due to structural failure leadagneed to
construct new roads or overlay the old ®rghese include the use of hot mix asphalt
(HMA) technologies for manufacturinggying down and compacting the asphalt
mixtures at hightemperaturesAt the same time, it is associated witlgh-energy
consumption, greenhouse gas emission and health impacts in both construction and
maintenance of the road netwaqrkMi | j k o v In hdditio®, @sphal) pavements

are consideredas a factor in the global heating and air pollutiuropean
Environment Agency, 2013)herefore, there is aignificantneedto enhance the
asphalt pavement technology enabling the production at lower temperatures
(Bonaquist, 2011; Prowell, Hurley and Frank, 201The construction of road
pavementsndustryhas paid incrasing attention to usingold mix asphal(CMA),

which use bitumen emulsion instead of hot bitume@old bitumen emulsion
mixture (CBEM) is the mostommontype of CMA, which comprises bitumen
emulsion as a bindeHowever, current technologynly allows sucha mixtureto be
usedfor particular @plications in certain situation$o date, it has been considered

as an inferior mixture, in comparison to HMA, because of low early stiffness, a long
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curing time needed to reach its final strength and higlvad content This cold
process has been exisively usedor many yess in several countries such te
United States of America, Australia, France, Belgium, Brazil and those in
Scandinavia. In the Uniteldingdom, the development ofMA technology is only

recently being brought forwai@hanaya, 2003)

1.2 Problem Satement

Hot and cold sphalt mixes are composite materials that mainly conststwhenas

a binder, aggregate and voids. They have generally been used as a material for
constructing flexible road pavements because of the good adhesion that exists
between binder and aggregat@¥u, Ye and Li, 2008) However, due tcsome
certain factors that canegatively affect the performance GBEM suchas weak

early strength, long curing timé&affic and envionment,poor mechanicgbroperties

high air voidsand construction quality controlarious types of distress or damage
can appear on theurface ofsuch pavementsRutting (permanent deformatign
development is one of the major distresses that occurs frequently in flexible
pavements due to the ndinear, viscous and plastliehavioursof asphalt mixeslt

can be defined as therecoverable vertical deformation of pavement under the
vehicle whekpath (as shown inFigure 1.1) caused by high temperature and load
repetitions It might be limited to the asphalt surface layers that comprises the
viscoelastic and viscoplastic properties of asphalt and the plastiactdrastics of
aggregatesDuring rainy weather, utting prevents water drainage away of the
pavement surface making it accumulate in the ruts that increases the probability of
car accidents related to hydroplaning as showrignre1.2. Mallick and EFKorchi

(2013) considered a 12.5 mm rut depth as rutting failure, although, thig valu

dependent on the type of road and design speed. Therefote,ceantry or

2
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Figurel.2: Hydroplaning issuem bituminouspavementgRoadex Network2018


https://www.pavementinteractive.org/reference-desk/pavement-management/pavement-distresses/rutting/
https://www.roadex.org/e-learning/lessons/drainage-of-low-volume-roads/introduction-why-drainage-is-important/
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specfications may have their own judgement, not following to a spediicre
value In addition, deep rutting causes difficulties in steering for vehicles. This may
cause loss of car control which then leads to an acc{#idr@nzada, 2000)in hot
weather, asphalt pavements gah after about one year following construction due

to high temperature (e.g. pavement temperature ov8€hand heavy axle loads.

One of the main factors that affects rutting IBEM is mixture properties. There is a
lack of knowledge on how mixture properties affects the ruttingREN and how
the improvements in the mixture properties cause a change in the performance of the

CBEM.

1.3 Why Cold Mix Asphalt (CMA)?
Cold mix asphal{CMA) is defined as bituminous materials which are prepared at
ambient temperature by emulsifying the asphalt in water before blending with the
aggregates. It has been considered an inferiotungixomparée to hot mix asphalt
for the last several years, mainfyterms of its mechanical properties, the extended
curing period required to achieve an optimal performance and its weak early life
strength(Thanaya, Forth and Zoorob, 200@MA has a number odbenefits over
HMA, but the main diffeence lies in the fact that CMdoes notrequire anyheaing
as it can be manufactured, laid and compacted without he#tiragddition, CMA
can offer the following advantages:

1 Bitumen emulsion does not require a petroleum solvent tce nitakquid.

Bitumen emulsions can also be used in most cases without additional heat.

Both of these factors contribute to energy savi@gphalt Institute, 2008)
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1 CMA is not dependent upon warm weathieris a 1exible material thatould
be strong enough to withstand temperature fluctuatitnsan be used iall
weather

1 It can be mixed on site or off site and then transported to locatiere other
mixtures need special equipment to control the temperagtfioecblaying

1 Ecofriendly optionduring all production processesade from watebased
materials at ambient temperatures, which reduces emissions, energy
consumption and toxic fume@outeiller, 2010) There are little or no
hydrocarbon emissions from asphalt emulsi@sphalt Institute, 2008)

1 Costeffective solution for paving or repairing rural reathat are nowhere
near a hot mix plantas nnimal méaerial and transportation costs required
where CMA used in remote are@d-Hdabi, 2014)

1 2-3 times faster progress than other types of mixtusasy existing facilities
at site without any extra investment in caipabuilding orequipment

1 Ageing of the binder does not occur during storage and constrstiges as
no heat is requirefAl-Busaltan, 2012)

1 Recycled and virgin aggregate can be used to produce @GWHBusaltan,
2012)

1 No waste is expected during construction stage of CMA in comparison to
HMA when its temperature reagba certain unacceptable rg#s -Busaltan,

2012)

1.4 Aim and Objectives
Asphalt mix quality is one of the most important and significant factors that affects
the hot and cold flexible pavements performantee high quality mix is often

economic, sustainable and sdfging pavement performan@hancemestand this
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constitutes the main driving forces affectinghe incentives to further develop of

CMA.

The aim of this study is to understand the behaviour of the conventional CBEM and
to improve this behaviour using natueadd synthetic fibres as reinforcing materials

in CBEM.

This aim is achieved partially througexperimental analysis dfe behaviour of the
conventional BEM and improvenent ofthis behaviouusing natural and synthetic
fibres as reinforcing material3he purpose of this part of the work is to gain a
thorough understanding on how ttenforced and unreinforcedBEMs respondn
terms of different mechanical propertid$e studyalsoaims tonumericallydevelop

a threedimensional () finite element model (FEMjo predict the rut depth
caused byepeatedvheel loading on reinforced and unreinforceBEd, and HMA

mixturesusing viscoelastic and viscoplastic analysis.

Even though extensive experimental and numerical work has beerd cautieon
natural ad synthetic fibreseinforced HMA very limited research work has been
undertaken to investigate the effectraftural fibre onthe mechanicakesponse of
CBEMs under different loading and environmental conditioihe research work
proposed in this project provida better understanding of theechanicabehaviour
of CBEM reinforced with natural and synthetic fibreander different loading

conditions

The novelty of thesaims lies in the fact that CBEM has beerdi®nly for specific
environments and road types arsdcurrently considered inferior to hot mix asphalt
because of the low structural competence of the material in early life, adhesion

properties, long curing time and moisture damage resistance compared with hot mix.
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Natural fbre reinforcement ofCBEM has not previously been investigated at
different temperatures and environmental conditidriserefore, using natural and
synthetic fibres in CBEMs is to achieve the optimum properties for replacing HMA.

In addition, based on thengineering properties of CBEMs, a finite element model
has been developed as a first model simulating the permanent deformation of such

mixtures.

In order to achieve these aims the following objectives are required:

1 Conduct a detailed literatureview on asphalt pavements in general and the
technology ofCBEM in orderto optinee t he mi x desi gn,
content, and to determine the experiments and parameteerdimateded to
evaluate the CBEMs and builg the analytical modeT he literaturereview
focuses on the properties, testing and depigrcedures associated with the
current use of BEM, and also focuses on the techniques #ratused to
improve BEM by adding OPC,waste materials and fyoducts as a
replacement to the fér. In addition, using natural and synthetic fibres as
reinforcing materials in asphalt mixtures has been reviewed.

1 Select the candidateatural and synthetiibres as reinforcing materials in
CBEM. These fibregonsideredcarehemp, jute andoir as natual fibres, and
glass as a synthetic fibre.

1 Test the reinforced and unreinforceEMs and also HMA mixture (for
comparison) in the laboratory determine and evaluathe properties of
such mixtures.To achieve this goal, analyse the performance of these
mixtures based on the results from different tests such as indirect tensile
stiffness modulus (ITSM), wheel tracking, uniaxial compressive cyclic

(creep) water sensitivity and sergircular bending monotonic tests.

-
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1 Usethe scanning electron microscof(s®EM) to showthe microstructure of
the fibres andheir surface area tbelp the understanding of mixtufiere
interlock

1 Develop a 3D finite element modefior predicing permanent deformation in
reinforced and unreinforced BEM and HMA mixtures under static and
moving wheel loadsA particular focus of the calibration is the viscoelastic
and viscoplastic model components, which are the most relevant for the
rutting problem ABAQUS software is selected for this task

1 Use the deveped model to calculate the ruttimgf the reinforced and
unreinforced mixtures and compare with measured rut depth fromhéel

track testing.

1.5 ThesisOutline

This thesis presents an extensive literature review of the existing research related to
this study. The experimental results different tests are presented and discussed.
The validation of numerical simulations, pardrite studies and the simplified
theoretical models are also explained and exadiirrhe thesis consists oifxs

chapters and is gansed as follows:

Chapter 1: Presents an troduction of the CMAand the finite element analysis. In
addition, the maimims andbjectives of the research as well as the thesis outline are

included.

Chapter 2: Reviews the previous research work relevarihe present investigation.
The experimental investigations adevelopments of BEM and HMA mixturesare
presented and discussed. The finite element analysis investigations asptiedt

pavementsre also included.
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Chapter 3: Describes the experimett work which includes the materials
charactesation mix design,test methodsand the preparation of specimens. The

fibre reinforcing BEMSs process is also present

Chapter 4: The experimental results obtained fraifferenttests are presented and
discussed. This chaptprovides the detailed results of performance characterisation

of CBEMs reinforced with different types of fibres.

Chapter 5: Presents the development of the finite elemenlyaisato simulate the
mechanicabehaviour of theeinforced and unreinforcedBEM and HMA mixtures

under different loading and environment conditiomsing the commercial ode
ABAQUS/Explicit. The chapter describamnodel geometrymaterials properties,
loading conditions, failure critea, mesh sensitivity styd as well as the boundary
conditions. All numerical models were validated against the experimental findings.
Parametric studies using the validated numerical models developed in this chapter
were carried out to investigate the effects of several parametertherutting
response of theeinforced and unreinforcedBEMs. Here, the results obtained from

these studies are compared and discussed.

Chapter 6: Draws the main conclusions of the research findings and gives

suggestions for the future research work.
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Chapter 2

Literature Review

2.1 Introduction

This chapter presents a comprehensive review of motdasphalt (CMA) mixtures
associated with technologies tihe asphalt pavemeirtdustry. The previous work
relevant to the current research is reviewed in this chapterexisting knowledge
related tothe studies orcold bitumen emulsion mixture (CBEM)nder different
loading and environmental conditionevers the experimental work and analytical
researchlt also includes review ofthe previous studiesn the structural behaviour
of CBEMSs. Furthernore, the results ofresearch carried out on the structural
behaviour of theCBEM improved bydifferent techniquesare presented, together
with a review of the numerical analyses lmfuminous pavementd=inally, the
constitutive models used to perform litutnous mixtures behaviour adiscussed

and the related researches are reviewed.

2.2 Asphalt Mixtures

Asphalt mixturesare composite matergthat mainly consist pbitumenas a binder,
graded minerabggregate and void$ependnhg on the types and proportions of
these components as well as the aggregate grashdgparticle size distribution
different types of mixtures can be producediccordingly, asphalt mixtures are
divided into two main typescontinuous graded and gap gradatktures. Inthe
continuousgraded mixture, there are different aggregée actions and the voids
generated by the coarse aggregate are filled up by the fine aggregate, filler and

bitumen (Roberts et al, 1991)The gap graded muxte produces a high air voids

10
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content to be filled witha mortar of sand, filler and bitumeiklence, continuous
graded mixtures perform better than the gap graded mixtures in terms of deformation
resistancgRead, 1996) Different asphalt mixture types are used in the UK road

pavementgonstruction ag explained in the following sections.

2.2.1 Asphalt Concrete

Asphalt Concret¢AC), commonly called bitumen magam,is a composite material

in which the aggregate particles amntinuously gradedo form an interlocking
structure It gains ts properties by the use of high quality stone, forming good
aggregate skeletonlis strength is derived from the interlock of coated aggregate
There are several types of AC ranging from 3 mm fine graded surface course to 40
mm Heavy Duty ACThedifferences between thesgpes aralefinedby varying the
maximum nominal size of the aggregate, the bitumen grade and the filler content.
AC is used for arface courses, binder coursesgulating courseand basesThe
typical grading and an idealised section through this mixture are presefiiggriz

2.1 according to the asphalt concrete specificat{@uropean Committee for

Standardization Part 1, 2006)

11
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Figure 2.1: Typical 14 mm close graded surface course grading

2.2.2 Hot Rolled Asphalt

Hot Rolled Asphal{HRA) is a dense, gap graded bituminous mixture in which the
mortar of fine aggregate, filler and high viscosity binder are major contributors to the
performance of the laid materidlhere is a high percentage of sand in thetunex
resulting in a low peentage of air voids when it is compactdd. strength is
deived from the mortar of bitumen, sand and filleiot Rolled Asphalt is used for
surface courses, binder courses, regulating courses and bhsedesignation of
HRA is in the form of two numbs, the first number indicates the nominal
percentage of coarse aggregate in the mixture and the second number indicates the
maximum nominal aggregate size in millimetr&be range of mixture types varies
from a 0/3 sand sheet surface course to a 6@&d basenaterial.According to the
HRA specification(European Committee for StandardizatioPart 4, 2006)the

most common material used in the UK is a 30/14 HRA surface course with pre

coated chippings rolled into the surface to provide skid resistance. This typiaall

12



Chapter 2 Literature review

a binder content &% to 8%, by mass of the total mixture, dependent upon the exact
grading and mechanical properties requirfeure 2.2 shows a typicahggregate

grading curve, and aass section of the HRA mixture.
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Figure2.2: 30/14Hot rolled asphalt

2.2.3 Stone Mastic Asphalt

Stone Mastic AsphalfSMA) is a gapgradedbituminousmixture with bitumen a a
binder, composed of lsigh coarse crushed aggregatntentthat interlocks to form

a stoneskeleton bound with a mastic mortdtr provides a deformatieresistant,
durable surfacing material, suitable for heavily trafficked rodst®ne Mastic
Asphat is mainly used for surface courséstypical aggregate grading curve, and a
cross section of the SMA mixtul@e shown inFigure 2.3 according to the SMA

specification(European Committee for StandardizatidPart 5, 2006)
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Figure2.3: Typical stone mastic asphalt grading

2.3 Asphalt Mixtures Classification

Asphalt mixtures have generally been used as a material for constructing flexible
road pavements because of the goodesaidim that exists between bitumand
aggregategWu, Ye and Li, 2008)Bitumen plays an essentiadle in determining

the properties ofasphaltpavementsandit is responsible for the viscoelastmd
viscoplasticbehaiour characteristis of such pavementsinder different loading
conditions(Thom, 2008) Dependingon the mixing process andemperaturge that

are usedthe asphalt mixtures amdassified to the following typeévaitkus et al,

2009)

2.3.1 Hot Mix Asphalt

Hot mix asphalt (HMA) is a combination of mineral aggregate uniformly mixed and
coated with bitumen. To dry the aggregates and to achieve sufficient flexibility of
bitumen for appropriate mixing and workability, both the aggregate and bitumen

must be heatkeprior to mixingh ence t he t e mixing teroperatung ix . 0
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equal to the used bitumen viscosfijixing temperature °C) = Bitumen viscosity
(170+ 20 centistokes, according to the hardness grade of the biturAggregates

and bitumen are comimed in a mixing facility in which all of the constituent
materials are heated, proportioned and mixed to produce the desired paving mixture.
After plant mixing is complete, the hot mix is transported to the paving site and
spread with a paving machine inl@sely compacted layer to a uniform, even
surface. While the paving mixture is still hot, the material is further compacted by
heavy motordriven rollers to produce a smooth, wetinsolidated pavement layer.
According to the(U.S. Environmental Protection Agenc(EPA), 2011) the
production of HMA is a major source of carbon emissions that have a significant
environmental impact. EPA estimatthe annual emissions ahHMA plant, which
generates around 200,0ts of asphalt mix, is around 1t8nsof carbonmonoxide
(CO), 5tonsof volatile organic compounds, 2@nsof nitrogen oxides, 0.6@®nsof

total hazardous air pollutants and Odns of sulphur oxides(United States

Environmental Protection Agency, 2000)

2.3.2 Warm Mix Asphalt

Warmmix asphalfWMA) is the general name t#chnologieghatallow the asphalt
pavement industryo lower the temperatures at which the material is mixed and
placed on the road. Reductions26f°C to 40 °C below the temperature required for
HMA have been documentéRubio et al, 2012)Suchreductions have the obvious
benefits of using fewer fossilfuel resourcesand reducing the production of
greenhouse gasem the manufacturing proces@European Asphalt Pavement
Association, 2010)In addition, engineering benefits include bettiexibility in

terms of use, as it coofsore slovly than HMA. WMA hasthe ability tobe shipped
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for longerdistanceand extendshe paving season by being able to pave at lower

temperatures.

2.3.3 Cold Mix Asphalt

In response to growing concerns owglobal warming and rising greenhouse gas
emissions, the asph industry is paying considerable attention to finrdy
alternatives to HMA(Dinis-Almeida et al, 2016; Vaitkus et al, 201@&)n effective
solution is the use of CMA technolog@jyatallows mixing, laying aad compaction of
the bituminousmixtures withoutheating.Cold mix asphalis a mix of aggregate
with areduced viscosity bitumen binder. It is produced by emulsifying the bitumen
in water prior to miing with the aggregate at ambient tempera(denkins, 2000)
During the emulsifyingstage, thebitumenis less viscouand he mixture is easy to
work and compacfThe emulsiorbreals after enough wat evaporates and the cold
mix, idealy, takes on the properties of HMACold mix is typically used as a
patching material and olessettrafficked service roadsAccordingly, thes efforts

have led to several CMA types around the watdfollows:

2.3.3.1 Cold Lay Macadam

Cold lay macadam is a bituminous mixtuvkich consists of aggregate with reduced
viscosity bitumen (cutback bitumen) using flux oil or solvent. Flux oil contains a
nonvolatile fraction of petroleum to dilute the hard bitumen to the required
consistencyThe efficiency of this mixture mainly relies on the evaporation rate of
the flux oil due to the weather conditions and pavements service. Several flux oll
types are used in cold lay macadam such as gas oil, white spirit, kerosene and
creosotes(Nicholls, 2004) The applicationof this mixture is normally used for
surface dressing, base course, macadam mixtures and filling for temporary

reinstatement work. Bause of the low stiffness of this mixture due to flux oil, its
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use has reduced abeenreplaced witithe HMA mixture(Robinson and Thagesen,
2004) Furthermore, the use of cold lay macadam is considered uneconomical and

environmentally not friendly due to solvent {keech, 1994)

2.3.3.2 Grave Emulsion Mixture

Grave emulsioriemulsion stabilised aggregate)xture has been particularly used in
the warm and dry regions due to the higusceptibility to moisture damage
(Needham, 1996)in grave emlsion mixture,dense graden aggregatas mixed

with prewetting water then mixetbgethemwith a medium setting emulsiamhichis
consideredthe main binderlt is classifiedas a dense graded emulsifigdxture

This mixture has been uséal base courseandasan overlay forstrengtheningf
deteriorated pavements andpg®filing old roads.Also, it can be used as surface
course forlow trafficked roads(Thanaya, 2003)Typically, these mixtures need to

be laid directly after mixing which is diffidt to implement dudo the distance
between the site and the manufacturing plant. Therefore, a modification to the
mixture has been carried out using flux oil, which allows these mixtures to be
stockpiled for many days before laying. However, this madlifbmn causes a
stiffness reduction as a result of softening the bityraed increases the period of
curing. This mixture can be distinguished from other types of CMA due to the thin
films of binder that coated the aggregate particles as a result of whbitiomen
content and this leads to one of the drawbacks of this mix{Meedham, 1996;

Thanaya, 2003)

2.3.3.3 Foamed Bitumen Mixture

An alternative cold process uses a foamed bitumen as a binder in manufacturing
CMA. Foamed bitumen is produced by mixing hot liquid bitumen withter
derived steanplus a surfactant. Theitbomen expands to about fifteen times its

17



Chapter 2 Literature review

volume during the rapid boiling of the water resultimg a foam which is then
stabilised by the surfactant. iStbinder is thermixedwith aggregatewhile it is still
in the foamed stateand due to the increasedlume ofthe bindera high degree of
coatingis achieved Normally, bitumen comprises about 97% of the foarass
where water and foamed agent comprise 2% and 1% respecdfMeBusaltan,

2012)

2.3.3.4 Cold BitumerEmulsionMixture (CBEM)

Cold bitumenemulsion mixture (CBEM) ishe nost popular type of CMA mixture
andused to creata bituminousmixture produced by mixingitumen emulsionvith
mineral aggregate The CBEM industry is interested in using eithargin aggregate

and RAP (Reclaimed Asphalt Pavement) or both to gain an optimum gradation
(Needham, 1996; Thanaya, 2008) CBEM, less energy consumption and fewer
emissions are considered as the main advantages of using such swigtamared

with HMA. However, this miture has somproblems similar to any CMA mixtures

as it has low early strengtla long curing timeneeded to obtain the maximum
performance, high air voidand is henceconsidered inferior to HMAAIso in
contrast to HMA CBEM mighttake from a few montht a few years to develop
their ultimate strength and associated propelfsikolaides, 1983) Thus, CBEM
hasbeen used in limited applications suchlightly trafficked roads, footways and
reinstatementfLeech, 1994; Read and Whiteoak, 2003; Thanaya, 2003; Liebenberg
and Visser, 2004; Gémedeijide and Pérez, 2014; Ojum, 201Bpyle et al (2013)
reported that due to the long curing time tisatequired for the CBEM to gain its

full strength after paving, it has rarely been used for heavy traffic load paveibents
has also beemonsideredto be a higHy sensitive bituminous mixture to rainfall

during the early age of constructig@ruc, Celik and Akpinar, 2007)Iherefore,
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using CBEM as a structural layer is limitedpecially in the UKCBEM cauld be

used for heavily trafficked roads when overlaid by at least 40 mm of hot bituminous
mixture layer(lbrahim, 1998) Generally, open or sendiense aggregate gradation
are used in producing CBEM to give better aeration within the highoarmixture
which helps to evaporate the trapped water and reduce curing(Nitk@aides,
1983) However, recently different gradations have been usqateparing CBEM
such as dense gradation and continuous or gap graded graqHirahgm, 1998;
Thanaya, 2003; ABusaltan et al, 2012b; Alidabi et al, 2014)In addition tothe
gradation, the characteristicef the CBEM significantly depend on the
characteristics and type of the bitumen emulsigrewetting wateradded curing

process, compaction effort and additives uSdthnaya, 2003)

Different countries are using and developing the CBENMbad works for example
France and the USAOjum, 2015) However, this mixture is not preferable and
restrictel to use for road works in the UK because of the relatve¢ and cold

weather.

