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BSTRACT

One of the essential phenomena that impacts on the properties of asghsthe
self-healing This phenomenon has been explored for about four dedddeever,
many researchers are trying to investigate artificial methods to accelefaie jitre-
sent study was primarily aimed to investigate the optimum moment in the life of
asphalt, where seliealing is maximized. Three different skHaling techrjues
have beennvestigated, namely infreed heating, induction heating, and encapsu-
lated healing agenta.ccomplishing this aimvould enabé selfhealingto be incor-
poratednto a maintenance plaof the pavement.

This studycommencedvith a literaturereview concerning the asphalt sdifaling
phenomenon, in order to identify the current gaps that must be resedrcbexlare

no previous studies abotlite optimum moment to implemeattificial selfhealing.

For this reasorfurther research in thikdsiswas arrangetb assess the seliealing
capability of hot asphalt mixtures in further detail. Three difierasphalt mixtures
were used such aBprous asphaliPA), Dense asphalDA), and Stone mastic as-
phalt(SMA). Three methodsere utilized tayenerate selfiealing Infra-red heating,
Induction heating and Capea containing rejuvenators. &aldition, many tests were
carried out (i) 3-point bending fatigue test to quantggli-healing (ii) X-Ray Com-

puted Tomography (CT Scarts) assess awoid distribution before and after heal-



ing, and(iii) Additional testingelatedto self-healing for example; Ther@l expan-
sion, Sti ff ne sand Fooridrultarsioraned (Infrared &yroscopy

(FTIR). These test methods covered the three foligvaispects.

Thefirst aspect ofesearchusedinfrared heating to simulate solar radiatidnex-

ploredthe effectof air voids content and their interconnectivity on the capacity of

asphalt mixtures to heal fatigue cracks when a thermal infrared trgasnagplied.

Results showed thabntiguous air voids are required to optinhgaling In samples

with a lowervoid content, the thermal expansion of bitumen and its flow through
cracks can exceed t Herefpretheantema presuverckind6 s c ap
increase enough to produce material damage instead of hédfingthe fatigue life

of dense asphalt migas still significantly longer than that of porous asphalt mix-
tures.On the contrary, asphalt mixtures with percolated air void contértigioer

fatigue life extensions than denser asphalt mixtures, to the point of tripling their life-

time.

The second spect researched usadother sethealing method namely induction
heating to evaluate sdtfealing ability.Electrically conductive parties in the form

of steel wool fibres wreadded into porous asphalt (PA). In previous publications, it
was found thathis technique can significantly extend the fatigue life of the material
but the optimum moment to apply the treatntead still unknownnot beeninvesti-

gatedin -depthby other researchers

In the present investigation, fatigue tests were carried alitfetent loading levels
and the optimum time in the life of the material to apply the induction treatment was

found to be at 35% of thaifure life based on stagticsand Computed Tomography



scans.The results also show thhtduction heatingeduces the diameter of the air

voids As a consequence,isthaslead to enhancement thfelife of the pavement.

The third aspeatonsidered o study of the sebhealing of asphalt mixturenhanced

by capsulesThe selfhealing properties afrackswere then examinaghdemrepeated
loading in dense, porous, and Stone Mastic Asphalt (SMA) asphalt mixtures, which
are the most commonly used asphgbets worldwide. The study determined the op-
timum timethat isrepresente85% of number of cycleso.s(probability of breaking)
when the capsules should break to maximise thehseling.It also gavean insight

into the type of cracks that already heamadl the breaking mode of the capsules due

to repeated loading

Basedon the results obtained for three aspects above, a good understanding of the
self healing of asphalt was achieved. This thesiscludedy discussingheseim-
portantaspectof construting of pavemers with high durability provided by self
healing aHities. Self-healing asphalt is natnly a dream; it works. In additionpp

rous and stone mastic asphalt healed more efficiently than dense asphalt.
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Chapter 1: Introduction

1.1 Background

Asphalt is a sdlthealing magrial; when a crackpensn it, bitumen can flow into and
repair the crack. This may lead to reduced maintenance, extend service life-and d
crease gas emissiof$]. According to referenc€?], pramoting the sethealing of
asphalt is the best way to improve the economic and environment sustainability of

roads

The service life of an asphalt roadoiéen approximately 20 yearf3]. It deteriorates
beause 6the action of the environment (ageing, water ingress) and heavy traffic
loading. According td4], to preserve the propees of asphalt until the end of the
senice life of the roads, ishould be maintagd andrepaired regularly. An example

of a maintenance technique fmads is crack sealing, which is used to repairks;ac

preventing further deterioratioAppendix Alists a fuller set of treatment.

A limitation is thatthe normal ge of the pavemers interrupted for the duration of
the repair. For this reason, the development of road maintenance techniques that do

nat reduce the functionality of roads is required.



One of the most common failure aol@nismsn asphalpavements isatigue damage,
which isdefined as damage and deterioration of the structural capacity of a road, gen-
erated by a series of repetitive loadlkis damage can be affected by different factor
such as loading typg5], loading frequeny, [[6] , [7]], working temperaturg[8] ,[9]]

and bitumercontent in tle mixture[10].

According to referencgll], air void content is the main factor affecting the fatgu
durability of roads. These authors show ttia air vod content shold be no more
than3% toproduce pavements with excellent strength, service fatigue life, durability,
and resistance to ravelling, ruttiagdmoisture damage; however , accordingdb r

erencel 3], lower air void ®ntent could leadt bleading of asphalt mixture.

According to referencil] asphalt is as a sefifealing material. Sethealing means that
when cacks appear in the road, they can autacally disagear. This hppens if the
viscosty of bitumen is low enough and the cracks have enough time to[2loSénce
the viscosity of bitumen is temperature dependsamperature is one of the factors

thatmost affectself-healing

This thesis focseson seli-healing of asphalSince, asphalt is selhealing material, it
meanghatwhen the crack appeaitsautomatcally starts todisappearln this thesis,
different methods wilbe usead to examine this [penomenonfirstly, by usng infrared
heatirg to mimic solar energysecondly imluction heating to accelerate sk#aling

andthirdly, encapsulated healing agetdsestore aged bitumen.

These methods have beearried out in three hot mix asphéalpes, namelydense
asphaltporous asphalt arstonemastic asphalbecaus¢hese arecommonly used to

construct roasithroughouthe world.