2.4 Performance Characteristics ofCBEM

To examine the performance of CBEM, several investigations have been conducted.
The outcomes of these investigations have identified tha prablems of CBEM,

and proposed proceduresm how to mitigate themThanaya (2007)stated that
CBEM is comparable with HMA in terms ahechanical propertieas shownin

Table 2.1. In the same wayRobinson (1997)bserved that the indirect tensile
stiffness modulus of CBEM improved gradually to meet the requirements of 600
MPa after 10 months of curing time and the stiffness developed to about 800 MPa

after 2 yearsThanaya (2007)evealed that CBEM is suitable for low to medium
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trafficked roads when the creep slopes of such migturere considered in this
work. Brown and Needham (200@pted thatadding OPC taCBEM has positive
effectsas this mixturevithout OPC failed at less than 100¢cles in the unconfined

mode of Repeated Load Axial Tests (RLAT)

Table2.1: Properties of the CBEMs compared to HNIFhanaya2007)

Mixture type Compaction effort Porosity (%) ITSM (MPa)
CBEM Heavy 9.7 2275 (Full curing)
CBEM with 1% OPC  Heavy 9.4 3378 (Full curing)
CBEM with 2% OPC  Heavy 9.2 3970 (Full curing)
HMA of 100 pen grade Medium 4.7 2150

HMA of 100 pen grade Heavy 3.4 2520

Despite the significantbeneficial environmental and economic impacts of using
CBEM in pavement engineering, this mixtui still underutilised in the UK
compared with other Europeanuntries, mainly because of tbemplexity involved

in the design angderformance assessment of CBEkhalid, 2003) Therefore road
pavementompaniesvould alwayspreferto place structures thateable to perform
their proposed design rolesdirectly after construction.Serfass et al (2004)
demonstrated thafBEM is an evolutive material, especially in @arly life, where
the intial cohesion is low and buildingp progressivelyThisbehaviour results from
the combination of several factorsuch agpresence of water, aggregate emulsion
reactivity, binder film coalescence and cohesion buildTine rapid improvements
in emulsion manufacturing technology and site production technitpegs to
overcome some other pr@ohs such as poaggregate coating, binder stripping and

low binder film thickness Thanaya (2003pbserved thathe insufficient binder
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coating is particularly related to the coarser aggregdtesause of the
incompactibility between the emulsion and aggregates, while the emulsion is
flocculated on the fines portiodditionally, as a result ahelow binder viscosity

of CBEM, Thanaya (2003)evealed thasuch mixture can hae some problems with
binder drainagand binder strippingluring storageand compactionStaple (1997)
stated that the CBEMoes not meet the UK Stdards as ihas significantly lower
elastic modulus than required even after 18 months of curing due to the high air void

content of this mixture.

It is observed from the literature that there are sewdifi¢ulties to overcome if
CBEM is to beused asa fully integrated structure in pavement constructidmese
difficulties appear during manufacturing stages and service life of this mixture.
addition, it is concluded thahe full curing of CBEM orsite depends on the weather
conditions and curing ie, and might extended from 2Znonths to24 months(Al
Nageim et al, 2012)Accordingly, the cold, humid and rainyweather in the UK is

considered not suited to reduce the curing time of CBEM

2.4.1 Bitumen Emulsion Technology

Bitumen is manufactured in different types and grades ranging from hard and brittle
solids to thin liquids. The bitumen used for road works is nornialtite middle of

these two extremes. Although the paving bitumen idid eo semisolid material at
ambient temperatures, it can be readily liquefied by heating, adding a petroleum
solvent, or by emulsifying it in watefhe technology of éating the bitumen, in the
production of HMA, is used to liquefy the bitumen to enabte coat the aggregates

and keep workable during transport, laying down and compaction. After that, the
bitumen cools and regains its viscosity and other binding properties that make it an

effective paving material. In addition to the heating, petrolamivents such as
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kerosene and naphtha are added to the base bitumen to make it liquid, the product is
called cutback bitumen. The cutback cure
restored when the solvent evaporates. When the bitumen is millechicrimscopic

particles and dispersed in the water with a chemicalsfiew, it becomes a bitumen
emulsion(Salomon, 2006; Dulaimi, 20LAVhen emulsions are usedrimad works,

the water evaporatdato the atmosphere, and the chemical emulsifier is retained

with the bitumen.

Emulsions were first developed in the eat§00s andusedin road worksin the
1920s (Salomon, 2006) Their early use was in spray applications and as dust
palliatives (Dulaimi, 2017) The growh in the use ofbitumen emulsions was
relatively slow, restricted by the type of emulsions available and a lack of
information as to hovemulsionshould be usedNowadays, due to the contirum
developments of new emulsiograces and types, coupled with developed
construction equiment and practices, different choices are availdbleanaya,
2003; Asphalt Institute, 2008European Asphfa Pavement Association (2015)
listed the bitumen emulsions consumptiondifferent countriesas $iownin Table

2.2.
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Table2.2: Bitumen emulsion usag&uropean Asphalt Pavement Associatial 5

Country Consumption  Consumption Bitumenemulsionused
(Tonnes) (kg/person) in road works (%)

United States 2,300,000 9 5

France 1,010,000 17 25

Mexico 515,000 6 34

Brazil 400,000 3 5

Spain 350,000 9 18

Japan 316,000 3 5

Thailand 300,000 5 24

United Kingdom 160,000 3 5

Germany 130,000 2 3

ltaly 100,000 2 3

2.4.1.1 Composition andclassification ofBitumenEmulsions

Generally, abitumen emulsion consists of thregin constituents: bitumenwater

and an emulsifying agent. On soroecasions, théitumenemulsion mayinclude
otheringredients such as stabsers, coating improvers, antigis or break control
agents.The mixing of bitumen and water using chemical additives and highly

specialised equipmeid conductedinder carefuif controlled conditions

Bitumen is the main ingredient of the bitumen emulsion and in oases;it
composess% to 79 of the emul®n. Bitumen grade or hardness significantly
affectsthe produced emulsions which are normally manufactured with bitumen i
the 40250 penetration gradgSalomon, 2006) Occasionally environmental

conditions may require harder or softer base bitumenany case, chemical
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compatibility of the emulsifyig agent with the bitumers an essentialfactor for
manufacturinga stable emulsiorBitumen principallyconsiss of large hydrocarbon
molecules(Dulaimi, 2017) The complex interaction of tee molecules makes it
practically impossible to prediciperfectly the behaviour of the bitumen to be
emulsified Therefore, quality control is necessary on the bitumen emulsion

manufacturing.

Water is the second ingredient of the bitumen emuldiooontans minerals that
affect the manufacturing of stable bitumen emulsions. Consequently, drinking water
might not be perfect for production otlomen emulsion. The benefit die calcium

and magnesium ions in the water is to form alstalationic emulsion lmuse
calcium chloride is usually added to the cationic emulsions to improve storage
stability. These ions, however, can be harmful in anionic emulsion duattr
insoluble calcium and magnesium salts which are formed in the reactiowatih
solublesodium and potassium salts tteaeusually used as emulsifiel®n the other

hand carbamate and bicarbonate anions shabilise the anionic emulsion because of
their buffering effect, but thee anionslestabilse the cationic emulsioly reacting

with water-solubleamine hydrochloride emulsifiergccordingly, water containing
particulate materialsr impure wateshould not be used in emulsiamnufacturing

as theyresult in an imbalance of the emulsion components that can adversely affect

performance ocause premature breaking.

Emulsifying agerg are surfaceactive agers or surfacans that greatly affect
bitumen emulsion propertiefAsphalt Institute, 1989; Asphalt Institute, 2008;
Dulaimi, 2017) The emulsifies keepthe bitumen droplets ia stablecondition and
control the breaking time(Thanaya, 2003) Clays and soaps were used as
emulsifying agents ithe earlydaysof bitumen emulsion manufacturinQue to the
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increasing demand farsing bitumen emulsion, several effective emulsifiers were
obtained. Different emulsifying agents are now commercially availal¥ost
anionic emulsifiersare fatty acids, which are woodproduct derivatives such as
lignins, tall oils androsins (Read and Whiteoak, 20Q03Anionic emulsifiers are
saponified (turned into soap) by reacting with sodium hydroxideaiassium
hydroxide Fatty aminesare the most commorcationic emulsifierssuch as
imidazolines amidoaminesand diamines (Thanaya, 2003) The amines are
transformed into soap by reacting with acid, generally hydrochleaity quaternary
ammonium salts are another type of emulsifying agentighatlised to produce the
cationic emulsionsThese types of emulsifiers are sufficient and stable cationic

emulsifiers as they are water soluble salts and do not need theradélgicid.

Bitumen emulsions are classified into three types: anionic, cationic, angbmon
(Salomon, 2006)Practically, theanioric and cationidypes aréhe mostwidely used

in pavementsconstruction and maintenanc&hese typesefer to the electrical
charges surrounding the bitumen particlébe anodepole becomes positively
charged and the daide pole becomes negatively cradgvhen these two poles are
submerged in a fluid and an electric current is passed thriuidjiis electriccurrent

is passed through bitumen emulsion containing negatively charged particles of
bitumen,these particles will move to the anode, thus tmeilsion is classified as
anionic. On the contrary, positively chargdmtumen particles will migrateto the
cathode and the emulsionidentified as cationicThe neutral bitumen particles do

not move to either pole and the emulsion is classified irctge as neionic.

Emulsions aralso classified based dmow quickly the bitumen droplets will come
togethe andreturnto bitumen This isrelated to the speed with which an emulsion
will become unstable and break after contacting the surfattee@iggregate This
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classification is simplified and standardised by adopting the termsaRig-§etting,

MS (mediumsetting, SS 6low-setting and QS quick-setting. The RS emulsion
hasno or little ability to mix with theaggregats the MS emulsion isconsidered to
mix with coarseaggregatg and SS and QS emulsions g@referableto mix with
coarse andine aggregate with the QS likely to breakaster than the SSin
addition, bitumen emulsions are identified using diffedetiersand numbersthat
indicate the viscosity of the emulsions and the hardness of the base biinamen

accordance with BS EN 1380&uropean Committee for Standardization, 2013)

The |l etter ACO at t he indieatgshatitis cagonioThe t h e

secondl et t er iBo i n dntentaOccassonallytf therebis anpdlyamer ¢
included the third | etter added is APO

2%), this is the fourth componeitdicated by the lettefiF0. The first numberthat

followst he | etter ACO i n rdatee totheiperaerdgeof thee mul s i

binder content in the bitumen emulsidrhe othernumberat the end refers tthe
breaking rate, which ranges fromtd 7, where the higher the number, the slower the
break rateJower numbers referring to rapid settifgpr example C5S0BPR3 indicates
cationic, binder content of086, producedfrom bitumen which contains polymers

and more than 2% flux with@ass3 breaking value.

Anionic bitumen emulsions aré&entified according to the British Standard
Institution (2011)usingthree elemerst The first part indicate emulsion type e.g.
0OAOG for anionic emul sion. The second
stability ranging from 1 to 4, where 1 indicates rapid setting and 4 indicates slow
setting. The third part of the code represents the percewtfaggumen in the
emulsion. For instance, AG0 is an anionic emulsion with rapid breaking and a

bitumen emulsion of 60%.
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2.4.1.2 BitumenEmulsionQuality
Different variables affectthe production, storage and performance of bitumen
emulsions. These variableaue asignificant effect including

1 The base bitumen chemical properties, hardness, quality and the particle size

in the emulsion.

1 Emulsifyingagent typeconcentratiorand properties

1 The temperature and pressure used during manufacturing.

1 Emulsion particle8ionic charge.

1 Ingredient§addition order.

1 Using additives such as chemical modifiers and polymers.

These features can be varied to suit the available aggregatgmvement
construction conditions. It is alwayscommendedo consult thebitumenemulsion
supplies with respect to a particuldritumenaggregate combination, as there are

few rules that apply under all conditions.

2.4.1.3 Productionof theEmulsion

Themainequipment tgproducethe bitumeremulsion consistof a highspeed, high
shear mechacal device (usually a colloid mill) to split the bitumen inery small
droplets. A schematic plan of a usual bitumen emulsion manufacturing plant is
presented ifrigure2.4. Additionally, aheated bitumenontainey emulsifier solution

containey pumps and flowmetering gauges are required.
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The colloid mill has a higispeed rotor that rotates at 1,009cles t06,000cycles
per mirute. Generally bitumenemulsionhas very smalldroplet sizesabout0.001
millimetres to 0.010 millimetres and these droplet sizeare effected by the
mechanical energy intensity thatprovidedby the mill Separate pumps are used to

supplythe bitumenandemulsifier solution into the colloid mill

The btumenandwater are heated indolially tothe desired temperatureqr to the
emulsification procesd he bitumerand water containing the emulsifiare pumped
into the colloid mill where it is separated intery smalldroplets If the emulsion

temperature, where it leaves the mill, is higthem the boiling point of water, a heat
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exchanger must be used to cool the emulsion. Then, the produced enmsilsion
usually fedinto bulk storage container$he solutionof the btumen and emulsifier
must be proportioned accurately atiis is usually carried outwith flow meters
Proportioning carbe controlledby monitoring the temperatures of theumenand
emulsifier solution entering the mill, and the discharge temperd&ittenen particle
size is & essentiaparametein producinga stable emsion. A microscopiémage
of a typical emulsioms shown in th&igure2.5 exposes these average particle sizes:
1 20% are lesshan 0.001 millimetrs.
1 57% are0.001 0.005millimetres.

1 23% are0.005 0.010 millimetres

Figure2.5: Bitumen particles size and distribution in the emulg¢isphalt
Institute, 2008)
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2.4.1.4 EmulsionBreaking andCuring

If the bitumenemulsionis used as a binder to the aggregates in road works and to
ensure the emulsigmerforns its ultimate functionthe water must separdtem the
bitumenemulsionand evaporatel hi s separation is called I
the bitumen emulsion usehey are formulated to break by one of the tweaking
mechanisms: chemicahnd evaporative. The evaporation mechanism is mainly
perfomed for the slowsetting emulsion grades, whilst the chemical mechanism is
used for breaking the mediusetting and rapidetting grades. The breaking time of
the rapidsetting emulsion is considerably shorter than the time needed for medium
and slowsetthg emulsionsThe emulsifier®type and concentratioplay avital role

in breaking the emulsigrand other factors (explained below) can also control the
rate of breaking.In order to meet the specific requirements using bitumen
emulsions inpavementengineering and to obtain optimum results, iegsential to

control all of these factors

Curing includes thelevelopment of thenechanical propertiesf the bitumen.To do

this, the water must completely evaporatéde absorted and the bitumen emulsion
particlesshouldjoin and bond to the intended surfag&etroleum solventgan be
used in soméitumen emulsions to help in the mixing and coating process, and
however, the timef the curing proceswill be affected byhe type ad quantity of

thesolventsused

Breaking and curing time of bitumen emulsions are affected by several factors that
include:
1 Water absorptionA roughtexturedand porousmix reduce the setting time

by absorbing water from the emulsion.
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1 Aggregate moiste ontent In spite of thefact that thewet aggregate may
help in the coatingprocess it tends toincreasethe curingtime needed for
evaporation.

1 Environmentakonditions:Water evaporation rais affected byemperature,
humidity, and wind velocity

1 Mechanical pressure: slow moving pressure from the compactors dieing
compaction stage forces the water to leave the mix and helps in cohesion,
curing and stability.

1 Surface area: Increasing of the aggregate surface area (when more fine

aggregate useapn shorten the breaking time of the bitumen emulsion.

2.4.1.5 Selecting th&roper EmulsionType andGrade

Perfect bitumen emulsioperformance requires selecting the proper type and grade
for the intended usélhere are several applications of bitumen emulsion sueh as
plant mix Central or mixedn-placg, recycled mix, prime coat, fog seal, slurry seal,
micro surfacing or chip seal. After selectiasther project variables must then be
taken. Environmental anditions expected during construction and geographical
location are significant considerations. Additionally, aggregate type, gradation and

availability are other factors that affect the emulsion selection.

Each grade of bitumen emulsion is designed pacHic usesTable 2.3 shows the

typical uses obitumen emulsion types and gradegh various breaking rates.

2.4.2 Design Procedure
Asphalt mixes are composite madéds that mainly consist pfisphalt as a binder,
aggregate and voids. They have generally been used as a material for constructing

flexible road pavements because of the good adhesion that exists between binder and
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aggregategWu, Ye and Li, 2008)However, due to increasing traffic volume in
terms of taffic load repetitions, high and low temperatures and water sensitivity,
various types of distresses can appear on the surface of flexible pavements, such as
rutting (permanent deformation), segregation and cracking. The perfect flexible
pavement design shld be durable, strong and resistant to permanent deformation
and cracking, thus resisting these types of failures, or at least delaying future
pavement deterioration. Although bituminous mixtures with additives such as
polymers, crumb rubber and naturabber have previously been useshn attempt

to overcome deterioration, permanent deformation and fatigue cracking problems
still exist. These problems occur because the tensile and shear strength of bituminous

layers are weakMahrez and Rehan, 2010)
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Table2.3: Bitumen emulsion uses with different braking rgt@slaimi, 2017

Application Breaking or setting rate
Rapid Medium Slow

Plant mixes

Open graded a

Dense graded a

RAP mixes a a

Stockpile mix a

Precoated chips a a
Mix paving

Open graded a

Slurry seal a

Slurry for Cape seal a

Microsurfacing a

In-place mixes

RAP mixes a a
Dense graded a
Soil stabilisation a

Spray applications

Chip seal a

Fog seal a a

Tack coat a a
Prime coat a
Dust palliative a

Penetration macadam a

33



Chapter 2 Literature review

A mix designprocedures required forCBEM. It is necssary that trial mixtures be
manufactured in the lato find the grade and percexge of emulsion and mixture

properties of workabilitywater sensitivity stability, and strengthDifferent design

procedures aresuggested for CBEM by road pavement authorities asearch
organizationdecause there is nmiversally acceptedesign methodMost of these

procedures armodifications of théAmerican design proceduréssphalt Institute or

AASHTO). The following setions summarisgfour main desigrmethods for CBEM

namely: Asphalt Institute design procedures, the design procedure of the Ministry of
Public Work, Republic of I ndonesi a, Ni kol &
proceduresThese procedures may hbeed as guides for developing mix design method

templates reflecting local materials and conditions.

2.4.2.1 Asphalt InstitutddesignProcedures

Asphalt InstituteManual Series No.14, M$4 (Asphalt Institute, 1989%tandardies

two design methods famulsified bitumen aggregateld mixtures. Ongrocedure

is for the design of mixeasing a modified Haveem Method and the other one is

usingthe Marshall MethodThese procedures may be used as guides for developing

mix design nethod templates reflecting local materials and conditibhe Marshall

Method for emulsified bitumen aggregate cold mixture desips established

throughresearchconductedat lllinois University. Thisdesignmethodis defined in

the manual series M34 and adopted by the currestudy. The design proedure

includes

1 Aggregate selection: dgregates meeting the requirements Bifitish

Standardare among those suitable for bitumen emulsion mixtures. For the
gradations containingoarse and fine aggregategration or drying prior to

mixing andcompaction may be required.
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1 Bitumen emulsion:Different types of bitumen emulsionare used for
producing bitumen emulsion mixture@btaininga design starting poirfor
the trial emulsion and residual bitumen comders based orempirical
formulas. The formulas are based on the percentage of aggregate passing
sieveNo. 4 (4.75 millimetresand in most caseagive a satisfactory starting
point.