1.2 Research motivation and probém statement

Asphalt mixtures are the mmamateral used in the onstruction of roasl acr@s the
world; they consist of a mixture of aggregates and bitufi€, Theaggregates give
structural strength to the neatal, enabling it to resist the differenaffic loads exerted
onthe roads. Bitumeis aliquid with temperatur@&ependant viscosity that keeps the

aggregates together.

The durability of asphalt roads ligtween 1520 yeas [12]. However, this durabiljt

can be endnced duetd he mat ehealnag Orsa tsuerl ef, caused
ability to flow and drain betweendhaggregates. If the viscosity is too hifghr,exam-

ple, at low temperatures, bitumen doesflaw in the cracks. Therefore, lower vtss-

ity will accelerate th selfhealing of cacks.Because of the high viscosity of bitumen,
the selthealing process cdpe very slow and cracks or potholes mayelgy faster

than they hedl2].

On the other handn sunny dys the blackcolour of asphalenable the méerial to

by

absorb a lot of solar energy. Consequently, the temperature of the asphalt increases,

and the visosty of bitumen reduces. Thus, if a crack apged can be repaired auto-

matically as lav viscositybitumen will flow into the crackand al it. Furthermore, in

very warm weather asphalt can begin to age and bitumen becomes stiffer, hence re-

ducing itsability to heal well.

To accelerate the sefieding, researchers have carried out invgions to evelop
techngues that can aridially reducethe viscosity of bitumen. These include infrared
heating, induction heating, and capsules containing eapirs, all of which will be

evaluated in this Aesis.



Infrared heating is a technologyat is widey used to repir roads[11]. It increases
the surface temperature of asphalt by using infrared lights as agsatrce. The heat

Is simply conducted to the tiom layers of the road.

Induction hating consists bmixing ste¢ or other metals th excellent electrical or
magnetic properties into the asphalt mixture. These conductive metal particles can be
heatedup using an electromagnetic field, which reduties viscosity of bitumen and
promotedts flow into the cracks. Thalimensions of metgarticles are typically less

than 1 mm in length and diameféd].

The thirdmetod utilizes encapsated oil, which is a gooblitumen solvent. The cap-
sules are mixedhto the aspélit mixture and typically have aliameer between one
and three millimetres. When a crack occurs, the capsule breaks and will release the oil,
which diffuses into the bitumen. @sequently, the bitumeviscosity may reduce,

drain and fill the cack[12].

1.3 Aim and Objectives

Considering the statements above the overarchimgafethat this worlkconcerns
the subject of theelt-healing phenomenon and how can kegnated though the

useof different asphalmixtures.The project aim is now stated regarding this:

1 To investigite the optimum moment in the life of an asphaltenela self
healing technique can be applied, #melselfhealing is maximised. Three dif-
ferent selfhealing techniqies will be invesgated,namely infraredheating,

induction heating, and encapsulateshling agents.



1 To investigate differences in thelfshealing performance of asphalt using
infrared,induction heating, and encapsulated rejuators to ecelerate the

self-healing.

1 Toinvesigate differences in the sdiiealing performance in different types

of asphalt.

1 To give an insight into the asgharoperties that most affect the sb#al-

ing.

In order to given specific objectives thiis study but are notimited to the fdowing:

9 Effect of porosity on infrared healing of fatigue damage in asphalt

The main objective is to understand the eftécir void content othe healing capac-
ity of asphalt mixturesSince this is a fundamaaitstudy itwas decidedhat natural,
i.e. infra-red, heating was appropriafehe factors analyseith this study are (i) the
extension of fatigue life, (ii) the aptum number of cycles at which to apply the ther-
mal treatment, (iii) the evolution of inteal pore stuicture duringboth cracking ad

healirg processes, (iv) and finally, material thermal expansion.

1 Optimum moment to heal cracks in asphalt roads by meansf electromag-

netic induction

The aim of thisobjectiveis to provide an indication of thieest momento healan
aghalt road in ordeto repair cracks, something which has not been tested before.

In order to accelerate the sékaling,electrically comudive will be added to the



asphaltthe advantge of electrically conductive asphalt it it can ke heatel usirg

induction energy?2], which maylead to reduce thecrack in road’], which will be

subjected to mecingcal damage and, once it is cracked, éedty applyng an alter-

naing electromagneti field. In addition in order to understand the optimum time to
apply the induction heatirtgeatment and its effectdhemat er i al 6 s propert

tests have beecarried out at different loading levels.

9 Influence of aggregate gadation on selfhealing of asphalt enhanced with

capsules

This objectiveaimsto evaluate the effectivenessusfing encapsulated oil inaerto
improve the sethealing properties of abplt mixture with a range of gradations,
namely denseasphalt, poras asphalt, and ste matic asphalt. It includes measure-
ment of the rate at which the oil is released fromcqesules during fatigue cidng,
and the improvement of the séléaling. Fathermore, changes in the air void struetu
due to cylic loadingand sekfhealing hae be@ analysed and it has been found that
the gradation of asphalt is a critical paramétet influences the releasé oil from

the capsules and therefor the dedfiling properties of asphalt.

From the coaolusions inthe first objective, where in t first objective it hasbeen
found thatporous asphalt shoveshigherhealingability comparedo densemixtures
wheninfrared heatingvas used Therefore, porous asal was usedn the second
objectiveto ewaluate theinfluence ofinduction heating t@acceérateself-healing.
However, inthethird objectivethreedifferentmixtures were usedamely,densepo-
rous and stnemastic asphalt, all these materials were ueeglvaluate thnfluence

of capsulesnto theasphal self-healirg.



1.4 Thesis overview

This thesis is arranged into seven chapters; the organization of the thesis mass foll

Chapter 1. IntroductianThis chapter incldes the background of the research project

its motivaion and theaims and objectives

Chapter 2. Literature ReviewThis chapter explains the fundamental principles and

techniques relevant to this Thesifiese include types of hot mix asphalt, aspfzalt
tigue cracking, the seliealing phenomeon, and thenethods tomprove the self
heding artificially. In addition, inorder to discover the research needs in the field of
asphalt sethealing, a criticakvduation of previous studies related to thd-$edaling

phenomenon has been made.

Chapte 3. Materids and Methos This chapter sumarizes the methodology fol-

lowed toaccomplish the objectives of this research project. It also explains the char-
acterizaion of the different materials used. In additittme materials that were used

to promotethe selfheding, such asteel fibres andreapsiated oil.

Chapter 4. Effecdf porosity on infrared healind@ his chapter presents the experi-

mental results of sehealing promoted by infrared heating. Furthereyahis chap-

ter shows the effect of theahexpansioron selfhealng.

Chapter 5. Of)mummoment to heal cracks by meaof electromagnetic induction

This chapter presents the effect of using induekieatting to repair cracks in porous
asphalt. Porouasphalt has been used rather than othpastyf aspHg becausen

the previous chapr itwas found that this is theaterial has excellent sdiiealing



properties. The chapter provides an indicatiofebest moment to heat an asphalt

road in orderd repair crack.

Chapter 6. Influence ofoarregate gmation on sdkthealing of asphalenhanced

with capsulesThis chaper presents the effect of adding capsules on thénealf
ing of asphalt mixtures witarange of aggregate gradations, namely desiseadt,
porous asphalt, and stone massplzlt, whity are the mascommonly used as-
phalt types worldwide. Furthermoréhe effect of cyclic loading on the air void

structure of these mixtures has been sl

Chapter 7. Conclusions and Recommendatidhis chapter gives a reflective com-

menton the varios aspects athe project. Theims ard objectives areestated,
summarising how each was achieved, to what level of success and what could be
done in tke future to improve results. These leads to teoligecommendations for

future work



Chapter 2: Literature review

2.1 Summary of the chapter

The goal of thischapter is to examine the published literature concerning the asphalt
sel+ healing phenomenon, in order ientify the current gaps that must be re-
searchd. Thechapter includes definition of @most commonyt used typesf asphailt,

its damage mehanisms, the setiealing properties, and techniques to improve the
self-healing. Finally, a critical evaluatiasa made in order to find the limitations that

neeal to be overcome on this topic.

2.2 Hot mix asphalt

An asphalt mixtire is composed afggregtes and bitumen. In order to manufacture
hot mix asphalt, aggregates must be first heated abov&Clfa0evaporat the mois-

ture, and the mixture of bitumen andyeggates can be made at temperaturegimgn
from 140°C to 180°C. Hot mix asphalt isusedin the construction of roads due to
qualities such as; durability, high resilience and waterproofing and it isaupestect

the foundations of a road from theealt action of traffic due to its superistiffness

[13]. A pavement which includes hot mix asphalt, is composed of layers made of dif-
ferent materials, see FigurelZThe higher quality materials are closer to sheface

[14] and are degned to achieve theequred skid resistandd 9]



The failures that occur in roads depend maimithe load that isarried and the be-

haviour mechnisms by which stress is transferredweaetn the pdicles of aggegate

[16].

% Surface course (or wearing course) — asphalt

Binder course (or basecourse) — asphalt

Base — asphalt, hydraulically-bound (e.g. concrete),
or granular (often in more than one layer)

# Sub-base — hydraulically-bound or granular

: Capping (or lower sub-base) — hydraulically-bound
or granular (only used over poor subgrade;
often in more than one layer)

Subgrade (or substrate) — soil

Figure 2.1: Asphalt road layers, [15]

The poperties of the components of hot mix aaplkuch abitumen, aggegate and
additivesaffed the performance of this mixture, in addition to the proportion of these

components in the mixture. The additiveaybe polymers, latex or fibrgd7].

There ardghree mainypes of hot rix asphalt, dependg onthe purpose and grada-
tion, namely, densgraded, stone mastic asphalt and egeaded asphalt, see Figure

2.2.
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Figure 2.2 : Scheme of hot mix asphalt classification: (a) dense—graded mix.

(b) stone mastic asphalt (c) open—graded asphalt, [19].

2.2.1 Dense asphalt mixture

Dense gshdt mixture is the material most commonly usedrldwide to build road
surfaces. This miare is wellgraded, whibh means that the ggegaé gradation is
designed to reach the highest aggregate density. It providesexceslistance to wa-
ter penetratin from the surfac¢20]. Dense mixtures contaime and coae aggre-
gatesand, typical maximm nonnal particle size®f aggregates are 4.75 mm, 9.5
mm, 12.5 mm, 19.0 mm and 25.0mm. Furthermore, typical aggragdbender con-
tents in dense graded mixtures approximately 95%and 5%, respectively, dhe

total weight of themixture. See Figur2.3 for an exampl§21].

An advantage of dense asphalt mixture is that itsdowoid content, typically be-
tween 3% and® [23], inhibitsthe entry of vater into the paveant, which may be

one of the main factors affecting the durability of the road, causing dislodging of ag-
gregates and bitnenloss[23]. In order to ensure mixture workaibyl, the deser the

mix, the higher its redting strength will be, and the strength is a significant property
of the mixture. The strength is achieved by usingoadirangeof particle sizes; usu-

ally the maximunsize is 40 mm or less, however, it shob&no morehan 30% of

the layer thicknesgL5).
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Figure 2.3: Typical gradation curve of dense graded asphalt, [20].

2.2.2 Stone mastic asphaltmixture

Store mastic gshalt isa gapgraded mixturg25], in which intermediate sizes of ag-
gregates are misgnin order to create a strong skeleton of staneé to allow space
for the fine aggregatand bitumer26]. This mixturebeamewidely usedin USA,
Asia, South Africa and Australito construction the roads high traffic loading
[27],[28],[33].This mixture is useddzause it is more stalfl29], sturdier and shows
improved fatigue behaviour, tensil&rength[30], reflection cack and rutting re-
sistarte when compared to dense asphalt mixt8ig aswell as higher resistae to
thermal and crackinf2]. The strength oftene masti@sphalt is gien by the coarse
aggregae-to coarse aggregate intetian. The gradation of SMA is gap graded, where
the mastias fill of voids rather tlanair [33]. The rich bitumen content provides hig
durability, however, ceatea strong skelen of stonegivesa deformation resistant

surface[34]. See Figure 2.4 for arxanple of the aggregate gradaii
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Figure 2.4: Typical gradation curve of stone mastic asphalt, [19].