1 Coating and dhesion testing: The initial assessment of eadkitumen
emulson selected for mixture design @arried out throughcoating and
adhesion test The prewetting wateris combined with the trial emulsion
determined aboveCarrying outthe coating tesis to evaluatethe ability of
the bitumenemulsion to coat the agegate particles and decide the optimum
pre-wetting water conteniThe coating is visually estimated as satisfactory or
unsatisfactory for the intended use of thewedting wateiin themix.

1 Optimumtotal liquid amount atompaction Optimum total liquidamount at
compactioncan be determined from the compacted specimens bastxg on
maximum dry density of CBEMs

1 Optimum residual bitumen content: Determine giimum residual bitumen

contentfor the selected grading.

The Asphalt Institute in association witihe Asphalt Emulsion Manufactuser
Association (AEMA) in 1997published a new version (manual) on asphalt
emulsion. This manual ithe Basic Asphalt Emulsion Manual (MB9), 3¢ edition
(Asphalt Institute, 2008)It is considerably based on the M3 with some
modifications. Firstly, the itumen emulsion can only be used if the degree of
coating of aggregate particles after a specific adhesshremains within an

acceptable rang&econdly,there are no requirements fitre gotimum total liquid
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contentat compaction in comparison to MB4, but mixtures should be air dried
until neither too wet nor too dry for compactiom addition, he compacted
specimens areonditionedby keeping them ither compaction moulslin the oven

at 60°C for 48 hoursand then additional compaction with 178 KN static load for
one minute is applied at the same temperature ast@uble plunger at each side of

thespecimen.

2.4.2.2 Ministry of Public Works of IndonesiaDesignProcedure

Thanaya (2003pescribedthe design proceduréhat is adopted by theMinistry of
Public Works in Indonesia 1990t covers two main types of mixtures; open and
dense graded emulsion mixtureShis degn procedure is mainly based on
AASHTO and similar tothe Marshall design procedure explainedthe Asphalt
Institute (MS14) with some modifications that take regional and national conditions
in Indonesia into accounA modified MarshallStability test procedureis used in
which the specimens are testedambient temperatur@herefore, pe-conditioning

the specimengn water at 60C for 30 minutes is not recommended for this test.

2.4.2.3 NikolaidesDesignProcedure

In 1990, Nikolaides developed a hybrid deg procedure by combining bothe
American Standard and the Ministry of Public WerRepublic of Indonesia
procedures In this procedurepermanent deformation performanisecharacterised

by controlling the maximum allowable bitumen conteBased on te permanent
deformation performance, maximum permissible value of residual bitumen content is
considered. Consequently,r@lationship between the residual bitumen content and
the creep stiffness coefficient isquired to indicate this value (maximum cksil
bitumen content)Nikolaides (1994 )specifed that thecreep stiffness coefficiens
determinedrom thestatic creeptest whichis performedby onehour staticapplied
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load (0.1MPa)at 40°C. The mixture stiffnes$or a spedic test of any bitumen

contentcan be determined at any time of laagli

2.4.2.4 NynasTestProcedures

The NynagCompanydesigned three tests theatonly used on loose mixtures during
storage or before laying and these tests are known asffjuwashoff and
workability tests.In the runoff test, 500g of loose bitumen emulsion mixture is
placedinto a funnel with a meshize (< 2 mm) at the bottom. Theun-off value
refers to thequantity of bitumen that ns off in 30 minutesThis is followed by the
washoff test which isconducted instantly aftehé¢ runoff testwhile the mixtureis
still in the funnel. Vter (200 ml) is poured over the mixre and bth the wash
water and any wasbff bitumen is collected and measuréastly, the workability
test isperformedusing a Nynas workability tester. Ihis test, scraping a small part
of the top of a loose CBEMIuring storage or just before placiig applied to

measurghe maximunforce required to shear off this part.

2.4.3 Processing Stages
There are three different process stages to prepare CBEMs wherétuimenb
emulsion is expected to perform different functi¢haylor, 1997) namely:
1 First stage: During mixing #h emulsion with the aggregates, the emulsion
must keep stable and coat the coarse and fine aggregate particles uniformly.
1 Second stage: During storage and laying of the CBEMSs, the emulsion must
keep workable and be partially set or broken to resist mieistad rain. The
CBEMs must also be undrained (the emulsion should not drain off due to its

low viscosity)after mixing with the aggregates
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1 Third stageDuring the compaction process, the emulsion must break quickly
and return to its original base bitumeaviost emulsionsrequire relatively
long time of curing to allow evaporation of the volatiles that lead tulh

breakng thus achieving maximum strength.

2.4.4 Curing of CBEM

Curing is one of the most important requirements for CBEkom, 2008) It has

been stated that the performance of CBEM is directly related to the properties of the
materials that are used in the mixture and to the curing conditieedham, 1996;
Jenkins, 2000; Thanaya, 2003; Oruc, Celik and Akpinar, 2007; Niazi and Jalili,
2009; Bocci et al, 2011)Curing of CBEMis defined as the proces#ereby the
compacted mixtures discharge water through evaporation, particle charge repulsion
or porepressure induced flow patlfdenkins, 2000)T he r educti on i n
water content helps in delopingthe strergth of the CBEMsRoberts, Engelbrecht

and Kennedy (1984)yeported that theensile strengthof cold mix increased
significanty when curing temperature was increased from°g3to 60 °C. Bocci,

Virgili and Colgrande (2002fpund asubstantiadevelopment in the performance of
cold mixtures aguring time and curing temperature increasging for 14 days at

20 °C is practicallyequivalent to 7 days at 4€. Full curing could occur between

two monthsandtwo yearsn the field(Santucci, 1977; Leech, 1994; Thanaya, 2007)
Bocci et al (2011 isplayed that the CBEM requires a certain time of curing to
develop the required mechanical properties such as strength and stnems be

seen irFigure2.6.

38

t



Chapter 2 Literature review

8000 1

= |
(31 /,.—— s g . o
& 6001 / & "
4 'Il
T [ ]
A | m
= ® 5 o o °
S 4000
= °
= o
7]
3 °
S 2000 -
=
0 T T T T T T T 1
0 10 20 30 40 50 60 70 80

Curing time [days]

® 28 days at 40°C curing model T=40°C

B 63 days at 20°C curing model T=20°C

¢ 56days at 5°C + 14 days at 40°C curing model T=5°C
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Jenkins (2000accordinglyrevealedthat thecuring temperature is a major factor
mixture preparation as temperature and moisture are dependent variables with
temperature affecting the rate of moisture losMoisture can impede emulsion
distribution, workability and compaction of the mixture and also moisture increases
the time of curing and decreases the strength and density of the compacted mixtures.
Serfass et al (2004howedthat assessing cured cold mixtures in the lab is evidently
necessary, howevaeplicating exad field curing conditions iscomplicated and,
above all, time consuming, and thus an accelerated cprocessis necessary.
Therefore, the curing procedure should be as short as possible and the bitumen

ageing should be avoided.

Serfass et al (2004fjpund that the moisture content aimall samplesvaporates
quickly at any temperature, whilgbr largesamplest takes longerln addition to the

curing time at high temperatuie (for examples0 °C), the drying of samples is too
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quick, which can cause cracking of large samplieghe field, the cold mixtures
have been considered rarely to be completely drg, moisture contendf such
mixtures in the fielchas often beerofind to be between @/&to 1.5%in theroadsin
temperate climatesAccordingly, in order to obtain cold mixturesvithout
deterioration to the sampldashas beermproposed that such samples should be cured
for 14 days at 38C to 40 °C. This procedure does ndamagethe samplegLanre,
2010) 35 °C to 40 °C was selected because it is realisticl less than the bitumen

softening point.

Kim, Im and Lee (2011presentedhatthere is a direatelation between theoisture
lossand strength gaiand this isclearat higher temperatures over the curing time.
This is true for CBEMs that have inert filler such as limestone filler, as increasing
the curing temperature leads to easing the water evaporation. In the case of active
filler such as cementitious material, further to that, a spdmalefit is gained
because cement hydration reactions require ekistenceof water; the use of
cementitious materiahccelerates the emulsion curing process by reducing the
amount of free watgiNeedham, 1996; Garcia et al, 2013:Hdabi, 208; Dulaimi,

2017)

2.4.5 Enhancement

Hot mix asphalt (HMA) is the main source of flexible pavements used in 95% of the
worl doés p@Emamd and amdbsozia, 2013However, this mixture is
considered environmentally unfriendly becausendéteds substantial amounts of
energy to heat the aggregate and asphalt producing e@@sions during both
production and layindAl-Hdabi, Al Nageim and Seton, 2014b; Yuliestyan et al,
2017) Nowadays, several flexible pavement design technologies have been invented

to eliminate, or reduce, emissions and save energy regasdipgalt paving
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production(Jamshidi et al, 2016)CBEM is one of these technologies. CBEM is
defined as a bituminous mixture of aggregates and asphalt emulsion, mixed at
ambient temperature which does not require tmeesamount of energy to produce

the same C&emissions as HMADulaimi et al, 2016)In addition, CBEM can offer

the following advantages:

1 CBEM is not dependent upon warm weather.

7 It can be mixed on site or off site.

1 Ecofriendly option dumng all production processes made from wdiased
materials at ambient temperatures, which reduces emissions, energy
consumption and toxic fumes.

1 Costeffective solution for paving or repairing rural roads that are nowhere
near a hot mix plant, as minimaiaterial and transportation costs required

where CBEM used in remote areas.

However, BEM has been considered an inferior mix compared to HMA, mainly in
terms of its mechanical properties, the extended curing period required to achieve an
optimal performace and its weak early life strengtBulaimi et al, 2017a)Poor
asphalt mix quality and inadequate design may result in an inefficiently designed
layer. Different studies have been conductedinderstand the behaviour of CBEMs

and toenhanceheir performance. Several aspects to improve the performance of
such mixture have been performed such as incorporating various types of materials
and applying different preparation techniquésahim and Thom (1997pcused on

the influence of curing procedures and compactiges, and concluded that the
increasing of curing timelevelops the indirect tensile stiffness modulDBEM is
generallyidentified to have low early strengtlong curing times andigh air voids

(Thanaya, Forth and Zoorob, 2009Therefore, such mixtureends to be
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comparatively low qualityto the hot mixture. Accordingly, the use of CBEM
restrictedto reinstatememoadworks and to pavement layers on low volutragfic.
Previous researchers, to enhance the poor performance of CBEM, have performed

different methods and techniques.

2.4.5.1 CompactiorEnhancement

The mechanicgbropertiesof CBEMs aremainly affectedoy compaabn, as suitable
compaction is required for optimum performank®reasing ofcompaction efforts
leads to improvingthe degree of emulsion combination whesing granite aggregate
with 20 mmaggregate maximum siZBrown and Needham, 20Q0Jhanaya (2003)
reported that theaiir voids of CBEMscould bewithin the specification limitdy
adopting heavy compaction (120 revolution, 240 kPa, 2° angle of gyration) rather
than medium compaction (80 revolutidd0 kPa, 2° angle of gyrationjhe aimed

air voids content of the compacted CBEMs (betwe#rté®10%) could be obtained

by applying 240gyratiors, which are categorised as extra heavy compaction
(Thanaya, 2003)Additionally, a heavy compactiongplication is crucial to achieve
breaking of the emulsion and ensure that mixtures strengthen pr¢pbdpaya,
2007) The &cessive amount of liquids in CBEMs reduces the compaction effect
ard prevents mixtures frombtainingtheir acceptable air voids leading to decrehse
stiffness and strength propertieSerfass et al (20049lescribeda relationship
between compaction efforts and stifisemodulus ©CBEMs asshown inFigure

2.7.
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2004)

2.4.5.2 PolymersEnhancement

Khalid and Eta (1997¢arried out a laboratory investigation to stutle impact of
polymers modified emulsions on the mechanical prgsenof emulsified bitumen
macadamClose graded surface coumeddense graded binder coursereusedas
aggregategradingwith a cationic emulsion containing 65% base bituroéri00
penetratiorgrade It was concluded thdtthylene Vinyl Acetate (EVAand Styrene
ButadieneStyrene (SBS)polymers have positive effects on modification of the
bitumen emulsion in terms of enhancing the stiffness and permanent deformation of
CBEMSs. In addition, fatigueresistanceof 4% SBS and 6% EVA modifie@BEMs
weredevdopedabout 45and 35 timesrespectivelyjn comparison withthe fatigue
resistance ofinmodifiedCBEMSs. In further researclpolyvinyl acetatevas added to

a rapidseting emulsified bitumento improve the compressive strength dEM
(ChavezValencia et al, 2007)Two different mixing methods were applied to
prepare the BEMs: the aggregates were coated in the firthodby a film of

bitumenpolyvinyl acetatebinder, and in the second methothe aggregate was
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mixed with a dilutedoolyvinyl acetateemulsionto cover it with the polymerAs a

result of the improvement in void conteritwas determinedhat the seconthethod
achieved31% improvement in compressiggength. RecentlyKu et al (2015used

a specially developed polymer modified emulsifreAC-13 asphalt mixture. It was
concludedhat in terms of moisture susceptibility, high temperature and resistance to
low-temperature crack, the mixture met performance specification requirements in

addition to an improvement in rutting resistance performance.

2.4.5.3 CemenEnhancement

Additives can @y amain role in governing the engineering propertiebittfminous
mixturesin terms of stiffness, permanent deformation resistance, fracture resistance
and moisture sensitivitysome of these additives are used as a filler repiaat in

the mix such agement andime. Cement can be technically definad a material

that if mixed with other noicohesiveparticlesgives a hard masdt is a fine powder

such as Portland, slag, ma#anic and high alumina whiafeneratsvery strong and
durable binding matials because of the hydration procesée® 6 FI aher t vy, 2
The use of cement inituminous mixturess not a new ideal'errel and Wang (1971)
carried out one of the Bt studies that used cementeimulsiontreated mixtureslt

was concluded from this study that using cementaa activator in the bitumen
emulsion mixtures can accelerdle rate of development of the resilient modulus
due to the accelerated rate of curing of such mixtures. This ntean€a* ions

from cemenneutralse the anionic emulsifier allowing emulsion droplets to coalesce
and adhere to the aggregatd@his helpsin breakingthe emulsionquickly and
absorling water from the mixture thusglecreasingcuring times(Schmidt, Santucci

and Coyne, 1973)Head (1974)found that adding 1% OPC (Ordinary Portland

Cemenj as a modifier to the cold asgh mixtures increases the Marshall Stability
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by 300% compared with untreated mixtur@ardak (1993)stated that the OPC
modified emulsion mixture decreases the layer thickness about 88% resulof
stability improvementg200% to300%) Li et al (1998)reported that the cement
asphalt emulsion composite has a longer fatigue life, less tempesatoeptibility
and higher toughnesBrown and Needham (2000¢valuated the effects of
incorporating OPC into the bitumen emulsion mixtures. Accordingtiffness
modulus(Figure2.8), resistanceéo permanent deformation afatigue strengthvere

enhanced due to the increased pH which helps the emulsion to break.
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Figure2.8: Effect of the OPC on stiffness modulus of bitumen emulsion mixtt
(Brown and Needham, 2000)

Cementtype affectsthe rate of increase in strength of CBEM$anaya, 2003)
Thanaya testified that Rapid 8ef Cement (RSCQivesa better rate of increase in
strength in comparison the OPC.The stiffness of the modified CBEMs with RSC

was about 2000MPa to 2500 MPa after a few weeks of curjinwhilst the
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unmodified mixtures needed 16 weeks to achieve sstiffaess valuesThis is

because the RSkehaves as an active filler in CBENMausingan increase ithe pH.

Oruc, Celik and Aksoy2006) and Oruc, Celik and Akpinar (2007¢arried out
laboratory studieto evaluatehe addition of 8 to 6% OPC as a filler replacement

to the emulsified aspalt. The resultsshowed significant developments in the
mechanical properties of these modified mixtures with higher percentage of OPC as

presented ifrigure2.9.
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Figure2.9: Effect of cement on resilient modulus of the emulsified asphalt
mixtures(Oruc, Celik and Akpinar, 2007)

Wang and Sha (201@und that the cement in tlkement asphalt emulsion mixtures
can improvethe micro hardness of the interfacgarcia et al (2013investigated
various cement percentages on the mechanical propertieBEWEthatwerecured

at different environmental humidity levels @5 70% and 90% RH. However,
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samples cured at 90 relative humidity hardeneslower than samples cured at low
relative humidity. Also it was proved thaincorporation of cemerinto bituminous
mixtures resultsn changes in the pH of the emulsion leading to bregpit quickly,

as shown irFigure2.10.
Walter evaporation
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Unhidrated cement particle
Aggregate ﬁo.’ ~
23
. A ..f
1 Bitumen emulsion breaking

drating cement particle

Hydrating cement particle

Water
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Water adsorption

Air Evaporéble water

Figure2.10: Graphical representation of the hardening process of an asphi

emulsion compositéGarcia et al, 2013)

Al-Hdabi, Al Nageim and Seton (2014sjudied the effect of replacing all the
conventional mineral filler with OP@n order to develop a new cement treated
CBEM made with gap grading. Thesults indicated that gagraded,cold rolled
asphalt mixtures gained significant enhancements in mechanical properties,
resistance to water damage and temperature susceptilbiityg et al (2016)
investigated the use of rapid hardening cemtntaccelerate the mechanical

properties developmenbdf cement bitumen emulsiand obtairbetter understanadg
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of the role of cement in such mixtureAfter one daycuring of mixtures with
calcium sulplalumirate and calcium aluminate cemgnthemechanical properties

were comparabli thosemixedby using Portland cement after one week of curing.

It can be summarised the¢ment has been widely useddaveloping ofCBEMSs.
However, cement production is a yeenergy intensive process leading to
environmentalharm (Schneider et al, 2011Manufacturingof 1 tonne of OPC
includes the consumption of 1.5 tonnes of quarry matériaélGJof energy and 0.9
tonnes of CO; emission.According toO06 Rour k e, Mc Nal Iy ,and
5% of total global carbon dioxide G@mission is generated byet cement industry
Ravikumar, Peethamparan and Neithalath (2Gl8)edthat the recenawareness
about the ecologicaffectsof usingcementin constructionencourages researchers
and industriacompaniedo use waste and hyroduct materils as a replacement or

partialreplacement for cement.

2.4.5.4 Waste andy-productsMaterials Enhancement

Usingof waste andy-product materials in the pavement industry, specifically in the
production of CBEMSs, is one way toenhance the mechanical properties and
durability, gaining economic and ecological benefithe ecoomic benefits are
representedy the low or zero cost of productipandthe ecologcal benefits are
representedy eliminating the need for egpsive disposal as these materials contain
toxic ingredients that can be hazardous to the human velaéth disposed in lakes,
streams ofandfills. These materials have cementitious andzptanic properties
depending on their reactianThe materials thagenerate cementitious compounds
when they react with water acalled cementitious material’he materials thado

not have any cementitious properties but when used with cement ootlagry
cementitious materials react to form cementitious camgsarecalledpozzolanic.
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Previous studies have established thatu$e ofcementitious materialsm CBEMs

has positive effects in terms of tlengineeringproperties. Unfortunately, these
materials have two main drawbacks; their environmental impact atdlrberefore,

the use ofwaste andindustrid by-products materials in CBEMonstructionis
reasonablefor technical, economic and ecological reasons as explained earlier.
Thanaya (2003tonducteda study of using/ariouswaste materialsn CBEMs to
improve the mechanical propertiesf such mixtures. Results indicatedat red
porphyrinsand, synthetic aggregates made from sintering quarry fines and crushed
glass, anbeusedin CBEMs and still allonacceptablestiffness valueswhilst using

steel slag was risky as it leads to an expangiomoiume in wet conditions and
crumb rubberesultsin cracks at early stages of compacti®hanaya, Zoorob and
Forth (2006)evealed thathe stiffness of the modified CBEMs by pulsex fly ash

as a filleris comparable to hot mixtures at full curing condition tasfirming it is
suitable touse. Ground Granlated Blastfurnace Slag (GGBS) was used with
bitumen emulsioin CBEMSs that coristedof recycled aggregates. The stiffness and

strength were developed wh&GBS is added in high humidity conditions.

Recently, Al Nageim et al (2012xarried out a laboratgrstudy onusing waste
materials and industrial bgroductsin CBEM that haddevelopedmechanical
properties compared twaditional HMA Waste domestic fly asmamely LIMU
FAL, replaced the conventionahineral filler andcausedanother bindeinto the
mixture generatedrom the process of hydration between LIJNFA1 and the
trapped waterAl-Hdabi et al (2014used a Waste Fly Ash (WFA) asfidler
replacement ircold-rolled asphalt (CRAjJo enhancghe mechanical properties and
water sensitivity obucha mixture. A silica fume,asa byproductmaterial was also

usedas an additive tenhancehe engineeringroperties and durability of CRA. The
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results confirmedhat in addition tothe moisturedamage resistanaenhancement
therewas a significantimprovementin stiffness modulus and uniaxial cpegests.
Nassar et al (2016)tilised binary and terngr blended fillers (BBF and TBFp
observeghe mechanical propertiesnhancemerndaf CBEMs. For the BBFfly ash and
GGBS were usewhilst the slica fume (SF) was added to the BBFdbtain TBF.
Based on the enhanced mechanical and durability properti€8BMs, the TBF
was more suitable than BBFor CBEMs productionFurthermore, it is suggested
that the addition of SF to BBF mixtures carcreasethe formation of hydration
products caused by the bitumen emuls@ualaimi et al(2016)developed a new cold
asphalt concretmixture fora binder course byncorporatinga new binary blended
filler material produced from high calcium fly ash and a fluid catalytic cracking
catalyst (FC3R)nstead of the traditiondimestone filler. Itwas provedthat using
such materials showa significant developmentin permanent deformation and

fatigue resistancef CBEMs

More recently,Dulaimi et al (2017aused awaste alkaline NaOH solutioas an
activator to thebinary blendediller to producean alkali activated binary blended
cementitious filler(ABBCF) to develop a new fast curing and environmentally
friendly CBEM for the binder course. It was observetiat a considerable
enhancementwas achieved in terms ofmechanical properties and water

susceptibility

2.4.5.5 FibresEnhancement

Some strengthening techniques have beealled in flexible pavements.In
bituminous mixtures manufacturingtrength and bonding can be enhanced by the
addition of fibres (Wu et al, 2006; Ye, Wu and Li, 2009)he reinforcement of
asphalt pavements is one method to improve the performance when pavements do
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not meet traffic, climate and pavement structural requiremeiiige reinforcement
improves the life of a pavement by increasing resistance to permanent deformation
and crackingAbiola et al, 2014)The addition of fibres to hot and catuxturesas a
reinforcing material, enhances the strength, bonding and durability of sué&s mix
(Ferotti, Pasquini and Canestrari, 201%#hese fibres have desirable properties and
are used to reinforce other materials which also require such progrteg et al,
2015; Yang, Kim and Yoo, 2016; Fakhri
Stienss and Sahecdsa bettek thance200 ilnpgrgving the tensile
strength and cohesion difituminous mixtures by using fibres which have high
tensile strength, as comparedkituminousmixtures alongXue and Qian, 2016)

The essential roles of thefibres as reinforcing materiadge to increase the tensile
strength of the resulting mixtures and providh®re strain resistance to fatigue
cracking and permanent deformatigAbtahi, Sheikhzadeh and Hejazi, 2010)
Drainingdown of asphalt concrete mixtures is prevented by using fibres, rather than
polymers, during the paving and transportation of materials, therefore, fibres are
specifically reommendedChen et al, 2009; Park et al, 201%) addition, fibres
improve the viscosity dbituminousmixtures(Fakhri and Hossai, 2017) resistance

to rutting (Fazaeli et al, 2016; Mirabdolazimi and Shafabakhsh, 2017; Tanzadeh and
Shahrezagamasaei, 201&tiffness modulu Tabakovi | , edistura | ,
susceptibility (Fakhri and Hosseini,2017) and retard reflection cracking for
pavementgDoh, Baek and Kim, 2009; Fallah and Khodaii, 2001%)e modification

of bituminous mixtures with additives has also been found to decrease permanent
deformation and increase durabilifyaitkus et al, 2009; Moghaddam, Karim and

Abdelaziz, 2011; Zhang and Leng, 2017; Zaumanis, Poulikakos and Partl, 2018)
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Currently, natural andsynthetic fibres are used awinforcing materia in
bituminousmixtures because of their high stiffness and strength properties, and are
considered the most appropriate reinforcing mate¢istéola et al, 204). A variety

of experimental research has been conducted to evaluate the effect of natural and
synthetic fibres on the mechanical behaviour of bituminous mixtures in terms of hot
mix asphalt. The results of these studies indicate that these fibresahawsitive
impact on the performance of bituminous mixtuf€sen et al, 2009; Saeid, Saeed
and Mahdi, 2014; Yang, Kim and Yoo, 2016; Guoming, Weimin and Lianjun, 2017)
The performance of reinforced mixturissmainly affected by fibre length, content,
type, diameter and surface textui@hen et al, 2009; Abtahi, Sheikhzadeh and
Hejazi, 2010; Saeid, Saeed and Mahdi, 2014; Guoming, Weimin and Lianjun, 2017)
Bueno et al (2003nvestigatedhe use of fibre tenhancehe mechanical properties

of cold emulsion, densely graded, emulsiflatbminous mixturesThree different
polypropylene fibre length§€10 mm, 20 mm and 40 mnwere mixed with three
different percentages (0.10%, 0.25% and 0.50%hggregate weigho reinforce

the bituminous mixturesFerrotti, Pasquini and Canestrari (201enducted a
laboratory investigation on reinforcingBEM by three types of fites (cellulose,
glasscellulose andnylon-polyestercellulose) with two different contents (3%

and 0.30%). Theeinforced mixturesveretestedat dfferent curing times (1 day, 7
days, 14 days an2i8 days) and conditions (dry and wet). The resuoligcatedthat

the mixure with 0.15% cellulose fibreshowed a comparable or even better

performane than theonventionamixture.

2.5 Behaviour of the Bituminous Mixtures
The currentpavement design procedures are mainly based on the measured

mechanical propertiesyhich resultsin a very important issu@ that they provide
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little understanding of thimherent mechanical nature of the material, which can thus
hardly reflect the irsitu performance deterioration of the flexible pavement
structurs when subjected to continuotraffic and environmental loadind\sphalt

or bitumen are widely used in flexéopavements as aggregate binders because of
their high adhesion propertieBituminous mixture8 behaviour is strongly
dependent on the bitumen even though the mixture contains less than 10% by
volume of bitumen(Ossa, Deshpande and Cebon, 2008phderstanding the
mechanical behaviour dfituminows mixturesdependson an understanding of the
behaviour of the bitumerFlexible pavements argenerallysubject to cyclic and
sometimes excessive loads during their servicdlite, Yang and Zeng, 2016; Xiao

et al, 2018) Their surface is also temperature sensitive in terms of high temperature
permanent deformation and low temperature craciheHadidy and Yiqiu, 2009;

Ye, Wu and Li, 2009) In countries where high temperatures are the norm,
permanent deformatiois the major distress encountered in flexible pavements and
considered to be one of the more complex issues in pavement strifataiani,
Jamshidi and Sadeghnejad, 201Rgermanent defamation (rutting) development
occursfrequently in flexible pavements due to therntlinear, viscous and plastic
behaviours of asphalt mixéSafaei and Castorena, 201Permanendeformation

can be defing as the irecoverable vertical deformation of pavements under a
vehicle wheel path caused by high temperatures and load repet8iorh
accumulated permanent deformation has been attributed to different variables
including temgrature, traffic volume, wheel load and repetition, tyre pressure,
material properties and bituminous layer thickngsmng et al, 2004 Ruttingcan be

limited to the asphalt surface layers comprising the viscoelastic andplastic
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properties of asphalt and the plastic characteristics of aggrefjataginasab,

Bakhshi and Shirini, 2016)

Cheung (1995)ndicated that the steaebjate behaviour of bitumen at a particular
temperature can be represented by a power law equatemperformingdifferent
uniaxial tension and shear tests for pure bitumen over a wide range of stress, strain
rate, and émperature condition€heungalsoreportedthat, at temperaturesbove

the glass transitiofat which bitumen changes from a glassy to a fluid cooat it
usually ranges fror®0 °C to 0°C), thedeformation behaviour of pure bitumen was
linear viscous at low stress levelad showed power law creep at high stitessls
Khanzada (2000found that thedeformation behaviour obituminousmixtures has

the sane form as pure bitumen with linear behaviour at low stress levels and
nonlinearbehaviour at high stress levels whamaxial tests on HRA mortar, 30/10
HRA and10 mm dense bitumen macadawver a range of temperatures and loading
stress were performedlaherkhani (2006)carried out more uniaxial tests on
bituminousmixtures over a wide range efresscondtions and also found that the

deformation behaviour dfituminousmixtureswere nonlinar power law creep.

2.6 Constitutive Modelsof Bituminous Mixture

Flexible pavement design methods are based on linear elastic calculations, however,
new pavement design techniques are required to account for undesirable
environmental conditions and heawaading, these being common sources of rutting
(Chazallon et al, 2009Flexible pavement responses to traffic loadings are mainly
affected by the properties of the materi@@hen, Zhang and Wang, 201E)astic

and viscoelastic responses are seen at low traffic volamselow temperatures,

while plastic and viscoplastic responsescur at high traffic volume and high
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temperatures. Constitutive modelling of bituminous mixturesequires an
understandingf the functional relationship between stresses and strains aediffer
loading conditions. It is much more complex thaml &nd rock because dhe
complex behaviour of bitumerhe following parameters should be considered in

the constitutive model of bituminous mixtur@aherkhani, 2006)

1 Time, temperature, loading rate, Avomogenous, inelastioonlinear and
anisotropiadependent behaviour of the mixtures

1 Dilatancy

1 Mixture characteristicandertension and compression

1 Presence gbermanent deformaticat the endf each loading cycle.

1 The moisture, ageing and air voids contaifects on the permanent

deformationof bituminous mixtures.

Different techniques are available to predict rutting in bituminous mixtures such as
finite difference method¢Doh, Baek and Kim, 2009gnalytical methodg¢Fallah

and Khodaii, 201 multilayer elastic theoryAbiola et al, 2014) hybrid methods

(Nik, Nejad and Zakeri, 2016)nd finite element method&im and Buttlar, 2009;
Ambassa et al, 2013)A variety of threedimensional (D), finite element
simulations have beedeveloped to analyse the responses of flexible pavements
(Chazallon et al, 2009; Kim and Buttlar, 2009; Ameri et al, 2011; Hu and Walubita,
2011; Li and Li, 2012; Ghauch and Abdaoude, 2013)The strain experienced by
bituminous mixtures under wheel loads has recoverable components (elastic and
viscoelastic) and irrecoverable components (plastic and viscopl@stte), Bhasin

and Allen, 2017) Selecting an appropriate constitutive law that takes into account
bituminousmi xt ur esd® cr eep b oftaparamaters usng dee al i b

and creep recovery testing is important to simulate pezntadeformation of
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flexible pavements by finite element modellifighaninasab, Bakhshi and Shirini,
2016) Picoux, ElI Ayadi and Petit (200%imulated the distribution of vertical
deformation to a flexible pavement, subjected to different wheel loadings based on
viscoelastic dirmation theory. Allou et al (2015) developed a -B linear
viscoelastic model to charactei the dynamic modulus and Poisson's ratio of
bituminousmixtures.Dave et al (2006Jleveloped viscoelastic models to analyse the
response of asphalt overlay using thermomechanical impact under different
combinations of loading time and temperatlfai and Fang (2011donducted a -3

D, finite element model of asphalt pavements based on the elastgpha# theory,

again examining the effect of load and temperatge et al (2013developed a
dynamic model to describe the settlement of the surface of asphalt pavements under
different temperaturesPérez, Medina and del V#2016) simulated a nonlinear,
elastoplastic MohrCoulomb numerical model for recycled flexible pavements, to
determine the response of these pavements under two different loads and four types
of soil subgradeGu et al (2016¢valuated the effect of geognidinforced flexible
pavements by developing two pairs of geogaohforced and unreinforced
pavement models. Finite elemanbdellingrevealed that rutting séstance is better

in the geogriereinforced pavement in comparison to the unreinforced pavement.

However, given that flexible pavements are subjected to different loading and
environmental conditions which impact on their performance, it is somewhat
surpising that the impact of these aspects has not been fully simulated to date
(Chazallon et al, 2009)With specific reference to repeated loading, there is no
technique currently available to investigatdting on (BBEM pavements and no

model available to predict permanent deformation for such pavements.
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It is difficult to satisfy all the requirements above. Therefore, simplified constitutive
models have been developed in recent years. Some of themsime iln the

following sections.

2.6.1 Elastic Model

The elastic layer theory for a twayer pavement was developed in 1943, which was
then applied for more layer@urmister et al, 1943)In this theory, bituminous
materials are generally assumed to be homogenous isotropic and linear elastic and
considered constarnime-independent of proportiatfity between stress and strain
(Huang, 1967)The loading curve of the elastic material is identical to the unloading
curve, and all strains are recovered upon the removal of the applied load. Based on
Hook&s law, the relationship between stress and strain fdichaaterialis given in

Equation2.2:

- 2.1

where & and Uare the stress and tisérain tensor, respectivel is the stiffness

matrix of elasticity whichis expressed as a function of YousgmodulusE and

Poissos ratiov.

Preston 1991)indicated thathe ability of thebituminouslayer todistributeload,
and reduce the stress transferred to the underlying thg@ends orthe stiffness
modulusof the bituminous layerThe elastic model is accurate enough to enable
prediction ofbituminousmixture behaviour at lower temperatures and short loading

times(Eisenmann, Lempe and Leykauf, 1977; Ullidtz et al, 1987)

2.6.2 Viscoelastic Model
Viscoelasticity is the property of a material that performs both viscous and elastic

behaviours when subjected to deformat{dtuang, 2004) Viscous materials can
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resist shear stresses and show linear strain patterns over time when loading is
applied. Elastic materials strain instantaneously on loading, returning back to their
original state without permanent deformation when the load is released. Asphalt
mixtures have elements of both these characteristics and presenatentependent
behaviour. They are considered viscoelastic materials when the deformation is small
(Arabani and Kamboozia, 2013Bitumen is typically a viscous matdriazshen

mixed with elastic aggregate to produce asphalt mixtures, hence viscoelasticity is
expected. Viscosity can be represented by a dashpot, followirkgtizdion2.2:

Q-0
Qo

” b - 2.2

wherell ( andU ( are)stress and strain, respectively, disithe viscosity. Elasticity

can be representdxy a spring, which follows thEquations2.3 and2.4:

” C) 'O - C) 23

-0 0,0 24

whereE andD are the modulus and compliance of elasticity, respectively.

Different combinations of dashpots and sprimgpresent a variety of viscoelastic
models. For instance, the Maxwell model consists of one dashpot and one spring in
series Figure2.11-a), while the KelvirVoigt model consists of one dashpot and one
spring in parallel Eigure 2.11-b). After application of a single load, instantaneous
and retarded elastic strains predominated the viscous strain is negligible.
However, under multiple load applications, the accumulation of viscous strain is the
cause of permanent deformatigHuang, 2004) Huang suggested that a single
Kelvin model is not adequate enough to cover the long period of time over which

retarded strain takes place, and that a number of Kelvin models may be needed. In
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consequence, to describe the igpic viscoelastic behaviour of bituminous
mixtures, a generatd model has been used in this study. This model consists of
one Maxwell model and two Kelvin models connected in a series as shéuguie
2.11-c. The total strain at time t of the genesatl model is given as follows

Equation2.5 (Shan et al2016:

Lo

3 g N .
pty="5+8+ a Za-e T 0 25

Eac Ta+ i=1Fig 8

Q -

whereD(t) is the creep compliancg; the initial elastic modulus at time zefb;the
relaxation timet the loading timel; the retardation timeT( = d / E); E the elastic
modulus at any time and the number of Kelvin models in the Prony series model.

This equation is also known as a Prony series expansion.

Maxwell Model b
Kelvin Model

Generalized Model

Figure2.11: Mechanical models for viscoelastic raaals

The phenomenon of permanent deformation (rutting) can be evaluated by carrying
out creep and relaxation teg&hang et al, 2017)Both creep compliancB(t) and
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relaxation modulusgE(t) are requiredto develop a viscoelastic model; creep
compliance is required to predict deformation and the relaxation modulus to
determine pseudo strain. In this study, Prony series coefficients have been fitted to
experimental data to represent the viscoelastic {tependent) properties of the
bituminous mixtures. The experimental data were obtained from creep and relaxation

tests for reinforced and unreinforced cold mix asphalt mixtures.

The creep and relaxation test for asphalt mixtures, a typical-sireencurve can be
divided into three distinct strain stages: decelerated creep, the first stage where the
strain rate decreases; standard creep, the second stage with a constant strain rate and
accelerated creep, the third stage which sees an increase in staifhese three
stages of asphalt mixture behaviour are showFRigure 2.12. The total strain in
asphalt mixtures usually consists of four constituents: (1) recoverable elastic strain
which is timeindependent; (2) recoverable viscoelastic strain which is-time
depenént; (3) irrecoverable plastic strain which is timdependent, and (4)
irrecoverable viscoplastic strain which is thdependent. During recovery time,
elastic strainis instantaneously recovered folenation while delayed recovered
deformation is viscoaktic strain. Viscoelastic strain needs adequate time to fully

recover. Permanent strain is the combination of both plastic and viscoplastic strains.
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Figure2.12: Creep and relaxation behaviourcanstant stress

2.6.3 Elasto-visco-plastic Model

Perl, Uzan and Sides (1983®stablished a constitutive model for bituminous
mixtures subjected to repeated loading including elastic, i@lagscoelastic and
viscoplastic strain componentBhe elastic strain is founa trely only and linearly
on the stress. The plastic strain is lineadyative to the applied stress and shows a
powerlaw dependence on the number of loadowgles. The \8coelastic strain
componentis nonlinear with respect to stress and is governed bgwaemplaw of
time. Theviscoplastic strain is nonlinear with sgect to stress and thus can be
represented by the product of a seconder polynomial of stress and twmower
laws d time and number of cycles. A seriesaséep and creep recovery tegtsre
carried outunder constant stresses different magnitudes at different temperatures
and found that the totatraincontainsrecoverable andrecoverableslementssome

of which are ime dependent and some are timdependentFigure 2.13 displays
the graphic illustration of strain components under repeated loading. It c@ebhe
that there are instantaneous elagiiy and plastiq(y) strains at = to when the load

is applied. Viscoelasti¢Ue) and viscoplastidUyp) strains aredevelopingas loading
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continued fromto to t1. Once the load iseleasedatt = ti, the ehstic strain(()
recovered, the viscoelastic strgiie) is recovered gradually wittime betweert;
andt.. At theend of eacttycle, the residual strain consistsiokcoverable plastic

and viscoplastic strain components.
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Figure2.13. Representation of the strain componamder repeated loading
(Perl, Uzan and Sides, 1983)

This studyfocuses on the evaluation of the response of natuchkwgnthetic fibre
reinforced BEM to permanent deformation, using3finite element mdelling and
experimental testsThe main objectives are to identify the most accurate and
effedive approach to describe fibreinforced BEMs using finite element
moddling. A 3-D, finite element model is developed and included attention to
viscoelasticand viscoplastic material behaviours to precisely predict the behaviour
of natural and synthetic fibres reinforcement on the development of permanent

deformation resistace. Finally, the predicted results from the model are compared
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with those measured the laloratoryto identify and verify the applicability of the

developed model.

2.7 Summary
This chapter reviews the three main types of asphalt mixture: ASpbatrete Hot
Rolled Asphalt and Stone Mastic Asphakhese mixtures classify into three

categories depending on the temperature of manufacturing.

As an alternative road material, the properties GBEMs, eitherunder field
condition or at laboratory scale, agmdually becoming understoodnderstanding

of the key factors affectinGBEM properties is alsprogressively improving. The
effects of bitumen emulsion technologydesign procedure, processing stages,
moisture contentzuring method, binder content, temgiireetc. have been clearly
defined. Someayuidance and specifications related to matecomponents and end
productperformance have been introduced. All thesetcbute to the improvement

of CBEM application.

This chapter also focusem the previousstudiesto enhancethe 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 traditiondiot mix asphalt mixturebecause they can be mixed with
aggregates without the need to hbage amourst of aggregatesand bitumen in
comparisonto the conventional hot mix asphalt mixturddowever, weak early
strength, long curing times tobtain full strength and high porosity afompacted
CBEMSs have been cited as the main barriers to wide utilisation.inthgsion of

OPC in CBEMSs has sonalvantagein that satisfactory strength can be reacheal in

short period of time. However, OPC is not a green material and has a negative
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impact on the environment. The-use of waste materials in CBEMs is commonly
promoted for two reasons; environmental sustality and economic advantages.
Reinforcing bituminous mixtures using natural and synthetic fibres has been
considered one of the mamportant ways to enhance the engineering properties of

these mixtures to resist different types of failures.

A number of constitutive models are available to describe the behaviour of
bituminousmixtures. These models have beeacticallysuccessful althougalarge
number of calibration factors are needed in a quantitativéysamaof pavement

structures.
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Chapter 3

Research Methodology

3.1 Introduction

The methodology used in this study contains the following st&jage t this stage
included conducting a comprehensive literature reviavarder to develop a suitable
investigation procedure. It oosidered, in particular,materials preparation,
characterization and initial laboratory investigati&tage Il: comprises optimizing

the mix design of CBEMsf i br es 6 | e n,qusing tha mdirectctensilée e n t
stiffnress modulus test and identifyingethmost suitable test for performance
characterizationStage Ill: extensive evaluations of the mechanical, durability and
microstructue of CBEMs after reinforegaent withcandidate fibresvere carried out.