2.2.3 Open graded asphalt mixture

Opengraded asphalt is a mix thigtdesigned to be permeable to wgig}. It is de-
signed witha high air vads content in exas 0f20% [36] by mixing crushed rock
and a percentage fihe particles[37]. This maerial hasvery good friction at high
speed, reducesgay and malso reduce noisd traffic [39]. The FHWA (Federal
Highway Administration]38] reported that 1.25 of tre8 million vehicle crashes per
year in he United Sites are wederrelated. One aofhe ways used to solve this issue

is selectingpaving materials to decrease the potential for hydroplaning while provid-
ing a longterm performance, and opegraded aspdits allow thisproblems include

the factthat the pogs in this aphalt tend to clog40] and that it has lower durability
than dense asphalt or stamastic asphalFinally, porous asphalt is more expensive

percubic meter than dense asphalt mixture,tha unit veight of the mixturewhen

13



in-place idower, which partially offsets the higher p@n cos{41]. Figure 2.5 bows

a gradation curve for open graded asphalt.
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Figure 2.5: Typical gradation curve of open graded asphalt, [24].

2.3 Asphalt fatigue cracking phenomenon

This review will ow move to the fatigue characteristicsagphalt. Fague cracking

is one of the mostomma failure mechanisms in asphalt roads. In flexible pavement,
fatigue is produced byepeated heavgxles loads, caing the layer of asphalt to flex,

as shown in Fjure 2.6. Cracking is produced of the rajoeg by horzontal tende
stresses and sins which are induced by the repeated cyclic loading and unloading
action[42]. Faigue failure happens when the number of cuatiwé loading cycles
exceeds the fatiguepacity. Fague crackings often first vigble as a fine dongitu-

dinal crackin thewheel pat{43].
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From theasphalt pagmentsagencies fatigue cracking idlustrated as araccumula-
tion of damage and deteradion of stuctural capeity produced by aeriesof repeated
loads[15] defining damage as decrease in stiffness of tlverpent structure under

repeating loading.

Fatigwe cracking is one of thmajor distressnodes ofasphét pavementsBasically,
the stuly of asphalt materials fatigueas beermade analyzing their fatigue laws.
These fatigue lawareobtainedby mathematial relationships between the imposed
strain andhie number ofycles needed to fatigue thexture. Uswally, laborabry tests

wereusedto find fatigue laws

HMA Repeated Leads to
Bending >\, )~ Fatigue Cracking

Base
Subgrade Repeated / = Leads to
Deformation Rutting

Figure 2.6: Effects of fatigue on pavement structures, after[51].

Van Dijk [46] staed thatthatfatiguecracking deelopnent is a threetage process;

The first stage ithe crack initiation stage that produces hairline cracks. Thislysa

15



small portion of the fatigubfe. In thesecond stage, hairline cracks widen ame&a
work of adacks form wich propagate becaa oftensile strain. The number of load
repetitionsrequired to reach this stage is 4 times larger than that requireattothe
first stage Finally Stage three is vére real cracks are formed. The numbeloaf
repetitons requiredo reach this finlastage is more than 20 times larger than that
required tareach the first stagépart from traffic loading and tempetae variation,
fatigue life of a pavement can ladfected by mode of loading, loading patteand

mixture variabls.[48].

The asphalmixtureshave complexbehaviouy their response depends on tempera-

turd44], degree ohumidity, speed of load application, andests level,inter alia.

Thus, researchessughtto reproduce highway conditions in the laboratory, as far as
this is possi bl e. Howeltyefthistast,comditibnswhich e s ub

are impossible or difydult to reproduce

The mode ofdadingcould be either streg®ntrolled,or strain controlled48]. In the
controled stress mode of loading, the stress is held constant and the strain gradually
increases as the &pmen is damaged until failurén the controlled strain mode of
loading, the strain is held constant and the stress gradually decreases as the specimen
is damaged. It is important in the design process to consider fatigue characteristics
over a range dfaffic and environmental conthns toensure dequate pavement ser-

vice life.n[49],[50].
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Fatigue crack

e

Figure 2.7: Fatigue crack (author, Siham Salih).

When a tensilstrain exids, a crack can happen anywh§bd], an example of fatigue
crack in Nottingham city see Figur27.Three areas amistinguishedsuch as Firstly,
under a load in the Wer part of pavement layerSeondly, in the tire tread of the

contact surface area and Finally, on the surface on the edges of tparoad

The phenomeon of fatigue in asphalt mixtures is evaluated by using methods such as
the bending beam fatiguest@and the indirect tensile tedh beam tests, a simple beam
is used with a third point or centre point loading. In an indirect tensiigthe repeated

load is applied, as shown in Figure 2.8.

Figure 2.8illustratesthe direction of the applied loadkj which causes fatigue failure
in eachtype of test. There are many advantaged disadvantages to each test. The
methodsassesfundameral properties ofatigue testn varying apparatusypes Var-

iables are:

17



1 The configuration of loading,

9 Stress digtbution,

1 Loading wave formand.

1 Loadng frequency

Zeiada[18]. andPell [52] stated thatfield stresses ar#reedimensional andtri-

axial loading best replicates tleegresses.

Furthermore, due tthe spe i mstnap@zoid shape in the two pcioading, there-
fore, is considered advantageous because it doemdtea stress concentration at
the point of loadingMeanwhile, Hung[53] recommended using theuiBpoint loading
and the thregoint loading becaugbe middle third part ahespecimen hsa constant

bending moment.

Forthisreasonthe specimen will fail siny weak spahattheremaybe in the material
due to noruniformity. Since, asphalt isonisideed a noFhomogeneous material, the
results of this type of testirtgnd to banore consisterf63].Previous researchers have
specified that failure in a fatigue test occurs wtie sample is broken into tvpoeces

and has collapsed at the end of the test due to tensile $&3ins
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Figure 2.8: Set-ups to induce fatigue loading in asphalt, [15].

¢ Fatigue failure mechanism

According to Thom[15] there are twanechanisms that lead to deformation of the
asphaltds aggregat e sk e lakeparicie contacid arfd) st r ai
interpaticle slip, combined with particle tation and separation. This process leads

to gradual weakening of the structanmed causes fracture.

According to Little[57], fatigue isa two-stage process, (i) mictwack gowth and
healing and (ii) macrarack growth and healin@he growth of micrecracks ledsto

a series of macroracks [58]. The mecharsmof fracture also depends on rest pési
betweertheloads and tempature the critical situation being when there is a decrease
in temperature, becautiee binder stiffens, andith reduced est periods, because the

selhealing is reduced.
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The interparticle movement is restricted whe thnder is stiffer, which willead to

an increase of stress in the bitumen, which may increase the crackinglpyo[dkt).

With high temperatures, the stress is decreased in the binder, and the phenomenon of

healing can occur, where the vasity d bitumen decreases and it flows into the frac-

tures [59],[60]].

In addition, resperiods (periods without loading) and higher terapuges promote
healing of the facturear eas due to the decrease of
no model of pavement degradation that incorportiteselfhealing partly because

the phenomenon is not welhderstood

2.4 Selfi Healing Materials

Self-healing has been recognizior many years by pavement engineers, and research-
ers have detected the great healing potential of asphalt. Researciesiggested
various novel methods to make and develop the capability ehseling in asphalt
mixture, and therefore, to increadee sevice life of asphalt roadgs0]. Asphaltis
generally a requirethaterial n roads engineeringdowever after may years of ser-

vice, asphalt pavemesihecome damagashder cylic vehicle loading.

With time,asphal binder becomes brittle due to ageing and environmental effects, and
as a result, the microracks start anthen gowsto a larger size which increaséet
damaging process and finally leads to distresses typesasuekelling, potholes and

craking. Bazin[62], stated thathe temperature was related with the healing phenom-

eron in asphalt mix after loadings. Since then, the healing phenomenon in bitumen has

drawn the attenvn of several researchers.
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1 Concept of asphalt selfhealing

Self-healing is known as the capabilitfyamaterial to automatically heal (repair) the
cracking happeninghrough its service lif¢[59],[63]]. Thefirst attempt to design an
artificial selfhealing composite was done in 1994 by D8], see Figure 2.9. Two
approaches were tested. In the first approach, see Figure 2sXita filled with
methyl metharylate was placed inside a hard, polymeric matihen a crack ap-
peaed in the matrix, heat was applied, which meltedahr and released the methyl
methacrylate into the crack. Healsohelped the methyl methacrylate olymerize

and close the crack.

In the second approach, see Figure 2.9 (b), a brittle fibre, filled glue, with the
shell made of glass was used. Whaack appeared the fibre broke, released the glue,

which filled the crack.

Fibres coated with Wax and filled
with Methylmethacrylate

Tt T
}I

EEEY
Wax coatmgmelted with mstial healing, ’
Methyimethacrylate released from fibres mto cracks = -
ey EEEEE—
———— —

T

~

e — g BCE \
g Breaking the fibres under loading
fa) =

TR

Methyimethacrylate polymerized
during zecond heating clozing

Figure 2.9: Self- healing of cracks by (a) melting of the the fibres, (b)

breaking the brittle fibre under load, which releases healing agents,[64].
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2.5 Introduction to asphalt self-healing

Asphalt mixture is a selfiealingmateral, since it can repair its cracks autonomously
and recover its stiffness and strength when it is subjected tceresd$)65]. The self
healing ability of asphalt mixturesa$ been noted both in laboratdsstsand in the
field since the 1960963],[64]]. See Figure 2.10 for an example of dedfaling of

cracks in asphalt.

5 min

15Smin 20min 25 min

50 min

Figure 2.10: Self-healing of a crack in asphalt, [66].

Usually, the analysis of fafue in asphalt is carried out by means of fatigue laws which
are represented mathematicdlly the elationship between stress orah ard the
number of load ycles[65] The fatigue laws are obtained from expenita studies in

the laboratory, usually with a dynamic test with loading cycles which are repeated

continuously without any rest ged of zero loads as seen in Figure 2.11 (a).
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Figure 2.11: (a) No rest. (b) Vehicles passing over the pavement, after [67].

In contast, Figure 2.11 (b) shows tpavemehwhich is exposed to loads with rest

periods ad related to the time that passes between two sequential axlesaftaef

vehicles or the time between vehic|é3].

Figure 2.12 shows that theodulus véue duing a fatigue test is reduced according

to the curve ABD, if a rest period is inserted into the test, author shibvatd resto-

ration of modulus occurs (AM=8), implying that mixture healing has taken place

during the rest period[§7],[68]].

After a rest period, Castii®7] explained that the modulus would follow the curve

(CE), which implieghat an additional number ofcesYN = Ifa$ li2en added to

the material 6s |ife Af ter F, t he

without rest periodas shown in Figure 2.12
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Figure 2.12: Effect of rest interval, after [8].

According to Bazir{62] asphalt concrete beams at a temperature of 25 °C would re-
cover 90% of their original resistance when leftast under pressure, aftertteg to

failure under uniaxial tensile loads.

2.6 Capillary flow

Capillary flow of bitumen can be considered a key factor influencing asphahealif
ing [69] see Figure 2.13The reasnis because bitumen may behdike a Newtonian
fluid at temperatures ranging from°80to 70°C when the temperature is high enough
[70]; viscosity starts to reduce at the higher temperatures, leading to they @bsi

cracks in the asphalt, tugha sort of capillaryflow [71].
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Figure 2.13: Capillary flow experiment,[139]

This contrbutes to the flow of bitumen thughthe cracks by the effect of surface
tension and gravity72]. Since gravity isa very important parameter influencing the
selfhealing of asphalt, the capillary flow of bitumiemproves and the healing is fasst

when the cracks are deeper within the paverf#djt

Furthemore, the viscosity of bitumen decreases with the increase of temperature,
which may lead to an increased rate of Bapi flow [73]. According to[74] the sof-
teningpoint of bitumencan beused as an ideal healing temperature for base asphalt

binders.

1 Explanation of selfi healing of asphal mixes

Healing is the phenomen that occurs within an asphalt mix to recover its stiffness
and strength by closing internal cracks. The mechanism of healing for asphalt mixtures

has been reported by many researcH&8-[[77]]. In general, it is believed that there
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is a relation between healing and the-gall properties of bitumef[i77]. Bitumen is
considered as a binder (colloiflaystem, including high molear waght asphaltenes
micelles scattered or gelved in the lower molecular weight oily melting bitumen
[[78],[79]]. In the solgel bitumen gstem, the conversion occurveesbly from sol

to gelor gel to sol due to the changing of temperatures or strgdes

At high temperatures, the structure of bitumen transforms from sol to gel, drehthe

ing may take place Bonemaf&1l]. If there is enough time, the cracks can be filled,
and the selhealing completed. However, at low temperature, recovery would only be
partial, because rest periods do not allow tkedihg of the structural damaggowth
causedy the loading cyclg82]. Also Garcig 83], statedhat theviscosity ofbitumen

plays a vital role in the ability of selfealng to stop the progress of ckacard restore

the asphalproperties. Increasing temperature leads to high workability and recovery
of properties[84]. Furthermore Garcia,[71] stated that selfiealing calld be artifi-

cially induced byincreasing the temperature of tlead. Consequently, the séléal-

ing of asphalt can be induced by temperature incr¢@gps

FurthermoreGarcia[83] found that restperiods during cyclic loading improved the
selthealing, since thikedto increased bitumeitow. For example, Norambuen&5|
hadresting periods in thmiddle of the tests. Their ressiisltowed that there was an
extersionin fatigue life by more than 100%. These conditions are unlikely to apply to

a real pavement becauserewill not beenough time for such rest periods.