Stage IV: included conducting a D finite elemenimodelto investigate the effect of
the fibresd reinforcement on the per mane
applying the developed and validated model to predict rutting performatrage V.

uses the validated model to predict rutting in reinfdreed unreinforced CBEMs

under the effestof other parameters theannot be performed in thaboratory

In this chapter, an overvieis givenof the experimental procedures adoptedttaly
the engineeringbehaviour of thecold mix asphalt (CMA)underdifferent loading
and environmental condition¥he materials and the specimen preparatiorat@
described. The details of tHaboratorytests, includingindirect tensile stiffness
modulustest andvheel trackingest are providedThe number of re@ed tests for
each value are identified later tinis chapter.Besides, the purpose of this chapter is

to outline the analytical approach used in this research, presentesiearch
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framework, identify the data sources used for the analysisesulide he method of
parametercalibration and results validationsed. In addition, the importe@ of
recognizing the mechanisiontrolling the behaviour of the asphalt mix is also

described.

3.1.1 The Motivation of the ProposedExperimental Work

Due to the limited da available to understand theechanical behaviour ofBEM,
experimental tests were conducted to provide an understanding of the behaviour of
such mixturesunder different loading and environmental conditionBhis will
provide useful data on thEBEM responsesAlso due to the limitatios of the
laboratorydatag there is no global mix design procedure fdBEM. The Asphalt
Institute hagproposed som procedures for designingBEM and most of these are
based on the procedures thatredeveloped by thAmerican Asphalt Institute, with
some improvementsThe Asphalt Cold Manual MS4 (Asphalt Institute, 1989)
introducestwo approaches for designingBEM: Modified Hveem and Marshall
Methods for emulsified asphaggregateold mixturedesign. The Marshall method

is used in this research with some modifications (indirect tensile stiffness modulus is
used instead of Marshall Stabilityjhe stiffness modulus of a mixture indicates the
ability of this mixture to distribute thloads and thus reduce stress concentration into
the bituminous layer and on the underlying lay@psilaimi et al, 2017a) The
indirect tensile stiffness modulus test is the common means of measuring this
property of bituminous mixtes in the UK(Wu, 2009) Severaltests are performed

in the current study tonvestigate the mechanicéhaviour ofCBEM under a range

of loading and environmental conditions. These testsvang commonly used for

hot mix asphalt (HMA).
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During the service life of theroad pavementstructures,the surface of such
pavements mght bedistressed due ttoad repetitions, high and low temperatures
and water sensitivityConsequentlyyarious types of distresses can appear on the
surface of flexible pavermgs, such as rutting (permanent deformation), segregation
and crackingThus, it is necessary to study the effect ofrtiieture propertie®n the
performance of flexible pavements in terms of resisting these kinds of dartrages.
addition, the most commoalaboratory testsised inthis matterare indirect tensile
stiffness modulus, wheel tracking, fatigue, crack propagatmwater sensitivity
tests(Al-Hdabi et al, 2014; Dulaimi et al, 20a; Shanbara, Ruddock and Atherton,

2018a)

The recommendegractices (Abtahi, Sheikazadeh and Hejazi, 2010; Abiola et al,
2014) mentionedthat using natural and synthetic fibres as a reinforcing material in
the asphalt mixtures enhances the performance of such mixtures to resist
deformation To datethere is a lack ofiterature review is available on the effect of
using natural fibres as a reinforcing material IBEB. Hence, this study includes
examining the effect ofhese fibres on the mechanical properties BE®I. The

fibres arevery usefulreinforcingmaterial die to many advantages such asrthigh
strength and durability. As it is an additionalaterialin the mix it is recommended
tooptimiset he f i br es & Foemsgre that they are noadtective Fot

the comparison purposesonventional HMAwas utilised

Based on laboratory testing oBEM and HMA, a validated numerical model is
used in this study to investigate the critical factorgha rutting of bituminous
mixtures. Itwas considered essentialaththe laboratory datavould be used to

developparameterss input data to the model to predict rutting. Aiddally, the

67



Chapter 3 Research Methodology

laboratory data ws also used to validate the model by comparing the predicted

rutting from the model with those measdrusing the wheel tracking test

The framework fothis study is shown ifigure3.1. The study has three main parts:
evaluation of the performance of reinforced and unreinforceBE®Is using
laboratory testing; finite element modellingging ABAQUS software and model

validaion usingthewheel tracking test
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3.2 Material Characterisation

Material characterisatiomsed in this study is discussed in the following subsections.
Alongsde the bitumen, bitumen emulsion, aggregate, filler and waparticular
attention was given tdhe use of natural and synthetic fibres as a reinforcing
material. This is essential as the influence of different dilioe reinforcements
consideredthe core of the present study. Thus, this study deals switlypes of
bituminous mixtures, namelygonventional cold mix (CON)lass fibrereinforced
cold mx (GLS), hemp fibrereinforced cold mix (HEM), jute fibreeinforced cold

mix (JUT), coir fibrereinforced cold mix (COland conventionahot mix (HMA).
Glass fibre is used as a synthetic fibre whilsimp, jute and coir fibres are used as

natural fibres.

3.2.1 Virgin Aggregate

The aggregate used in this study producing asphalt concrete (A@gs crubed
granite, which was obtained froBardon QuarryLeicestershireUK. Theaggregate
material consisted oAggregates of gradatiob4 mm, AC close graded surface
course, in according with the European Cadttee for StandardizatiofEuropean
Committee forStandardization Part 1, 2012)Based on thiStandard, the selected
aggregate is one of the most common aggregeated in the production of asphalt
and it is conglered hard, durable, clean, having suitable shape, provadindgable

level of roughress,skid resistance and resiste topermanent deformation. HAis
selection was in order to ensure an appropriate interlock between the particles in the
mixtures. In addition, the influence of aggregate moisture absorption on asphalt
mixture moisture isfound to be aggregatgpe-dependent(lbrahim and Thom,
1997) The sieve analysiwas carried out and aggregate mixture designs calculated
to meet with the target grading. The grading is as showigure 3.2 along with the
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specification for a 14 mm close graded surface coliadgle 3.1 shows the gradation

and the physicgbroperties of aggregate materials used.
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Figure3.2: 14 mm close graded surface course
Table3.1: Physical properties of the aggregate
Material Property Value
Coarse aggregate Bulk particle density, Mg/rh 2.62
Apparent particle density, Mgfm 2.67
Water absorption, % 0.8
Fine aggregate Bulk particle density, Mg/ th 2.54
Apparent particle density, Mg/in ~ 2.65
Water absorption, % 1.7
Traditionalmineral filler  Particle density, Mg/ 2.57

3.2.2 Bitumen Emulsion
A commercial cationic slow setting bituminous emulsion (C50B3) with 50%

bitumen content was used as a binding agent for manufacturing BEM< to
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ensure high adhesion between aggregate particles. This type of emulsaileds
Cold AsphaltBinder (CAB 50)based ot0/60 penetration grade base bitunaeal
is supplied byJobling Purser, Newcastle, UKhe high stability and high adhesion
of this cationic emulsion were the reasdor selection as recommended the
supplier The relevant properties of tteelected bitumen emulsion are shown in
Table 3.2. The bitumen emulsiomnvas kept in attight sealed containers stored at
room temperatur@and stirred every dagit least two times to keep itastie The
bitumen emulsions were stirreglell into a honogenous statévisual inspection)

beforebeingused in the production ofthe BEMs.

Table3.2: Properties of the selectbdumen emulsion

Property Value Standard
Type Cationic

Appearance Black to darkbrown liquid

Breaking behaviour 110195 EN 130751
Base bitumerPenetration (0.1 mm’ 50 EN 1426
Softening Point (°C) 50 EN 1427
Bitumen conten(%) 50 EN 1428
Viscosity (2mm at 40C) 1570 EN 12846
pH 5

Boiling point (°C) 100

Adhesiveness 090% EN13614

Relative density at 15 °(@/ml) 1.05
Particle surface electric charge  positive EN 1430

Density (g/cm3) 1.016
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3.2.3 Bitumen

In the present study @aditional binder consisting af00/150 penetration grade
bitumen supplied byobling PurserNewcastle, UKwas used for HMA production.
The reason for selectiarf this grades thatthis grade of bitumen isommonly used
in the UK for manufacturing HMA mixtures andccording tothe European
Committee for StandardizatiqiuropearCommittee for StandardizatierPD 6691,
2010), this grade is the most preferred grade for producing HMA withAiBel4
mm close graded surface coursgragate gradatiorThe properties of the bitumen

used in this study agresentedn Table3.3.

Table3.3: Properties ofL00'150 bitumen used in the study

Property Value
Appearance Black
Penetration at 25C (0.1 mm) 141
Softening Point (°C) 43.5

Kinematic vscosityat 135 °C (mPa.s) 179

Density (g/cm?) 1.02

3.2.4 Water
Tap water was used in this study for all types 8E®Is. The water was obtained
from the domestic water supply pipe in tHenry CottonBuilding at Liverpool John

Moores UniversityUK and supplied by United Utilities
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3.2.5 Filler
Conventional limestondustwas used in this study a&s natural filler obtained from
Francis Flower Ltd UK. Limestone filler plays ghysical role through filling th

pores betweeaggregatgarticles and improving theackng properties.

3.2.6 Fibres

Four different types of fibres were @sl in this studyas reinforcing materials
including synthetic fibre, which is glass fibre (supplied by the Fibre Technologies
International LimitedUK), and natural fibrg whichare:hempand jute(supplied by

the Wild FibresUK) and coir (supplied by The Upholstery WarehoUd€. These
fibres are always as single (mono) fibréke physical properties of these fibres are

preseted inTable3.4.

Table3.4: Natural and synthetic fibre properties

Items Fibre type

Glass Hemp Jute Coir
Density (kg/nd) 1380 1500 1450 1250
Tensile strength (MPa) 1600 900 450 175
Diameter (um) 1519 17-23 16-21 1823
Moisture content (%) 0.5 10 11 14

3.3 Testing Programme and Procedures

The BEM design considered in this study relies on the results obtained from the
fundamental tests thatere used to assess the proposed mixtures. The literature
shows that BEM design methods are similar to those of HMA, but withaut

universaly accepted methodr procedure(Lanre, 2010) Laboratory mechanical
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tests are commonly us@dorder to evaluate the mechanical propertieddA. The

testing programme was conducted in two phases. In the first phase, fibree w
investigated to establish the optimum fibre length and content. In the second phase,
the conventional BEM (CON) and HMA mixtures, and the optimised fibre
reinforced BEMs with four different fibres (glass (GLS), hemp (HEM), jute (JUT)

and coir (COl))wereinvestigatedising different laboratory tesés detailed below.

3.3.1 Indirect TensileStiffness Modulus Test

The indirect tensile stiffness modulus (ITSM) test is a-destructive test where
cylindrical samples are positioneértically anda diametrical load then applied, as
shown inFigure 3.3. This test is used in the current study to determine the stiffness
modulus of the bituminousnixtures. Results of the stiffness modulus of the
bituminous mixtures provide the pavement designer with definitive information
related to fundamental properties of the pavement materials. Stiffness modulus can
be measured in the latatory by subjecting acylindrical sample to repeated load
pulses, with a rest periodcrossthe vertical diameter of the sample, using two
loading strips 12.5 mm in widthand monitoring the resultant horizontal
displacement at right angleThis is equivalent to Young's modsl for elastic
materials.Loading is @plied in a half sine wave form arttie loading time is
controlled during the test. The riftene, measured from when the load pulse
commences and the time taken for the applied load to increase from initial contact
load to the maximum value, is 124 + 4 ms. The peak load value is adjusted to
achieve a target peak, a transient horizontal deformation of 0.005% of the sample
diameter. The applied load is measured using a load cell with an accuracy of 2%, the

pulse repetitbn periodbeing3.0 + 0.1 sThe ITSM uses five conditioning pulses to
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selfadjustand bed in the specimen. A further five measuring pulses are then applied,

and the average stiffness modulsishencalculated.

The stiffness modulus of the bituminous rapds is dependent on the applied load,

the resultant deformation, dimensions of the sample and Poisson's ratio, which is
material and temperature dependent. Indirect tensile stiffness modulusuistealc

in units of MPa usingEquation 3.1 shown below (European Comittee for
Standardization- Part 26, 2012) Stiffness of the bituminous materials is also
dependent on speed of loading due to the viscoelastic and viscoplastic nature of the

binder(Needham, 1996)

OYYl— 4 T’ X 3.1

where:

ITSM= indirect tensile stiffness modulus (MPa)

L = the peak level of the applied vertical load (N)

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

3= Poissond6és ratio for t he materi al at t

The ITSM test was used throughout this study to evaluate the mechanical properties
of the cold mix asphalt mixtures and in particular to martite changing properties

of specimens during the curing peridchis is essential to the work as the influence

of different factors on curing rate, or the absolute stiffness values at a given time
after laying, were to be quantifiedlhe ITSM test is pedctly suited for this
requirement, as it is practically nalestructive when used on the types of materials

it was developed for.
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In order to determine the stiffness moduldd-Hdabi et al, 2014; AHdabi, Al
Nageim and Seton, 2014b;-Aldabi, Al Nageim and Seton, 2014a; Dulaimi et al,
2016; Dulaimi et al2017a; Dulaimi et al, 2017b; Dulaimi et al, 201,7al) CBEM
specimens were kept in thenould for oneday at room temperature (2C). This
representshe first stage of curing, followed by different curing times (2, 7, 14, 28,
90, 180 and 360days Adopting a normal curing temperaturedm temperature) in
this study was performed simulate the production, compaction and placing of such
mixtures in field conditions and avand) any premature ageing of the bindKhalid

and Monney, 2009; Ojum et al, 201#¥ior totesing, the samplgewere conditioned

at the test temperatufer at least 4 hours. The tests wemnducted at 20 °C
following the European Committee for Standardizati@European Comittee for
Standardization Part 26, 2012usingCooper Research Technology HYD 25 testing

apparatus. The stiffness modulus was set at the average value of five tested samples.

COOPER RESEARCH TECHNOLOGY ;jmited H Y D 2 5

'8

Figure3.3: HYD 25 indirect tensile apparatus
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3.3.2 Wheel Tracking Test

Wheel tracking tests were used to measure the rut depth (permanent deformation) of
the bituminous mixtures atwo different temperatures, 48C and 60°C. The
selection of these two temperatures was basedhe European Committee for
StandardizationEuropean Committee for Standardizatio®D 6691, 2010)The
temperatured5 °C represents moderate to heavily stressed sites regjtnigh rut
resistance, while 6€C represents very heavily stressed sites requugng high rut
resistance. Prior to carrying out the tests, the dobd&uminous mixtures were
preparecandthencompactd in steel mould usinga steekoller compactor, resulting

in solid slals measuring 40 mm (length) x 38 mm (width) x 50 mm (thickne¥s

The specimenwere treated in the same waryd werekept in the mould for 24 hours

at room temperature. Following this, th&8EM slabs were cured for 14 dalyside

a ventilated oven at 40C to achieve full curingobtain the final strengthfAl-
Busaltan et al, 2012a; Ausaltan et al, 201217l Nageim et al, 2012; Dulaimi et al,
2016; Dulaimi et al, 2017b)rhis cuing temperature is significant as it needs to be
less than the bitumen softening point (80) and thus prevesthe bitumen from
ageing (Dulaimi et al, 2017a; Dulaimi et al, 20d)7 However, curing of such
mixtureson site may take from 2 months to 2 years to obtain the final strength of
these mixtures depeimg) on the weather condition@\l-Busaltan, 2012)For the

test, a single wheel with a standard vehicle tyre pressure of 0.7 MPa was applied to
the surface of the bituminous slab as showRigure 3.4. The wheel was rolled on

the surface of the bituminous slab coverandistance of 230 mm at a rate42 (+1)
times/min gpeedl6.1 cm/s) along the centre line of the slab, for 460 mir(atesut
20,000 wheel load repetitions)nder dly conditions. The output from this test

consists of accumulative vertical deformation of a specimen against the repeated
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moving wheebith respect tdime. This test was carried out in @rdance wittthe
European Committee for Standardizat{@uropean Commiiee for Standardization

Part 22, 2003)The rutting value was set at the average value of three tested samples.

Figure3.4: Wheeltracking test equipment

3.3.3 Scanning Electron Microscopy

In order to characterise the microstructure and fracture surfaces of the raw fibres,
scanning electron microscog$EM) analysis was conducted using an EDX Oxford
Inca xact detector, Inspect FEI SEM model. SEM is a high resolution, electronic
imaging techique used to observe the morphology of objects. Prior to conducting
SEM observations, the fibre samples were dried, glued directly onto a carbon film

sample holder and then coated with a thin layer of gold, using a vacuum sputter
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coater, to improve visibty. The tests were conducted with a SEM resolution of 3

nmto 4 nm, a high vacuum and a test voltage of 10 kV.

3.3.4 Water Sensitivity Test

The ability of a bituminous mixture to resist moisture distress is critical to its long
term performancgDulaimi et al, 2016) These mixtures are identified as being
sensitive to moisture if the laboratory specimens fail in a water sensitivity test. In
this study, the water sensitivity tasy was conducted in accordance withe
European Committee f@tandardizatioffEuropean Committee for Standardization

Part 12, 2008)This test exposes any loss of adhesive bond between the aggregate
and bitumen of cylindrical specimens, due to the existence of water. Dhengst,

the compacted specimens were divided into two groups; the first group for dry
testing, the second for saturated testing (thesfgstimens (both groups) werkthe

same age). The specimens in the dry group were tested without moisture
conditioning as they were kept in the mould (after compactionpfa day at room
temperature (20C), extruded and left on a flat surface at room temperature for
another seven days before the ITSM test. The specimens in the second group were
saturated as part ttie moisture preonditioring protocol. Each specimen (after one

day in the mould at room temperature), was extrudedranmtkrsed in a water bath

at 20°C for four days and then transferred to the vacuum container. A combination
of vacuum pressure and dition (6.7 kPa for 10 min) was applied to achieve the
required degree of saturation. After completing the vacuum process, the specimens
were kept in the vacuum container for another 30 minutes, removed from the
container and placed on a flatrface in a vater bath at 40C for three days, before
being tested. All specimens (deyd wet) were then tested at 2D in accordance

with the European Committee for Standardizatigguropean Committee for
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Standardization Part 12, 2008) Five sets of each sample were tested for each
mixture type. Water sensitivity of asphalt mixtures can be measured by either the
indirect tensile strength ratidT(SR or indirect tensile stiffness modulus rat&MR
(Al-Busaltan et al, 2012b; Al Nageim et al, 2012:Hdabi et al, 2014)Water
sensitivity was calculated using the stiffness modulus r&MHK as shown in
Equation3.2 (Al-Busaltan et al, 2012b; Al Nageim et al, 2012:Hdabi et al, 2014;

Dulaimi et al, 2017a)
YOY x AOOE ££R dDO®E £Fpb k@@ 32

3.3.5 Semicircular Bending Test

The European Standard specifies the use of the-cetalar bending (SCB) test to
determine tensile strength, or fracture toughness, of bituminous mixtures to assess
for potential crack propagation. This test involves determining the resstnc
bituminous mixtures to crack propagati during a constanibading speed of 5
mm/min. Slab samples of length 400 mm, width 305 mm and depth 50 mm, were
prepared and compacted using a steel roller compactor which simulated pavement
compaction in the &ld. After full curing (the slabs were cured for 14 days inside a
ventilated oven at 40C to achieve full curing(Al-Busaltan et al, 2012a; Al Nageim

et al, 2012; Dulaimi et al, 201,6jhree cylindrical specimens measgrit50 mm in
diameter and 50 mm in height, weeered from each slab using an electrical
extruder(European Committee for StandardizatioRart 44, 2010)Each specimen
(core) was then cut into two equal halves (semmdular speimens),each half cut in

the centre with a notch of 10 mm depth and 0.35 mm width to act ascaapke
initiator. These specimens were loaded under thoaet bending in such a way that

the middle of the base of the specimens were subject to tensss(figure 3.5).

During the test, deformation increases at a constant rate of 5 mm/min. The
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corresponding load increases to a maximum vakigy) directly relatedto the
fracture toughness of the specime8s replicated specimens were considei@d

each value.

As per the European Committee for StandardizatiBuropean Committee for
Standardization- Part 44, 201Q)the maximum strasat failure {may, and the
fracture toughnes$(c), have been calculated in accordance \Eitjuations3.3 and

3.4, respectively.

8 a0 .
= 33
” !Y "Q UJ a a
where
R = the diameter of specimen (mm)

h = the thickness of specimen (mm)

Fmax= the maximum force of specimen ireWNton

: ay A
W
where:
W = height of specimen (mm).
z = notch depth of specimen (mm).