The fatgue and healing proce$sr cracksare summarised in gire 2.14, which
shows that the mechanism of failure and healing is a three steps process. The first step

of crack seklhealing in asphalt iBow, which is the development of the contact points
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betwea two cracked surfaceBlow rate is impacted by the mleancal properties of
the material, for example remaining confining stress, brittleness of bitumen and its

visco-elastic properties, and in addition surface free enefdptumeni86|.

According to[87], the second step vgettingof bitumen molecules between both faces
of a crack and the homogenization of the healing material. [Bcstated that t@

third step is thaiffusion of bitumen from the asphalt matrix into the cracks.

FurthermoreQiu [88] showed that the crack width is an important factor that could
impact on the ability of healing in asphalt besabitumen has to flow furthewithin

the asphalt. Wider cracks imply less healié§.

loss of modulus >
loss of strength >

1) Crack initiation ~ 2) Crack propagation  3) Failure

Fatigue > . > >
slow medium fast
(3) Diffusion (2) Wetting (1) Flow '
- < © Healing
very slow medium slow

< modulus recovery E
< strength recovery l

Figure 2.14 : The healing mechanism diagram in bitumen,[87].
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In addition, Portd89] found that the softening point temperature of bitumen and there-
fore, the optimal selhealing temperature increased with ageirtpwever, the heal-

ing level of bin@r increasedslightly whenthe empeatures exceeded the softening
point [90]. Consequently, the minimum healing time for asphalt depends darthe
perature and binder type, wheéhe healing time decreases with therease of heating

temperatur@andhigher penetration grade of bitumigtb).

2.7 Factors influencing Selfi Healing of Bituminous Materials

2.7.1 Internal Factors influencing the selfhealing

The main internal factors fluencing the selhealing are pysical properties such as

softening point of bitumen or penetration, and the composition of the materials.

9 Phystcal properties

Several researchers such fx1],[92]] have mentoned that the bitumen has higher

healing ability when it has a lower softening point and higher penetration grade.

 Chemical composition

In general, many researchers sucli9 havedemonstrated that the ch&al com-
position of bitumen and aggregates is considerembagsfactor that has an impact on
the potential of healing for bitumen. According ®d], differentbitumenvary widely

in aromatic, amphoteric, and weanent,andthe researchers found that better healing

occurs with high aromatic and low amphotexntents
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Kim ,[94], used the methyl plus methylene hydrogen to carbon (MMED)t0 assess

the selfhealingof bitumen. The methyl and methylehgdrogen tacarbon(MMHC)

ratiois the ratioof thenumber of methyl and methylene hydrogen atoms to methyl and
methylene carbon atoms in independent aliphatic molecules or aliphagscagtached

to cycloalkanes orramaic centres. This ratio can be determined throughrigo
Trandorm | nf r ared spectroscopy (FT I R) and N
measurements. It was shown that a higher MMHC ratio corresponds to a lower healing

capability.

9 Volumetric properties

Asphdt mixtures,[92] have higher selhealing potential with an increase of voids
filled with bitumen (VFB).Francker95] stated that heaig increased with a decrease

of voids in the mineral aggregate skeleton and a reduction of the volume of air voids.

On the other hand, L486], found that additional factors that affect the healing prop-
erties of aphalt mixtures are the aggregatterlock, and film thickness, rather than
modifications by polymers. In additiohee [96], noticed that SMA migs have

higher selfhealing ability when compared witbther tyges of asphalt mix.

1 Modifiers

Baha[|97] tested eight samples, two bitumenos
ified adding plastomers, two bitumen with added elastomers, and two mdualfied
oxidation. This authdiound that the modified bindea§ had a better healing potential

than the raw binder.
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Therefore, polymer modifications can improve the healing performance.[2@e
compared the healing of asphalt mixtures wdiffierent modifications, namel\&ty-

rene Butadiene Styrene (SBS), Styréhgadiene Rubber (SBR) and Gilsonite (GIL).
Lee [96], found that adding SBS into the asphalt mix gave the best performance for
fatigue, rdating and healing. However, Kini98] investigated the impact of adding
SBS to the asphalt mixteion crack healingnd foundhere was only amall positive

effect on normalized healintate of mixture. Van[10Q notedthatthere is a distin-

guishing difference between the healingispih laboratory

1 Ageing

According toLittle aged andield agal mortar sample Vandeberghstated that a
laboratory aged mortar show$higher ability of healing compadto the aw mortar

in stress controlling fatigue healifi@9]. Howeverafield aged mortar, that has a same
rheological and chemical propertiesthe laboratory aged mortar, shew lower in
healing abilitycomparedto the virgin mortarln addition, Liu[101], stated that ageing
simulated in the laboratory showed a little decrease in the healing fbilfystated

that bitumeregeing has a negative impact on the healing ability of asgmaltcaused

low healing performance of asphalt concrete, however, Oil of cooking can be improved

healing performance and aged binder

2.7.2 External Factors

Y Resting griods

Many researchers haverdomed the positive effect of rest periods on healifngd,

[66], [72], [103,[104]] , showing thatthe healing potential increased during the rest
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period. In addibn, rest periods aitherecovery of stiffness and strength of the mate-

rial, also prolonging the fatigue ¢ibf the asphalt mixture.

Qiu staed that rest period can increase healing ability are ranging from second at
least in theintermittentloadingrelated healingo up 100 days in fracture related heal-

ing in asphalt concref8§]. .

i Heating andlempeaature

Temperature is considered an important factor that impacts tHeesdiltig of asphalt
mixture. It is apparent that when temperatures incr¥e selfhealing is incresed

also andt occurs more radly [103. Bhasin [105 evaluated the effect of thermal
treatment on the fatigue life asphalt concretésarciag [66], explainedthat the self

healing rates change with the temperature and that this could be explained by means

of the Arrhenius equation.

1 Damage level

The damage level and the history of loading impact the healing in asphalt mixtures
[[111,[112]. The healing is better when the dageas smallef112. However, the

healing of macrecracks does not happghl 3.

1 Loading methodology

The loading methodology is one of the main factors that impact healing in asphalt

mixtures [114], [1159, [116]. Figure 2.5 illustrates the boundary between micro
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and macredamage during crack growfhl17). Zhang[118 stated that macroracks
are not formedso long as spedic load threshold isot exceeded. The micrerack

is automatically healed by the aidtemperature or rest periods.
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0.000800 -+

0,000600 _’N"‘r‘
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N = e e
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0 200 1000 1500 2000 2500
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Figure 2.15: The micro-damage boundary during crack growth in indirect

tensile fatigue test,after [117].

In addition, Zhang[119, explained macrocracks do not heal even through there are
rest periods or temperature increagesthermore, Lytton et a]107] have developed

a constitutional modebf predicting the progress of damage in asphalt mixture, which
could address controlled stresses and strains, and randomly applied loadiegtand

periods.

Y Load level

The mpactof load level on selhealing has been widely noted in fatigne¢éated heal-
ing tests with intermittent loadirfd.0q, it appears that there is a negative impact on
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the proportimal fatigue life extension causdy healing whenata high tensile stress/
strain level[10]]. Qiu [120, developed a twgphase healing test to examine the-self
ealing behamur of pure bitumen. Two phasegre distinguished: firstly, is the initial

healing phase that happens due to tdependent healing and sectyngap closure.

I Compressive stress

Bazin [62] noted that applying a capressive stress to thfaiguedor fracturedsample
could lead to accelerated healing. Because this compressive stress can increase the

contact between the broken surfaces during the peribdading [106],[121]].

9 Moisture

Qiu [88] pointedoutthat moisture does not affect the healing. On the other k@gnd,

found that the water has a negative impact on the healiag adlesive lond.

Thus, thereare severafactors affecting the lealing rate of asphalt mixturés, and

they aresummarized in Table 2.1.
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Table 2.1: Summary of factors influencing the self-healing of asphalt.

Factor influencing the Effect on healing
healing
Bitumen properties Increases with lower softening point and higher
penetration [74]
Volumetric properties Increases with higher air voids content [72]
of asphalt
Bitumen ageing Decreases with bitumen ageing [116]
Temperature Increases with increase of temperature [100]
Level of damage in asphalt Decreases with increased level of damage [67]
Resting periods Increases with rest periods [62]

2.8 SeltHealing Techniques for Asphalt Pavements

The ability of selfhealing h asphalt was recognized aboiutef decales ago [52)],

[62], [9]]], and is the capability of repairing crack damage caused by agaihgx-
ternal factors, for exampl, achanging climate. The natural sdiiealing in asphalt
pavements may need many days to happen. Howeverjstaar@bstacleepresented

by the continuity of traffic flow. Therefore, researchers have tried to find tgabgi
that incease the rate obphat self-healing and prevent further degradation and crack
propagation[[127,[123]. The sections below summarise the existireghods ofar-

tificial healing.
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2.8.1 Induction heating of asphalt concrete

Induction heating is a technig which is used to heat asphalt mixture locally in order
to recover the mechanical propertiestioé materia[124]. The technique works by
adding corductive materials such as steel fibre within the asphalt mixture in order to

increase the temperature of the material by means of an electromagnefit2fgld

part

Basic Induction Heating Setup l I Fixturing

Figure 2.16: Components of a basic induction heating setup, [125].

In 1831, electromagnetic induction was discovered by Michael Faraday, an American
physicist, although, Joseph Henryaadiéscovered it independentlyc@rdngto Texas
University [126]. An alternating magnetiield will induce currents in an electrical
conductor. The generating of electrical currents in a conductordayns of amlter-

nating magnetic field is died Faadg electromagnetic induction. Also, Figure @.1

illustrates the basic componewf induction heatingnachine

The flow of induced currentombined with the electrical resistivity of the conductor

creates heat bthe Joule effect, the processllea inducton heating. Electricity in
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induction heating, therefore, uses a high frequency in order to heat electrically con-
ductive materials, and the technique has many benefits compared to convection, ra-

diation, open flamer other heating methods:

1 Induction heating canconvertup to 90% ofts energyinto heat.

1 Induction heating is achieved without touching the asphalt during
heating; therefore, the material is waimaged perhapliring heating.

1 Depending on Jouelaw for heating, the material ieate fromwithin.
Therefore, there will be warping and defation.

1 Heating develops immediately and works quickly. In addition, induction
heating can be started instantly; therefore, there is no awpror cooldown
cycle

9 There is no waste heat, noise,and no harmful emissions.

In asphalt, induction heating heats only the mastic without damaging the aggregate.
Therefore, this is consider@ah exclusive beneffor asphalt mixture. Induction heat-
ing has wide applicadns in modern industrial process sch asbond hardening of

soft metals or other conductive materials.

In asphalt roads, the induction heating technique has been applied to increase their
temperature, therefore, to close cracks. The first step in @icamn of induction
heating ¢ differentasphalt mixtures is to prepare them as electrically condusticé,

that they can be heated with inductemergy. Many researchers have been successful

in prepamg conductive asphalt mixturgs26. The fllowing paragraphs will give a

brief review on conductive asphalt concrete.
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i Conductive asphalt concrete

It hasalreadybeen said that asphalt needs to be electrically conductive in order to
induceenergy using an eleomagnetic field. To achieveeddtricaly conductive as-
phalt, graphiter fibres which areonsidered conductivamponent, have been added

to the mixeEl26. The first attempt to make electrically conductive aiptiates back

to the 1960s, and was for control of the accumulation of snow and18§. This

conductive asphalt mixture was made by the addition of graphite.

Wu et al. carried out research into the electricatlgductive asphalt mixture ateh
Wuhan University of Technology131], by adding electrically condtive carbon fi-

bres, carbon black or graphite to asphalt for melting the ice or foensatitoring.Wu

et al[13]] explained that the conductivity of an asipmaixture is proportional to the
volume of graphite or electrically conductive fibres added. On the other hand, adding
electrially conductive additives abowe cetain percentage does not decrease the re-

sistivity and influences the mechanical strengtth e workability of the mixture.