Umax= stress at failure of specimen (N/f)m

f(—) = geometric factor of specimen, for 9z< 11 mm and 70 ¥< 75 mm, then,

f(—) = 5.956.
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Figure3.5: SCB specimen preparation and fracture test

3.3.6 Creep andRelaxation Test
This test describea method for determining the creep parameters tfntinous
mixtures by means ofiniaxial static creep and relaxatioesing with some
confinement presenin this test, a cylindrical specimen is subjected $taticstress.
To achieve a certain confinemt, the diameter of the loadiptateis designedo be
smaller than that of the sampl€reep curvedisplays the cumulativestrain,
expressed in %, of the specim@gightas a function of theme of load applications.
Generally, the following stages cae distinguishedh the creep curvéFigure2.12
in Chapter two):
9 Stage 1lthe decelerated cregpart of thestraincurve, where thetrain rate
decreases with increasitgpding time
1 Stage 2: theonstant strain ratgart of thestraincurve, where thestrain rate
is quasi constant and with a turning point insh@incurve.
1 Stage 3: theaccelerated cregpart of thestrain curve, where thetrain rate

increases with increasémhding time
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Depending on the testing conditions and onrtiieture propertiesone or more

stages might bmissing

This test method determines thascoelasticand viscoplasticpropertiesof a
cylindrical specimen of bituminous mixture mading and unloading conditioithe
specimens may be either prepared i [boratory or be corddom a pavement. A
cylindrical test specimen with a diameter of 150 mm is placed between tw® plan
parallel loading plates. The upper plate has a diameter of 100 mm. A schematic
representation of the test device is givefrigure3.6. The specimen is subjected to

a staticpressure. There is no additional lateral confinement pressure ajiplieadg

the testthe change in height of the specimen is measured at spdodigicg time
From this, the cumulativetrain (permanent deformation) of the test specimen is
determined as a function of theading time The results are represented in a creep
curve as given ifrigure2.12 in Chapter twoFrom this, the creep characteristics of
the specimen are computeelior to the test, he specimesmwere kept at the test
temperature within £1.0C from 4 to 7 hours.The creep testat 5°C, 20°C, 45°C

and 60°C, wereused to study the influence of reinforced and unreinforced mixtures
on creep performance to assess their viscoelastiosiscoplastipropertiesThe test

was conducted under 0.1 MPa stress in accordance with the European téerfonit
Standardization(European Committee for StandardizatiorPart 25, 2005) The

creep and relaxation curves weed at the average value of thtested samples.
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Figure3.6: Represetation of creep test

3.4 SpecimengPreparation

CBEM specimens were prepared according to the Marshall method for emulsified
asphalt aggregate cold mixture designs {M$, as adopted by thesphalt Institute
(1989. According to this procedure, the optimum -{vetting water content,
optimum total liquid content at compaction, optimum residual bitumen contents and
optimum emulsion content were 3%, 12.4%, 6.2% and 12.4%, respectively. These
results are comparable tooe publishedby (Al-Busaltan et al, 2012a; Alldabi et

al, 2014; Dulaimi et al, 2017aJhe fibres were added and blended into the mixtures
to improve the mechanical properties and prevent binder-doaim. To ensure a
consistent ditribution of the fibres, water and emulsion in the mixtures, the
aggregate together with the fibres and the-vpeting water were added to an

electric blender Kigure 3.7) then mixed for 1 minute(Chen et al, 2009)
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Subsequently, the toimen emulsion was added progressively throughout the next 30
seconds of mixing, and the mixing continued for the next 2 minutes. This process
allows for the best fibre distribution in the mixturésbtahi, Sheikhzadeh and
Hejazi, 2010)In addition, the mixed specimens were placed in the dsoand then
directly compacted with 100 blows (for which Marshall specimens were prepared),
50 on each side of the specimens using standard Marshall Hammer (impact
compactor) as shown irigure3.8, or compacted using a steel roller compactor (for

which bituminous slabs were prepared) as showkigare3.9.

Fiaure3.7: Electric blender
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Figure3.9: Steelroller compactor
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Fibre reinforcement of bituminous mixtures is deemed a random, direct inclusion of
fibres into the mixture. If the fibres are too long, they might not be mixed well with
other materials because some of the fibres may lump togethengraatiumping or

balling problem. On the other hand, too short fibres might not perform well as a
reinforcing material, serving only as an expensive filler in the mixture. Therefore, it
i's necessary to optimise t heproblemsand®d | en
ensure the uniformity of fibre distribution in the mixturés this study, in order to

find the optimum fibre length and content, fibres of varying lengths (10, 14 gnd 20
mm were used according to literature availafilei, Cheng and Chen, 2017)hese
lengths were selecteddased on the aggregate maximum size, where, 10 mm is
shorter, 20 mm is longer and 14 mm is the same as the aggregate maximum size.
Based on the fibre reinforcing of HMA and concrete pavem@iien et al, 2009;

Xu, Chen and Prozzi, 2010; Abiola et al, 2014; Hesami, Ahmadi and Nematzadeh,
2014; Jeon et al, 2016; Yangim and Yoo, 2016; Liu, Cheng and Chen, 2Q17)
fibre contents of 0.15%, 0.25%, 0.35%, 0.45% ark&b® of total aggregate weight

for all fibre lengths were included in the CBEM mixtures. Based on the results of the
ITSM test, an optimised fibre length and content were selected and used for the other

experimental test§-u et al, 2017)

HMA specimens were prepared for comparison purposes according to the European
Committee for Standardizatidkuropean Committee for StandardizatidD 6691,

2010) The aggregate gradation of 14 mm close graded surface course was
manufactured with (100/150) bitumegrade and according to the European
Committee for Standardizatidkuropean Committee for StandardizatidD 6691,

2010) this grade is the preferred grade for producing HMA with the 14 mm close

graded surface course aggregate gradation that been used faipgatie CBEMs.
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Optimum binder content of 5.1% by weight of aggregate was added according to the
same Standard for the Asphalt Concrete (AC) 14 mm close graded surface course.
The HMA mixtures were mixed and compactea temperature of 160 °C to 170 °C

(in accordance with thEuropean Committee for StandardizatioRart 13 (200Q)

shall not exceed 180 °C).

3.5 Summary

The details of thdaboratorytests were presented in this chapter, including the
materials used, specimgmeparation andest procedures. The main tests to obtain
mechanical properties @BEM and HMA were undertakerBitumen emulsion and
bitumen were used for manufacturin@EM and HMA sampleswith the same
aggregate typelhe mix design procedurtor CBEM was explaned usingdifferent
parametersHMA testingwas performed for comparison purposes. Four different
fibre types were used as a reinforcing material BE®I. The CBEMs were
reinforcedwith glass fibre as a synthetic fibre and hemp, jute, and coir as natural
fibres to examine the effect dibresd reinforcement on the structural response of

such mixturesThe instrumentation used fall tests wagpresented.
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Chapter 4

Experimental Results and Discussion

4.1 Introduction

In order to be able to use a material in an engineering structure, its mechanical
properties must be known to enable the engineer to design the structure so that the
materid can resist the stresses and strains placed updss iflexible pavements
technology depends on performance based design, this is as true for roads as it is for
any other structurd he laboratory investigation of the bituminous mixtypesvides

essentl results to evaluate thperformance of such mixtures unagfferent loading
conditions. These experimental results can also be used to validate predictions
derived from laboratory tests and pavement modellResults obtained from such

tests enable the engineer to design mixtures and pavement structures based on
recipes learnt through experien€@ver the years, several test protocols have been
proposed for the design of cold mix employing a range of mixtute sample
preparing methods and tests for evaluating mechanical propgseksllab, Wood

and Yode, 1977; Waller, 1980; Arya and Jain, 1993; Marchal, Boussad and Julien,
1993; Nikolaides, 1993Yhis chapter presengxperimentatesults ofreinforced and
unreinforced GEMs, and conventional HMAsubjected todifferent loading ad
environmenal conditions. The effects ofusing natural and synthetic fibres as
reinforcing materials in BEM on themechanical properties of such mixtsrare
discussed in this chaptdfollowing this, the outcomes of the specimens tested with

different parameters, i.éibre reinforcementgcuringtime, temperature, water action
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andloading conditions are evaluated and aredysSubsequently, thisaptercovers

the results oflifferenttests ofCBEM and HMA specimens.

The methods used to measure the mechanical properties ofuthenioius mixtures
in this study were all based athe Liverpool John Moores Universitpavement
laboratory The laboratoryequipment employsngineering principles and, therego

the resultobtainedare related tthe fundamental properties of thrextures.

4.2 Mix Design

Basically, the objective of any mix design is to produce mixtures that meet their
structural and functionalrequirements. Regarding current experience, some
authorities and researchers have proposed cold mix design guidelines based on
empirical equations, experim@h work or previous experiencseuch as that
documented by thAsphalt Institute (1989; Lee et & (2001); Thanaya(2003 and
Wirtgen (2004) Thus, it isnecessaryhat optimgation of CBEM parameters should

be carried ouin order todevelopthe technology in the use sfich mixturs, as
claimed bylLee et al (2001)lt is, therefore importantto designand gtimise CBEM
component$n order to achieve appropriate properfiese et al, 2001; Kim, Lee and
Heitzman, 2007) Some of the studies reported in the literatureGBEM have
focused on using thenethod adopted by thAsphalt Institute (1989) (Marshall
Method for Emulsified Asphalt Aggregate Cold Mixture Desigmjith somne
modifications (Thanaya, 2003; Forth, Zoorob and Thanaya, 2006 following
stepsdescribe the maimethodology ofthe Asphalt Institute proceduf&hanaya,

2003)

1. Determine the appropriatggregate gradian.
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2. Determine the approximate initial amounttbé bitumen emulsion based on
empirical equation

3. Determine th@ptimum water content at compaction.

4. Determine theoptimum total liquid content (bitumen emulsion and pre
wetting water content)aking into accounthe mechanical and volumetric
properties of trial mixtures untilbtaininga trendto thebestcriteria.

5. Establishment of the job mix formula.

As there is no general existing ggument made specifically fahe testingof cold
mixtures thoseusedfor testing hot mixtures are most frequently employed with
slight modifications. These modifications are required because cold mixtures being
intermediate materials behave as unbound granular materials in their early life stages
(because of t presence of moisturelhis behaviour is responsible for the various
modifications that have been introduced to cold mix designtbegrears. However,

there is nadirect set ofrules that can be followedAll produced specimens in this
study were prepad according to the methoadopted by the Asphalt Institute
(Marshall Method for Emulsified Asphalt AggragaCold Mixture Design (I8-14)).

In this method, the indirect tensile stiffness modulus test was used instead of

Marshall Stability. Details of midesign arssummarised in the next sections.

4.2.1 Determination of I nitial Emulsion Content
According to the selected aggregate and bitumen emulsion, the initial emulsion
content [EC) was determinechased on the Equation&l and 4.2 below and

according to the M8.4:
0 T8I0 1O TWO T 4.1

where,
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P: % of initial residual bitumen content by weight of total dry aggregate.
F: % of aggregate retained on sieve 2.36 mm.
B: % of aggregate passing sieve 2.36 mm and retained on sié3ath

C: % of aggregate passing sieve@Bonm.

The IEC could ke found by dividingP by the percentage of bitumen content in the
emulsion. According to the aggregate gradation selection and by applicafion
Equation 4.1, the initial residual emulsion contefP) is 6.16%of the aggregate
weight. Due to the variatiobetwe@& American and British sieve opags, a little
estimationwas applied during this calculation. The base bitumen content in the

emulsion is 506, thusaccording to the M8.4:
00 & - 4.2

where,
X: the bitumen content of the emulsjovhich is 50%.

IEC=6.16 /0.5 =12.32% of the aggregate weight

4.2.2 Determination of Optimum Pre-wetting Water Content (Coating T est)

There are twddifferent liquid typesinside the CBEMSs, bitumen and water. The
water includes twadlifferent sourcesa proportion of the bitumen emulsiaontent
andthe additional water ithe mix, namedhe prewetting water contentThe pre
wetting water contens ddined as the amount of water added to ¢téd mixture
beforeaddirg the bitumen emulsion. This addition is to improve the abilitytlod
bitumen emulsion to coat the aggregate and to improve the workability of the

mixture (Nassar, 2016)

ConsideringlEC, the coating test must be conducted after mixing all of the dry

aggregate batches and fillarith different amourd of prewet waterto ensure an
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appropriate binder coatin@ulaimi, 2017) The ability of bitumen emulsion tooat
the aggregate during the mixingis sensitive to the prevet water content of
aggregatéNassar, 2016)nsufficient prewet water results in balling of the bitumen
with the fines leding to unsatisfactory coatingThanaya, 2003)In addition,
Thanayareportedthat ths prewetting water contertielps the emulsioto distribute
uniformly onto the aggregasesurface allowing for better binder coatin@jum
(2015)stated how prevetting water lubricatesand activates the aggregate particles
surface before addinfpe bitumen emulsiorhe optimum pravetting water content
depends on aggregate gradingl &me physical properties afjgregats. TheAsphalt
Institute (1989xecommendea@pplyingdifferent contentsof prewetting water with
the determinedEC to obtainthe lowest prevetting water content needed é&zhieve
maximumpercentag®ef coated aggregatestiv the binder Five percentages of pre
wetting water content (2%, 3%, 3.%%0, 4% and 4.86) of the total aggregate were
investigated to obtain the lowestter percentage thahsures the optimaloating.
One minute of mixing time is sufficient to mix aggate with water. Emulsion ve&a
added afterwards and blended for aboub 3 minutes untilan even coatingvas
obtained. The optimum pngetting water contentJPWwg¢ is a percentage in which
the mixture gives theoptimal bitumen coating on the aggreg@tesurfacei.e. the
mixture is not too sloppy or too stiff. The coating degleeuld note less than 50%
of coated aggregatby visual observation OPWwc of 3% was selected using

visibility judgment as shown ifigure4.1.
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Figure4.1: The mixture with different @rcenagesof prewetting water content

4.2.3 Determination of Optimum Total Liquid Content at Compaction

Wat er amount percentage dur i ngWitsghglci mens.
percentage of water, dissipated compaction effort, low density and undesirable
mechanical properties are expectéa the other hand, low workabilitigw density

and high air voidsresultfrom low water content. Therefore, optisation of water

content during compactioanhance the desired mixture properties. According to

MS-14, different water content during compaction (the loose mixturesprepaed

at OPWwcand compactedt different water contesitn 1% steps by air drying) were
investigatedas Marshall specimens. This stage gives the optimum water content at

compaction at which the dry density of the sample is a maximum.
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Initial emulsion contentl EC) =12.32%
Optimum prewetting water contentQPWwg = 3%

Total liquid content at compaction is 15.32%.

To find the optimum total liquid conte(®TLC) at compaction, five percentages of
total liquid content were investigated (19782 14.326, 13.326, 12.326 and
11.32%). The water content of each mixture was calculated after leaving the loose
mixtures for different periods to reduce the total liquid content. TierMarshall
Hammer wasemployedto compact the mixture§0 dows applied on each face.
Figure4.2 shows that théotal liquid content 0fL2.32% gives maximurdry density.
Consequently, th©TLC was 2.326 by the aggregate mas3he resul for each

point represents the average of results of three specimens.
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Figure4.2: Optimum liquid content (%)

4.2.4 Determination of Optimum ResidualEmulsion Content
Different emulsion contertabove and below the calculated initial emulsion content

were selectedto prepare the Marshall samples, where the total liquid content
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remainedthe same (15.32%). Indirect Tensile Stiffness Modulus test (ITSM) was
used to determine the optimum residual Eiom content(OREQ, which was
observed to be B% of aggregate weight (424 emulson content) for soaked
samplesWhilst, ITSM decreased witln increa® in the residual bitumen content
for dry samples, as shown Kigure 4.3. However,emulsion contenof 6.2 was

adopted to be th@REC becauséhe wet condition is the governing situation.

250 - —o— Soaked ITSM
—&o—Dry ITSM
200 A
< i
g 150
2
=
7 100 A
=
50 -
0 1 1 1 1 1
5 55 6 6.5 7 7.5

% Residual bitumen content

Figure4.3: Optimumresidualemulsion content

4.3 Indirect TensileStiffness Modulus Test

The stiffness modulus of a mixture indicates the ability of this mixtudistoibute

the loads and thus reduce stress concentratido the bituminoudayer and on the
underlying layes (Dulaimi, 2017) The indirect tensile stiffness modulus test is the
common means of measuring this property of bituminous mixtures in th@AWK
2009) Apart from being inexpensive, the test is simple and can be quickly conducted

in comparison with theother traditional means of testingtiffness modulus of
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bituminous mixturesBrown (1995)reported that up to 100 samples can be tested for
ITSM in a working day.Another benefit of this test is that it allows cylindrical
samples, usually either 100 860 mm in diameterto be tested. The test sample
does not need to be long, typically 30 tor@fh, which is convenient when coring
pavementsThe effect of using fibreeinforcemenbn stiffness modulus INBEM is
investigated in this sectioifhe reasoror presenting such results and analysis is to
find the importance of using natural and synthetic fibres as reinforcing materials in

understandin@ndevaluating the stiffess of thdituminousmixtures.

4.3.1 Fibre Optimisation

An optimisation process wasrried out to determine the optimum fibre length and
content to be used asr@inforcing material in BEM. The indirect tensiletdfness
modulus (ITSM) is regarded as key when evaluating the effect of different fibre
lengths and contents orBEM performance, taking into account the effect of curing
time and conditionBased on the literatur@Al-Hdabi et al, 2014; AHdabi, Al
Nageim and Seton, 2014b; Dulaimi et al, 2016; Dulaimi et al, 201fs) test is
used to optimise BEM additives. Figure 4.4 - 4.7 show that ITSM initially
increaseshen decreases, with increaddmte content, for all fibre lengths and types.
The BEM reinforced with 0.35% fibre content by weight of dry aggregate, had a
higher ITSM than the other mixtures for all fibre lengths. This is in agreement with
other researchersuch asChen et al (2009and Xu, Chen and Prozzi (201@yho
recommendd that the optimum fibre content should be between 0.3% and 0.4%,
based on the results frosimilar tests. 14 mm long fibres, cured for 2 days,
developed the ITSM of the reinforceBEMSs to the maximum valuéccordingly,

the desirable mechanical responses in terms of ITSM were defined as being a

maximum to achieve the highest performanthis indicates that the reinforced
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mixture with 14 mm fibre length and 0.35% content adheres well to the bitumen
(Abiola et al, 2014) According toLiu, Cheng and Chen (2014nd Shanbara,
Ruddock and Atherton (2018b¥hort fibres (10 mm) cannot properly reinforce
mixtures that have a larger size of aggteg@gnaximum 14 mmjvhile long fibres
(longer than the maximum size of the aggregate) can leadeuctionin mixture
strength because these fibres tend to lump together during the mixing process. The
results found ére were similar to those found in the literat@#eon et al, 2016)
Because of the use of an appropriate lengthlw&f(14 mm in this research), the
placement and distribution of thigre in the bituminous mixturgoroducedan
enhanced interlockingetween the fibre and the pagtience the lateral straimwill

be delayedcorresponding to improving the strength roixture (Saeid, Saeed and

Mahdi, 2014)
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Figure4.4: Glass ibre optimisation a0 °C after2 days
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Figure4.7: Coir fibre optimisation a0 °C after2 days

4.3.2 Fibre-reinforced Cold Mix Asphalt

According to theEuropean Committee for Standardizat{&@uropean Comittee for
Standardization Part 26, 2012)ITSM test is used to rank bituminous mixtures on
the basis of stiffness, as a guide to relative performance in the pavement, to obtain
data for estimating the structural behaviour in the road and to judgeldtst
according to specifications for bituminous mixturébe results of the ITSM tests
are shown irFigure4.8 for both reinforced and unreinforcedBEMs. The resus$ for
HMA are also pesented for comparison purpesEach set of specimens wasted

at various curing timeg, 7, 14, 28, 90, 180 and 36days. The results indicate that
average stiffness modulus values increase significantly, with curing time)yatcea
medium ages (2 to 28 days), followed by a reduction irrdke of increaselue to
reaching a definitive level, thiwas achieved after about 28 days of curing. This

behaviour isattributed to the bitumen emulsion emitting volatile components,

101



Chapter 4 Experimental Results and Discussion

allowing the BEMSs to be cured and reach their final strer(@rrotti, Pasquini and
Canestrari, 2014)The HMA presents no significamhange in stiffness modulus
over time(Al-Hdabi, Al Nageim and Seton, 2014b; Dulaimi et al, 201k@an also

be seen fromFigure 4.8 that the significant development in ITSM specifically
depends on the fibres as these provide a tlireensional reinforcement for the
CBEMs (Chen and Xu, 2010; Xu, Chen and Prozzi, 2010; Abiola et al, 2014;
Ferrotti, Pasquini and Canestrari, 2014; Vale, Casagrande and Soares, 2014)
Therefore, the stiffness modulus oBEMs, reinforced with natural and syetic

fibres reached or exceeded the stiffness of HMAbetween 40and 80 days,
depending on the fibre type. Conventional r@inforced) BEM still has low
stiffness in comparison to HMA, after one year of curing. For all types of fibre, the
reinforced BEMSs provide almost the same, or slightly higher, stiffness modulus
compared to the HMA mixture, over medium curing times {@®0 days). This
means that roadwork activities should be able to guarantee adequate performance in
a short to medium time after construction, if natural and synthetic-rigiméorced
CBEMs are used. When it is possible to have a longer curing timeatbheahand
synthetic fibrereinforced ®BEMs are able to ensure high performance,

significantly exceeding the performance of the HMA mixture.

During development of the stiffness modulus over time, it can be observed that the
CBEMSs with natural andsynthetic fibres hadigher stiffness modulughan the
conventional ®BEM over the atire period of time, which exceededQOMPa after
28 days of curingand exceeded 2000 MPa after 360 d&antrary, theonventional
CBEM had the lowest stiffnessiodulus,which was slightly abover50 MPa after

360 days of curing.
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Figure4.8: Effect of curing time on stiffness modulus

Regarding the range of curing times investigated, the increase in ITSM value as a
function of curing time f), can be represented with a logarithmic regression,

according to the followin@gequation4.3:

0°YYON 1o ® 4.3

Where a and b are regression parameters. Parameterepresents the time
development coefficient of the ITSM and paramétés a constant represamy the

initial ITSM of the mixtures. For each set of specimens, the regression parameter
values are reported ifiable 4.1, together with the correspondirigf (correlation
coefficient squared). From this table, the time development coefficgnf(the

HEM has the highest value indicating the ITSM of sachixture has the best time
development. On the other hand, the lowest time development coefficient was

observed in HMA That means there was no effect of curing time on the ITSM of
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such mixturgFigure4.9). According to the values of the constant paramddgrtife

HMA has the highest value indicating the high initial ITSM of this mixture, whilst

CON has the lowedt value indicating the low initial ITSM.

Table4.1: Logarithmic regression parameter values

Mixture type

428 days ®90 days

Mixture type a b R2 Regression equation
CON 100.07 198.49 099 pmn&l 10 p wdw
GLS 287.91 45766 0.98 ¢ Ygpd 16 T ULRQ
HEM 290.16 41059 0.97 c wPg 106 1 pA«
JUT 284.33 34432 096 cyxd 16 oT1dC
COl 281.88 28123 093 cuymp Y ido cuypo
HMA 1151 13889 098 p@d o po @y
1800 -
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Figure4.9: Stiffness modulus afte?8 and90 curing days
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4.3.3 Temperature Sensitivity

Discovering the temperature susceptibility of bituminous materials is required in
order to have a good knowledge of such materials in service under extreme
conditions.Naturally, bitumen isa temperature susceptibfeaterial i.e. it becomes
brittle at lov temperatures and gets increasingly less viscous and ready to flow at
high temperaturesiccording to this behaviousuch materialsare susceptible to
cracking at low temperatureswhile they are susceptible to rutting at high
temperaturesi properlydesigned bituminousnixture should be able t@sist these
extreme environmental conditiomsthout necessarily reducing the overall structural
integrity of the road pavemenin attempt was thus carried aat find the thermal
susceptibilities of theix bituminous mixturesindirect tensile stiffness modulus of
the conventional BEM and HMA, as well as the reinforcedBEMs with natural

and synthetic fiores CBEMs after 28 days of curing at°@0was performed at
different testing temperatures, namely@ 20 °C, 45°C and 60°C to evaluate the
thermal sensitivity of such mixtureSunarjono (2008)Nassar (2016and Dulaimi
(2017)repored that measurementsId SM could also be useak an indicator of the
quality of bituminous mixtures in terms of temperature sensitivilyhe stiffness
modulusof all mixturesdecreased witthe increaseof testing temperature as seen in
Figure 4.10. The decreasing rate in the ITSMan indicatethat thetemperature
sensitivity where the higher rate of changepresents higher sensitivity the
temperatureHowever, in the reinforced BREMSs, the decreasing@te in the stiffness
modulusdecreased as compdréo the conventional BEM and HMA mixtures.
Depending on the fibre type, the variation of ITSM of the reinforced mixtures with
different temperatures exhibited rabust stiffnesstrend Both the conventional

CBEM and HMA lost around 8% and 84%, respectivelgf their stiffness if heated
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from 5 °C to 60 °C. In contrast,the range of loss istiffness of the reinforced
CBEMs wasbetween70% to 75% dependingn fibre types. Te decreasen the
stiffnessmodulusof thereinforcedmixtures i.e. GLS, HEM, JUT and COindicates
thatthese mixtureare more thermally stabbnd they have less susceptibilitythe
temperature changspecifically hot temperatureshib is considered as positive
pointin terms ofbituminous mixture8performance in hot weathetecreasingheir
tendency to high temperature ruttidgdditionally, these mixtures aress likely to
suffer from low temperature crackingsing fibres as reinforcing materiala

CBEM ensuredetterstiffness properties at higind moderateemperatures.
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Figure4.10: Stiffness modulus under different temperatures
4.4 Rutting

In addition b the stiffness modulus, the othiactor to evaluate the bituminous
mixtures is the permanent deformation or ruttirfgurface layes of flexible
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pavements are subjected to continuous flexing under traffic loading that generates
repeated stresses, and accordingly straetausebitumen is a viscoelastic or
viscophstic material, application of load results ansmall amount of viscous
associated with plastic flow of the binder timtisplayed agpermanent strain. By
the accumulabn of many smallstrains on the pavement sudalayers(under the
action of traffic),a significant amount opermanent deformatiohappes. This is
commonly known as rutting and is seen as depressions underneath the vehicle wheel
path relative to the surrounding pavemé@ifitere arewo mainmechanisrg, in which
permanent deformatiolccus, as defined in the literaturalue to the repeated
loading The first mechanism is the secondacpmpaction thatresults in
densification of the bituminous road mixture after the initial compactidine
potential ofrutting to occurcan belimited if the pavementduring the constructign
is properly compacted’he second mechanism is thkstic shear deformation due
to the repeated action of shear and tensile strelgsttgs casemixture resistance to
rutting de@nds on binder properties and internal frictionagfyregateRutting is
affected by the bituminousmixture properties,.e. volumetric composition and
material propertie§Sunarjono, 2008; Nassar, 201Rutting is seen as unevenness
in the road profileand if the deformations become substantial, ardase in ride
quality and everdanger tothe road userss ensurd. As the region of maximum
stress in a rahis along the wheel6 ,herehigherdeformation occurs. Whilst
rutting camot be considered strudural failure, unless accompanieg cracking, in
the UK a 10 mm rut is classed a<ritical situatiorthat requires aemedial action

while a 20 mm rut corresponds to "failur@Needham, 1996)

In CBEMSs, the effect ofusing natural and synthetic fibres as reinforcing mateoials

rutting behaviour was evaluated in the curretudy. Hence, two different testing
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temperatures (45 °C ar@D °C) wereconsideredo simulate theanoderate to heavy
and very heavy stresse$his will assist to furtheunderstand the behaviour of

CBEM and toraise confidencén adopting these materials ravement design

The test resultshownin Figure4.11 and 4.2 show the variatn in accumulated
rutting depthunder cumulative loading cyctamesat 45°C and 60°C, respectively.

It is clear thatthe reinforced BEM mixtures significantly reduced accumulated
rutting (permanent deformation). Thecamulated ruthg in CBEM with synthetic
fibre (glass) is slightly lower thathatwith natural fitves at both test temperaturés.
compared with conventional mixtyrglass, hemp, jute and coir fibores have a
reduced rut depth by 866, 636%, 610%, and62%, at 45°C after 20000wheel
passe$28600seconds), respectively. Thefsgures also show that at the initial stage
of the test, there is a rapid increase in rutting induced by the consolidation of the
mixtures under the vertical pressure of wheetling(Xu, Chen and Praz, 2010) It
was observed that after a certain number of load repetitiamegligible change in
rate of rutting depthwas producel. This is mainly attributedto the high shear
strength of the reinforcedBEMs under shear stre@Shen ad Xu, 2010; Xu, Chen
and Prozzi, 2010)At this stage, the increase time rate of rutting depth with time
tends to be almoshegligible indicative of the high stiffness modulus of the
bituminous mixture. In contrast, the development of rutting fer ¢bnventional
CBEM is initially faster followed by a gentle decrease. The faster the rutting
development rate, the earlier the road pavement enters into its failuré dtagg et

al, 2017) In this caseijt is highly probable that the serviceable life of bituminous

pavementsnight be shortened.
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Figure4.11: Rut depth at45°C
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Figure4.12: Rut depth a60 °C
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The significant reduction in rutting depth of the reinforcd®E®™s could be partially

due to the ability of the fibres to stabdiand hold the bitumen on their surface, thus
resisting the flow of bitumen at high temperatuf€bsen and Xu, 2010)The fibres

form a threedimensional network in the bituminousixture, thus reinforcing the
skeletalstructure, resisting shear and tensile stresses andmgdiuidity (Chen and

Xu, 2010; Xu, Chen and Prozzi, 20100 summary, the analysis of rutting depth
indicates that the mixtures containing natural and synthetic fibres significantly

reduce rutting depth in comparison to conventiaadd and hot mixtures.

4.5 Fibres Microstructure Characteristics

The scanning electron microscop$EM) of fibres, shown inFigure 4.13 7 4.16
reveals both the shape die fibres and their surface roughness characteristics.
Figure 4.13 showsSEM imags of the glass fibre where it is seen that the surface
area has some protrusioresulting in a rough surface texture that can enhance the
interlock between the mixture and fibr@gonich et al, 2017)Figure4.14 shows the
surface morphology of the jute fibre. This fibre has an uneven surface with
irregularities (more surface area), rough cavities on its outer surface and some voids.
The presence ofhese cavities could improve the quality of the fibre/mixture
interface (Maache et al, 2017)The surface of the hemp fibr@-igure 4.15) is
observed as a rough surface with strip protrusions, which provide good structural
stability. The SEM images of coir filsgpresented ifrigure4.16, show a uniform

fibre formation. There are however, small irregularities on the fibre surface that
create an irregular morphology. Thigore has globular particles that show as
protrusions fixed in specific pits of the fibre surface area. The rough surface area of
these fibres can improve the interlock between the mixture and {iBilea et al,

2011; Sheng et al, 2017)
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Figure4.13: Glass fibre and itmicrostructure
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Figure4.14: Hemp fibre and itsnicrostructure
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Figure4.15: Jute fibre and itsnicrostructure
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Figure4.16: Coir fibre andts microstructure
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4.6 Water Sensitivity

The evaluation of water damage is an important factor because of the direct effect on
the performance and service life of flexible pavemgimale, Casagrande and
Soares, 2014; Sun, 20164&)Jore importantly, moisture susceptibility of bituminous
materials is generally agreathong researchers as an indicafagtor of predicting

the durability of bituminous mixtures while in service. The existafamoisture in

the bituminous mixtures is considerexddevelopstripping. The results of thavater
sensitivity test revealed thi all the natural and synthetic fibres significantly
improved the moisture resistance of tH8EB/s. Figure4.17 shows that the addition

of fibres increased the valeé SMR The mixtures with glass and hemp fibres show
SMRvalues approximately the same as HMA mixtures. TB&EKIs with natural

and synthetic fibres have bett&MR values in comparison to the conventional
CBEM. It is worth noting that the improved cohesiof the reinforced mixtures is

the main reason for the improvement in performance against water gshtahi,
Sheikhzadeh and Hejazi, 2010; Xu, Chen and Prozzi, 2010; Abiola et al, 2014;

Ferrotti, Pasquini and Canestrari, 2014)

Higher percentages of retained reinforced stiffness modulus were obsarved
mixtures reinforced with fibres after undergoing the water sensitivity test. This
indicates that in the case of emergency maintenance, cold mixtures can be applied in

wet conditions.
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Figure4.17: Water sensitivity results

4.7 Semicircular Bending

The monotonicsemicircular bending(SCB) test was performed to determine the
fracture toughness of the conventionaBEM, reinforced @EM and HMA
mixtures. It is shown inFigure 4.18 that all natural and synthetiéibres have
improved the fracture toughness of th8EMs. The fracture toughness of the
mixtures reinfoced with glass and hemp fibrémve a superior performes in
comparison to the othersThe increasing in the fracture toughness ranged
approximately from 11.5 to 20 N/mfhdepend on the fibre typeBor the mixtures
reinforced with glass fibre, there was a considerable developmehe dfacture
toughness and the increase was up to double compared to the value of the
conventional BEM. Such improvements in fracture toughness, in comparison to the

conventionalCBEM, is due to the fadhat the conventional BEM is more brittle
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and suseptible to material failure at low temperatu(®si, Chen and Prozzi, 2010)

Both the natural and synthetic fibres were found to be positively associated with the
tensile strength of BEMs in terms of their resistance to fracturing after crack
initiation (Aliha et al, 2017) This test can be achieved usilogv and intermediate
temperatures. At low temperatures,crack propagates thugh the bitumen and
aggregatesndthe fracture toughnes&t) is probably dependent aggregate and
bitumen propertiegSomé et al, 2017)Also at low temperatures, the properties of

the bitumen tend to be constant due to the elastic behaviour of the bitumen and the
aggregate Whilst, & intermediate temperatures, crack propagates through the
bitumen, which is more dependent thre test temperature due to the viscoelastic
behaviour of the bitumen. Therefore, the decrease in the fracture toughness could be
explained by the decrease iretipecimen stiffness amdpecially the decrease in the
bitumen stiffness whethe temperature increases. This dependenciKiefon the
temperature reveatbe need to taka viscoelastic behaviour into accoBomé et

al, 2017) Accordingly, 5°C wasselectedto determine the fracture toughness of

HMA and CBEMs.

Figure4.19 shows the loadlisplacement curve fdsoth hot and cold mixtures. The
load-displacement curves frorie samples tested at°®, show that the fracture
behaviour of bituminous mixtures was linear undech conditions, due to the
viscoelastic behaviour of bituminous mixtures at intermediate temperg&mesli

and Aghayan, 2016; Somé et al, 2017)
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Figure4.18: Effect of fibrereinforced BEM on fracture toughness
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4.8 Creep andRelaxation

This test, also known as unconfined creep test is normally conducted to evaluate the
permanent deformation gperties of bituminous mixtures.In the investigation
conducted on BEM and HMA mixturesn this work a test temperature 6f°C, 20
°C, 45°C and 60°C, andstandardstress levels of 10kPa were usedlhe strain of
the tested gecimensduring the creep anctlaxation stages was calculated for each
mixture type Figure4.207 4.25 show thestrainin one hour loadindollowed byone
hour unloadingonducted at stress levebf 100 kPaAll mixture types were tested
to charactege ther nonlinear behaviour for different temperaturésan be clearly
seen from thsefigures that the conventional BEM and HMA mixtures have the
worst creep resistancat the temperature seleded likely due to low values of
stiffness, tensile and shear strengthhese mixtures have largstrain and faster
strainrates Moreover, the good adhesion between the fibres and bituminous mixture
helps to improve the creep resistarf€emparingthe cowventional BEM and HMA
mixtures and the reinforced BEMs with different fibresit shows that thdibres
reinforcementstrongly affects theaccumulated strain at aémperature selected
Therefore, when using a design dBEM, the design should first ceier how to
ensure performance of asphplivementsand itsresistance to the deformatiom
this test,when stress is applied (100 kPapth the reinforced and unreinforced
mixtures immediately produced transient elastic strain which continued t@secre
with time. The positive impact afising natural and synthetic fibseon the creep
properties of BEM, in comparison to the conventior@BEM and HMA mixtures,

is demonstrateth Figure4.207 4.25.
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Figure4.20: Accumulated strain versus loading time of CON mixture
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Figure4.21: Accumulated strain versus loading time of HMA mixture
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Figure4.22: Accumulated strain versus loading time of COI mixture
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Figure4.23: Accumulated strain versus loading time of JUT mixture
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4.9 CBEM Behaviour

Contemporary flexible pavement designs
traffic and environmental stressors is elastic. However, the validity of this
assumption is limited to lowetnperature climate conditions and under rapidly
applied vehicle loadings where the deformatdmasphalt surfaces is not permanent,
returning back to its original shape when the load is removed. At high temperatures,
or under slow moving loads, flexibleapements are subject to a plastic
deformationassociated with viscoubehaviour This is themain reason for the
developmentof a FE model, which assisits simulatingthe mechanical response of

the newreinforced cold and hot mix asphalt. This model dbaractesed by the
elasticity required to simulate the immediate response of the pavement, viscosity to
simulate themechanical response of pavement, whielpendn the strain rate in
terms of loading time, and plasticity to simulate plastic flow in terms of permanent

deformation.

The viscoplastic deformation of flexible pavements generally depends on the stress
level, loading time, number of cycles and tempeeat The constitutive law for

flexible pavements can be statadequationd.4 as(Uzarowski,2006:

- , o RY 4.4
where:
() andi; are the straimnd stress components, respectively
t: time
M: loading cycles number

T: temperature
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The creep and relaxation test is used in this research to chamatterivscoplastic
behaviour of botltold and hot asphalt mixes. Four different types of strain develop
in flexible pavements underehicle moving load elastic recoverable strairt)
which is time independent; plastic irrecoverable straly) (which is time
independent; icoelastic recoverable straitiJg which is time dependent, and
viscoplastic irrecoverable straitiy) which is time depender(Sun, 2016b; Chen,
Balieu and Kringos, 2017Yhe total strain}) can be expressdd Equation4.5 as

(Uzarowski, 2008)
- ” r‘d-l"‘) - ” - ” Fl"‘) - ” Fb - ” k‘d‘i‘) 4'5

Responses to the above strains can be calculated from the creep and relaxation test.
After applying the load, an instantaneous asphalt mixture response occurs
comprising the elasticl{) and plastic {§) strains of the total strain, as shown in
Figure 4.26. The elastic straiiil}) is the instantaneous reduction at the moment of
unloading (relaxation). The plastic straig)(can be calculated by subtracting the
elastic strain ) from the instantaneous loading straiy € (). Both viscoelastic

((e) and viscoplastic {§p) strains are time dependent, occurring and overlapping
during the loading time stagtl{+ Up), as shown irFigure4.26. Viscoelastic strain

(Qe) is the delayed response during the unloading stage. The viscoplastic\$gfain (

can be determined by subtracting the elastic, plastic and viscoelastic strains from the

total strain as showim the Equationt.6 below:
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Figure4.26: Elastic, plastic, viscoelastic and viscoplastic strainsBREKI at 100
kPa and 45C

Figure 4.27 illustrates the plastic and viscoplastic strains in the cold nphaisat

45 °C. From thisfigure, it can be seen that the cumulative viscoplastic strain curve
increases with a constant steep slope, specifically afé€01seconds, while the
plastic strain curve flattens horizontally with a constant value, as it time
independent component. This indicates that the irrecoverable deformation of asphalt
mixtures n the creep and relaxation testinly depends on the viscoplastic strain
component; plastic strain can be considered insignificant if loading occurs over a

long time. This confirms the observationshyang (2004,
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Figure4.27: Plastic and viscoplastic strains in thBEM at 100kPa and5 °C

A viscoplastic model of timdardening is available in ABAQUS, using the creep
power law to represent the nonlindehaviourof asphalt mixtures. Equatich7 is
expressed in a power law form and used to define the creep riddahg,

Mohammad and Rasoulian, 2001)

- 0, O 4.7

where A, n and m are the creep power law parameters that relate to the material
propertiesas:

A: Power law multiplier

n: Equation stress order

m: Time order
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These parameters depend on bitumen viscosity, aggregate maximum size and
aggregate angularitfimaninasab, Bakhshi and Shirini, 201@) this research, the
values of the parameters for the conventiomBE® and HMA, and the reinforced
CBEMs were determined according to the results obtained from the creep and
relaxation test. It should be noted that if the creep power law is used to model the
time-relatedbehaviourof materials, repeated and continuous loadings result in the
same estimatin of creep strain on the condition that the total loading periods are the

sameas thosef Imaninaab, Bakhshi and Shirini (2016)

4,10 Summary

Fibres play an important role in the performanceCBEMs. The estdishment of
the efect ofnatural and synthetic fibrem themechanical propertiesf CBEMs was
presented earlier in this chaptéfhe first man objective of this work was to
opti mi se f i br e godair tleemeagttldvel i thedmechanicdl graperties
of CBEMSs, followed by the influence of other variables. SeveBEM and HMA
specimens were prepared to study the effect of differlergsf reinforcement on the
ITSM of bituminous mixtures. Four fibres were used: glass as a synthetic fibre, and
hemp, jute and coir as natural fibres. Different curing periadsl testing
temperaturesvere applied to study their impact on the performancesmiforced
and unreinforced BEM, and HMA for comparison purposes. Rutting behaviour of
bituminous mixtures was also evaluated using wheel tracking test. The main
factor that was investigated is how the reinforcd®E®Is under repeated |oiag)
with different temperatures improvhie performance of the flexible pavements.
Furthermore the microstructure of thébres usedwas evaluated using scanning
electron microscopy to discover the rough surface area of the fidteginforced

CBEMs displayed a gnificant improvement in terms of water damage resistance in
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comparison to the conventionaBEM. In terms of fracture toughness behavjdhe
results showd that there isa substantiabnhancement ithe reinforced mixturem

comparison to thethers
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Chapter 5

Finite Element Modelling

5.1 Introduction

Laboratory tests of bitumingumixtures are increasingable to predict performance

in a road situation. However, there are s@ittbrs in this area that cde neither
predicted nor replicated in the aatory It is necessary, therefore, to develop a
numerical model to predict theffect of such factorsrothepavement performance.
The predicted results could provide valuable information regarding performance or
highlight practical problems which may never be encountered in a laboratory
situation. This chapter presentaumerical procedures and techniquésittare
employed to simulate theutting behaviour of theCBEMs under both moving and
static loadingsThe commercial finite efaent analysis cod@end ABAQUS/Standard
software are used to develop numerical models to help understanduttieg
performanceand the structural behaviour thfe conventional BEM and HMA, and
reinforced CBEM using natural and synthetic fibres under different loadings and
temperatureconditions. There are two different material behaviours considered to
model the ruttingphenomenon of bituminous mixtures, i.e. the viscoelasticity and
viscoplasticitydependon the applied loadsThe viscoelastic model waused to
simulate therutting behaviourwhen the deformation is small, typically at low
temperatures and high speed. @a other handheviscoplastic model was adopted
for undesirable loads and environmental condgiomvhere thee are high
temperatures and heavy traffic loag8ubsguently, the finite elemeniodelling

results are alsgrovided in this chapter. The numeel modelswere validated
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against theexperimental data presented@hapter 4, which will be further used to
conduct parametric studies this dhapter. The comparison between thenerical
and experimental timdisplacemenfor the rutting of all mixture with different
temperaturesis presented. Thdailure mode anddeformation shapeare also

discussed.

5.2 Modelling of Rutting in Bituminous Mixtures

Different techniques are available to predict flexible pavement deformation such as
multilayer elastic theoryboundary element methods, analytical methods, hybrid
methods, finite difference methods and finite element methods (RBkpani,
Jamshidi and Sadeghnejad, 201BEM has been used successfully for flexible
pavement performance analysis and has been found suibad@plication to the
complexnonlinearbehaviour of composite pavement mater{8lai, Yang and Zeng,
2016) Although, 2D models are acceptable when calculating permanent
deformation of flexible pavements;[3 models are employed to determine more
precise and realistic pavemessponsegimaninasabBakhshi and Shirini, 20167
threedimensional, finite element analysis of flexible pavement responses under
repeated traffic lods was performed to study the mechanical properties of the
reinforced and unreinforced BEMs. The FEM gives numerical é@siations to
problems which are too complicated be solved analytically. The problem is
considered in this model under a repeated applied moving loadsalastic and
viscoplastic material properties of the bituminous mixtures. The analytic model is a
bituminous layer of 40 mm length, 305 m width and ® mm thickness, as
illustrated inFigure 5.1. These dimensions were chosen to concur with the wheel

tracking tesspecimensvhich were simulated in this study.
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Figure5.1: Threedimensional slab modelling

5.2.1 ElementType andMeshSize

Full threedimensional models were developed to simulatertiting behaviour of

all thereinforced and unreinforced mixtures with different temperatures and loading
types However,the slab specimens wenmeodelled using a quarter model to reduce
the computational timand costby using the symmetry boundary conditionsrgj

the symmetry plane@llou et al, 2015; Pérez, Medina and del Val, 2016; Gu et al,
2017) as shown irFigure5.2-a and 5.2b. The element behaviour can be defined

using an element's formulation which refers to the mathematical theory.

In the finite element analysis, the numerical (full or reduced) integrations are used to
find the stiffness and the mass of themeént. The reduced integration, mainly used

by ABAQUS/ Explicit (ABAQUS, 2015) means using lower order integration to
form the element stiffness. Thus, the running time will lmkiced, especially for ¢éh
threedimensions elements. For example, the element assembly is about 3.5 times
more costly for C3D§eight-node brickelement)than that for C3D8Reight-node

brick element with reduced integratjorin addition, with the reduced integration
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elements, lie stresses and strains doeind at the locations that provide optimal
precision The 8node element is very active for solving theldems(Al-Husainy,
2017) In ABAQUS/Standardboth the full and reduced irggration options are
available.Many numerical studies used the linear elements with reduced integration
to solve the structural problenggeinoddini, Harding and Parke, 2008;-Ahairy,
2012) Thus, first orderight-node brick element with reduced integratElements
(C3D8R) were used to mesh the bituous slabdor all simulations as shown in
Figure 5.3. This figure shows the finite elements mesh for the modelraading
load areaon the pavement surfacéhe bodywas divided into many small, discrete,
finite elementghat are solved simult@ously. Shared nodes join these elements to
each otherEach node of tseelemens has three translational degrees of freedom
with the reduced integration to decrease the analysis Tieecombination of nodes
and elements forms a mesh. The mesh densitgegendenton the number of
elementaused in a particular mesh. The mesh sizesutite loading area was refined
to 1.5 mm,where there islarge stresss and strais are presentand gradually
increased along the horizontal directions to ensure acaaaiks(Chen et al2016;

Shanbara et al, 2016)

The element size for thieituminous slabs wafound based ora mesh sensitivity
study. Figure 5.4 shows that the numerical model of tb@nventional GBEM at 45
°C with element size 08 mm exhibitedweakbehaviour with theutting depthand
more total displacement than the correspondexgperimental resultBy reducing
the element size, therecisionof the model was enhanced. The mesh with element
size of 1.5 mm demonstratedh reasonably good agreement with the experimental
data. Howeve reducing the element size tomm did not effecitvely improve the

accuracy of the numerical resultfn addition the @mputational time increased
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when decreasing the element size, as expected. Therefore, the element k&e of

mmwas adopted in this study for tbéuminous slabs

(b) The quarter geometry

Figure5.2: Geometric conditions of the wheel tracking slab
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Figure5.3: 3-D finite element mesh for pavement simudati
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Figure5.4: Element size effect on the precision of the numerical model
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5.2.2 Boundary Conditions and L oading

To simulate the experimental test conditions, the bottomsfatehe bituminous
slabs wereaestrained in all directions to provide a fully fixed etheét mimics the
experimental conditions, while thsuface wasfree, as shown inFigure 5.5.
Displacementf the layer edgesvere also restrained in horizontal directions
mentioned earlier, only a quartef the wheel tracking slabhsere modelled Thus,
the slabswere restrained in the-xplane and ¥ plane as symmetric conditions, as

shown inFigure5.6.

A vertical uniform tyre pressure of 700 kPa was applied as a moving load on the
pavement surface with a rectangular loading footprinDahsn in length and @mm

in width, to meet the wheel tracking test requirements. The load transfers to the
pavement surface through contact pressure between the tyre and pavement surface.
This contact pressure is equal to the pressure from a tyre on a road Eudimeal
Cooperative Highway Research Program, 2002mplified as a rectangular,
uniformly distributed, surface loafHuang et al, 2011; Wu, Liang and Adhikari,
2014) The movingwheel load zondFigure 5.7-a) was divided into several small
rectangleswhich have the same width as the tyre footpriftr{n) and onehird of

its length (D mm). The wheel load occupies three rectangular areas as shown in
Figure5.7-a. When the load gradually moves forwards and backwards, a series of
load application stepsre performed. At the end of each load application step, the
whole load moves forward to a small rectangular area, for example, at the end of the
first load application step, the load occupi@®as 2, 3 and 4. In order to avoid any
impact, the applicationsload of area 4increass gradually to reach the maximum
(700 KPa), at the same timedecreasegradually in area 1, as shownhigure5.7-

b. Tyre pressure is applied repeatedly on the pavement surface large number
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of cycles; during each cycle (1.43 s) the load is applied to each element fort®.18 s
simulate a vehiclepeed ofapproximately 0.6 km/h. Thead is then removed as

shown inFigure5.7-b.

" -

(a) Boundary conditions of the surface and sic

(b) Boundary conditions ohe bottom and sides

Figure5.5: The boundary conditions of the wheel tracking slab
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Figure5.6: Thesymmetri@al boundary conditionplanesof the wheetracking slab
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Figure5.7: Moving load zone and loading amplitude
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5.2.3 Material Properties

Theoretically, the most common methodologies used to predict rutting in flexible
pavement s artea ati mdandiniethodsldsed on viscoelastic theory.
Methods using the layestrain approach consider rutting in all panent layers by
assuming either a linear a nonlinear relationship between the elastic stress and the
vertical permanent deformation in eackida The permanent deformation properties
of the flexible pavement materials adetermined usually using triaxial and creep
testing Thesemethod accountfor the factthat rutting is only dependent on the
elastic material properties and is independent of the material viscosity and plasticity.
The main disadvantage of this type of modelling is the assumption that bituminous
mixtures behave as a linear elastic material. Ithmseen from the results presented
in Chapter 4 that the behaviour of the bituminous mixtures islinear at higher
stress levelsHowever,implemenation of anonlinear constitutive law to calculate
permanent deformation propertiés required to be sed in the finite element
modelling. Rutting nodels thatare based on theviscoelastic and viscoplastic
material properties directly incorporate thdependent response and repeated
applied moving wheel load3.hese types of modelling consider that ruttfogms
primarily by shear flow of the bituminous pavement materials. Additionally, in these
types, permanent deformation is assumed to be dependent on the elastis, amst
plastic properties of the bituminous mixtures. Typically, the viscoelastic and
viscoplastic properties of thieituminous materials are determined from the creep

and relaxation testing.

The success of the viscoelastic and viscoplastic models relies on the ability to
consider theelastic,viscous and plastienaterial properties thatre necessary to be

supplied to such models. The following sections describe the procedure used to
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determine the viscoelastic and viscoplastic parameters based on the results from the

creep and relaxation tests on the bituminous mixtures.

5.2.3.1 ViscoelastidViaterials

The ABAQUS software used in this researshefficient in analysinggomplex time

rate dependeragndviscoelastic problems. For the viscoelastic analysis of bituminous
materials, shea6(t) and/or bulkK(t) moduli are required in most finite element
modelling & viscoelastic material propertigaputs. Thee properties can be
calculatedrom the creep test at certain temperawsng the Prony series. This is a
mechanical representation of the viscoelagstaterial behaviour of flexible
pavementgSouza ad Castro, 2012)Flexible pavement material is homogeneous
and isotropic and the Poi s ¢gChunétsal, 206} i o do
ThereforePoi ssonbds r at eredash aownstamoé (8.85). Thwis the d
most suitable assumption for bituminous mixtures as it provides reasonable and
accurate time and rate dependent responses of viscoelastic mékenglsee and

Kim, 2010) Elastic modulus of different BEMs and the conventional HMA
mixture at different temperatures were measured uiieglTSM test. The Prony
series parameters and moduli of elasticity warecessfully calculated based on the
experimental results, as given Trable 5.1, after 14 days of curing timéor the

CBEMs.

139



Chapter 5

Finite Element Modelling

Table5.1: Elastic and viscoelastic properties of differe®EM and HMA mixtures at different temperature

Viscoelastic material coefficients

Temperatures’C)

60 45

Di (1/kPa) Di (1/kPa)
i {U(s) CON GLS HEM JUT COl HMA CON GLS HEM JUT COl HMA
1 0.1 6.91x10° 4.49%x10° 5.12x10° 4.86x10° 4.65x10° 6.33x10° 1.14x10° 7.33x10° 5.50x10° 2.75x10° 2.69x10° 3.7710°
21 6.12x10° 5.6310° 5.03x10° 3.36x10° 4.41x10° 3.71x10° 1.90x10° 3.58x10° 6.81x10° 2.14x10° 4.05x10° 1.76x10°
3 10 1.54x10* 4.4710° 5.65x10° 8.52x10° 1.04x10* 1.92x10* 4.08x10° 2.08x10* 1.80x10° 6.71x10° 8.03x10° 5.19x10*
4 100 2.09x10* 1.06x10% 3.34x10*% 1.39x10* 1.27x10* 2.49%10* 7.43x10° 3.25¢10% 5.3%10% 8.67x10° 1.31x10* 6.66x10°
5 1000 2.62x10* 4.52x10% 3.23x10* 1.74x10* 1.42x10* 2.02x10* 1.08x10% 4.05x10% 2.00x10% 1.15x10* 1.72x10* 3.33x10*
Modulus o
elasticity E 35 604 529 311 255 550 100 789 713 417 324 835
(MPa)

Viscoelastic material coefficients

Temperatures (°C)

20 5

Di (1/kPa) Di (1/kPa)
i U(s) CON GLS HEM JUT COl HMA CON GLS HEM JUT COl HMA
101 3.66x10° 2.42x10° 7.56x10° 1.10x10° 6.30x10° 5.31x10° 8.81x10°% 2.73x10°% 4.47x10% 7.68<10° 9.11x10° 8.53x10°
21 5.18<10°% 2.04x10°% 8.63x10° 1.52x10° 1.69x10° 3.11x10° 7.24x10° 7.19%10°% 3.05x10° 4.34x10° 5.53x10° 2.28x10°
3 10 3.90x10° 1.16x10° 7.9910° 3.05x10° 3.69x10° 2.38<10° 0.63x10° 1.84x10° 2.11x10° 6.02x10° 8.78x10° 5.54x10°
4 100 5.6710° 7.30x10* 2.12x10* 5.08<10° 5.16x10° 5.86x10% 5.16x10% 5.6710° 2.3710° 9.79%10° 4.33x10* 9.14x10*
5 1000 7.40<10° 2.25<10% 8.36x10* 5.21x10° 6.28<10° 4.7710° 8.25x10* 4.47x10* 6.7210% 2.95<10*% 8.19%x10* 4.11x10°
Modulus of
elasticitye 464 1152 1100 1021 890 1420 581 2267 2047 1876 1634 4138
(MPa)
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5.2.3.2 ViscoplastidMaterials

In this study viscoplastic models were developed for the bituminous lay@ENJ
contaning natural or synthetic fibeeas a reinforcing material and conventional
CBEM and HMA mixturessince the main aim othis studywas to qualitatively
compare the rutting resistance of differeBEMs under very heavy stressebhe
fibres usedprovide randonthreedimensionalreinforcements, which improvthe
tensile and shear strength of the asphalt layer. The main vasiatidine mixtures
were the elastic modulus, and crempver lawparameters. However, temperature is
consideredas an important factor that affects the rutting resistance lahiadtures.
The elastic modulusind creeppower lawof different mixtures correspaling to
different temperaturewere obtained from the experimental results and a constant
Poissod satio of 0.35 was assumed. All the flexitgavement material properties

are preseted inTable5.2, after14 days of curing time for the REMs.
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Table5.2: Elasticandviscoplastic properties afiifferent BEM and HMA

mixtures at different temperatures

Mixture type Temperature (°C) A n m E (MPa)
CON 60 1.01 x 1 1.721 -0.0058 35
45 1.00 x 16 1.648 -0.0011 100
20 1.91 x 16 1.494 -0.0072 464
5 9.46 x 100 1.602 -0.0139 581
GLS 60 6.38x 10* 1.716 -0.0096 604
45 5.06 x 10 1.721 -0.0137 789
20 3.23x 100 1.737 -0.0224 1152
5 2.17 x 10 1.736 -0.0195 2267
HEM 60 6.81 x 10 1.640 -0.0127 529
45 574 x 10" 1.652 -0.0147 713
20 411 x10* 1.668 -0.0152 1100
5 2.88 x 10" 1.655 -0.0149 2047
JUT 60 7.15%x 10* 1.634 -0.0118 311
45 6.86x 10* 1.639 -0.0135 417
20 5.01 x 10* 1.625 -0.0144 1021
5 297x10* 1.618 -0.0110 1876
Col 60 756x 10* 1.696 -0.0079 225
45 599x 10* 1.706 -0.0089 324
20 343x10* 1.709 -0.0124 890
5 251x10* 1.683 -0.0138 1634
HMA 60 9.76x 10* 1.756 -0.0093 550
45 8.19 x 10 1.758 -0.0123 835
20 6.97 x 10 1.747 -0.0149 1420
5 5.33x 10" 1.737 -0.0163 4138
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5.3 Validation of the Finite Element Modebk

In order to validate the finite element model, a validation process was carried out by
comparing the experimental results with the finite element modelling output data. A
similar set of experiments had been conducted using wheel tracking tests to compare
the actual measurements of rutting (permanent deformation) with the rutting values
obtained from the model. The experimentaligetonsistedof an asphalt mix slab

with dimensionsof 50 mm thickiess 305 nm width and 4@ mm length over a

fixed rigid steelplate. Initially, the slabs were kept in the oven for 14 days &C40

after compaction in order to reach the final curing condition stBgéaimi et al,

2016)

During the test, the slabs were subjected tepgatednoving tyre pressuref 700

kPa. The total travkng distance of the tyre on the slab i028m at a speed of 0.6
km/h. Six types of cold and hot asphalt mixtures were prepared to make the slabs.
These mixtures are conventionaBEM and HMA, and reinforced BEMs with

glass GLS) as a synthetic fibre, hemp (HEM), jute (JUT) and coir (COIl) as natural
fibres. Each slab was then wheel track tested at two different temperaturég; 45
and 60°C. The wheel tracking tests were carried out to measure the rut depth on the
asphalt pawments surface along and under the wheel path, 3#&e cycles (900

s) for the viscoelastic modahd20,000 cycles (2800 s)for the viscoplastic model

A very slight modification of the model was required to simulate rédpeated
moving load as itneeds to use a repeated moving surface load talaenthe
moving wheel load. Whilstpther modelling features remained the same, including
the loading and unloading time, wheel speed, the total number of load repetitions,
boundary conditions and tempena. The total number of load cycles applied on the

pavement surface was deemed to be sufficient to distort these pavements. The
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vertical strain results (rut depth) and the deformation shapes produced on the surface
of the asphalt pgement samples usingishmodelwerecompared with the pavement
strain resultswhich were performed using the wheel tracking tesshown in the
Figure 5.8. Basedon the comparison gbe& deformation and transverse surface
deformation, it can be seen that the FBivhulatedCBEM response is close to the

lab response

(a)

(b)

Figure5.8: Deformed shape aZON at45 °C (@) measured(b) predicted
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5.3.1 ViscoelasticM odel Validation

Viscoelasticity describes the time dependent stsgsén behaviour. It is well known
that bituminous mixtures are loadingte and temperature dependent exhibiting
elastic and viscous behaviour under moderatffidréoads and temperature. To
capture the timeependent behaviour, a viscoelastiodel is required. Thereep
test ata certain temperature using the Prony sepasametersvas introduced to

capture the time&lependent properties of the bituminous nigtu

5.3.1.1 Ruttingin CBEMs

This model was developed to simulate rutting of bituminous mixtureswbedt
subjected to moderate stress level 2473 repeated wheel loads duringd@
seconds were applied on the slabs surface BENL and HMA mixtures with
different temperatures. Viscoelastic material properties were used to define the
bituminous mixtures in this modekigure 5.9 1 5.12 show the numericatutting
curves, together with experimental ones for¢haventional BEM and HMA, and
reinforced BEMSs subjected totwo different temperatures (45C and 60 °C).
Clearly, the predicted traces thie accumulated ruttingprrelated reasonably well to

the correspoding experimental resultafter 5000 s of repeated applied wheel load
with speed of 0.6 km/h, the predicted rutting for both conventional mixtugsNC

and HMA) are comparativelylower than the measured one by a range 66 18

48%, while the experimeal and numerical rutting for the reinforce@EMs match
relativelywell. This prove that the viscoelastic model can accurately predict rutting
for the moderate stresses, such as the reinforced mixtures due to the viscoelastic
properties of such mixtureglowever, the rutting of the conventionaBEM and

HMA was not well predicted, which might battributed to the fat that the
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simulation consideredhe material properties asiscoelastic, whilst in the reality

these properties may not be the same due te passible permanent deformation.
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Figure5.9: Rutting ofviscoelastic model for conventional mixturegtat’C
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Figure5.10: Rutting of viscoelastic moddbr reinforced mixtures at5°C
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Figure5.11: Rutting of viscoelastic model for conventional mixture6@tC
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Figure5.12: Rutting ofviscoelastic model for reinforced mixtures6at°C
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5.3.1.2 PermanenDeformationShape

Twelve bituminous slabs were modelled for six different mixtures witferent
temperatures to predidhe permanent deformation shap&hese mixtures are
conventional BEM and HMA mixtures, and four reinforcedBEMs with glass,
hemp, jute and coir fibresThis section presents the results of the predicted
permanent deformation shape of the viscoelastic pavement materials and sompare
these predicted results to the wheekkiag deformation shapelrhe reasonable
agreement between the predicted and measured deformations sahérargument

that the permanent deformation can be predicted from the viscoelastic properties of
the material for moderate stress lavdlwo temperaures were selectedb °C and

60 °C for all six mixtures The permanent deformatioshaps of the different
mixtures after 3472 repeated applied wheel loa@ibout 5000 s), are illustrated in
Figure5.131 5.24. The viscoelastic modelsdicate thaincreasing theemperature

leads toanincreasdn therutting and the totapermanent deformatioras expected

For both temperatureonditions the mixtures followedhe same order of permanent
deformation resistancéfhe (BEMs reinforced withglass have the smallest rut
depth followed by theaempfibre mix. The conventional BEMs have the maximum

rut depth. Because the elastic modulus of conventioENC is less tlan the
modulus of the reinforced BEMSs, its rut depth is greater. The elastic modulus and
viscoelastic properties of differenBEMs (as shown iTable5.1) have a gnificant

effect onthe permanent deformatichape.
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U, U3 (m)

+7.241e-03
+6.422e-03
+5.603e-03
+4.785e-03
+3.966e-03
+3.147e-03
+2.328e-03
+1.509e-03

+6.903e-04

-1.286e-04
-9.475e-04
-1.766e-03
-2.585e-03

Figure5.13: Permanent deformaticshape ofCON at45 °C under repeated moving

U, U3 (m)

+7.736e-03
+6.865e-03
+5.993e-03
+5.122e-03
+4.251e-03
+3.379e-03
+2.508e-03
+1.637e-03
+7.655e-04
-1.058e-04
-9.772e-04
-1.848e-03
-2.720e-03

loading condition

Figure5.14: Permanent dermation shape o£ON at 60 °C under repeated moving

loading condition
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U, U3 (m)
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Figure5.15; Permanent deformation shapeHMA at 45 °C under repeated moving

loadingcondition
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-4.018x10-3

Figure5.16: Permanent deformation shapeHMA at 60 °C under repeated moving

loading condition
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U, U3 (m)
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Figure5.17: Permanent deformation shapeGifS at45 °C under repeated moving

U, U3 (m)
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Figure5.18: Permanent deformation shapeGifS at60 °C under repeated moving

loading condition
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(m)

Figure5.19: Permanent deformation shapeREM at45 °C under repeated moving

loading condition

(m)

Figure5.20: Permanent deformation shapeREM at60 °C under repeated moving

loading condition
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