Wu et al[131] showed that adding conductive fibrato the mixture is more effége
than adding graphite ocarbon black to increase the electrical conductivity. Further-
more, Garcia et 4lL37] made conductive asphalt mastic by adding steel fibre to the
mixtureand used induction heating todtehe samgde [2] in order to improve its self

healing properties.

Garcia et al[2] proved that the conductivity is proportional to the voduof electri-
cally conductive pdiclesin the mixture and there is an optimum volume content of
electrically conductive partictefor each mixture above which the electrical conduc-

tivity cannot be improved any more.
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i Healing of cracks though induction hiea

Garcia et al[137 testedthe healing by means of thrpeint bending to produce
cracks crossing the speciméiterwards they heated the samples for various periods
of time ranging from seconds to hoursildemperatures, such as 15°C;3G040°C,
50°C, 70°C, 90°C, and 100°C. After that, the samplese broken again by means
threepoint bending to measure how much the sample eekts¢ failure. The healing
level of these asphalt mastics was calculatethe@satio of the ultimate forcef the

beans before and after heating.

2.8.2 Healing of crack by infrared heating

A similar method used for artificial healing is infrared heating, which mimics solar
radiation. It heats the asphalt by conduction. When the inidide g ht hi t s t he
surface,patt of the energy is absorbed, and part is reflected. The absorbed energy is
conducted to the bottom layers of the pavement at a rate that is given by the thermal
conductivity of the material. Since induction heatiregth the asphalt from within, it

is amuch faster method. As aexample, Ajan72], stated that infrared heating re-

quired at least 200 min to complete the healing process, while in induction heating this

time couldbe reducedo under 2min [126].

2.8.3 Liquid -based seHhealing material systems

Many agencies have resorted to using asphalt rejuvenators to repair ageing and brittle
asphalt pavements. Rejuvenators are oilystrbes with good penetration in tlas-
phalt. They are normally spreamh the surface of roads, and diffuse into the material,

restoring its initial propertiefd 33.
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The rejuvenatorsd purpose is to recover
adding, for example, a small amourital or raw bitumen. The rejuvatoris de-

scribed as a softer grade raw bitumen or recycling agent specifically designed to reduce
the viscosity. However, Sirif134] explained the rejuvenators purpose as to pateetr

a little into the asphalt cwree and soften (rejuvenate) #dbituminous binder.

Their limitation is that they may reduce the skidding resistance of thg 188d To
avoidthis problem, researchers have atidecrocapsules containing headi agents
to the asphaltl3€6. The objective is that when crack damage happensnitrecap-
sules break and the healing agent diffuses into the crack, reducing the viscosity of

asph#t, which can drain into and fithe crack

I Mechanism of asphalt sdifealing by the action of capsules

During production capsules are mixed with tlesphalt materials, and the capsules
have to resist all the loads caused by traf@imperatur¢2] and those that occur during
mixing. A capsule first suffers a shape change due to compressive loadsdidiy

an elastic response, without any damdfj¢his load is sustained, the capsules will
undergo permanemteformation and rupture, allowgntherguvenator to diffuse out

of the capsies.

Garcia[147 in Figure 2.7 explained the working mechanism of capsules. Initially,

asphalt pavement containing capsules sustaeisétfiic load as shown in poinl in

Figure 2.7. After many years the stiffness of the asphalt increases, and the distribution

of the force c¢ han Jhewfore, Hue to allahe saffit leadirig arslu r f a
asphalt ageing, the capsule will @teas shown in point 2 iRigure 2.1/. If loading

continues at the same level, the capsule suffers permanent deformation, while with
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continued increasing of loading, the ggare inside the capsule increases leading to

the rejuvenator coming owgjgure 217, point 3

3

Traffic load

Figure 2.17: Concept of oil release to heal the crack though asphalt mix, after

[142).

It has been found that the capsules release about 4% of thenicduring mixing
and compactin [135.Additionally, Garcia.et alj13€] found out that all the capsules
in an asphalt crack surface broke during indirect tensile fategte tn addition, cap-

sules mayhavea regative impact on the asah stiffness.

The authors clarified that this happens because, it is possible that the capsules were
weaker than they should have been to resist the asphalt testing, this weakness can be
overcome by the creation of stiger @pslles[137]. In addition, capsules could lead

to increased permanent deformation in asgfi&. Figure 2.18 shows a capsule bro-

ken during direct tensile test. In ddion, Al Mansouri[14( found th& up to 80% by

volume of healing agents was released by the capsules during cyclic loading.
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Capsule broken

+

”~
Oil released

Figure 2.18: A capsule broken during inderect tensile test , after [142].

Al Mansour{14(Q,] showed that capsules promote the healing of asphalt uf®@ 30

at temperature above those, thereadifference between asphalttiviard without
capsules. In addition, the healing level of the asphalt is proportional to the number of
capsules, being 0.5% by total weight in the asphalt in three experimentsriRortne

the amount of oil released froinet capsules increases with tinereaing percentage

of oil in the material.Erkut,[143 recommendethat thediameter of capsules was 2.5

mm and their sunflower oil content 75% by volume. From all these reguksyet
unclear when do the paules break, or if there is an optimised stgtin and size for

the capsules.

The behaviour of capsule in asphalt $&laling wasuccessfylenabling it to rejuve-
nate the aged binder. Howeveresecapsuleannotbe able to reuse after they are
crackel in which considered one dlisadvantagem using. This issue can be studied

andrecommendedaith future work.
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2.9 Summary of literature review

Based on the literature review, the following conclusions were obtained:

1 Asphalt mixtures can recover theitrengh and stiffness when allowed to

rest and if the viscosity of bitumen is low enough.

1 According to the literate review, the temperature and viscosity of bitu-
men are considered as the dominant factors that affectsltHesaling

behaviour of asphalt

1 Theself-healing of asphalt can be promoted by artificial techniques such

as induction heating and encapsulated rejuvenators.

1 Induction heating consists of adding metallic particles to the asphalt and
heating them usingn electromagnetic field. As &sut, bitumen melts
and can fill the cracks. This accelerate the-Belling from hours or days

to minutes.

1 Encapsulated rejuvenators are drops of oil protected during mixing, com-
paction and t he relisalteyaredesighesltobreak by
when cracks appear; because of the release of the oil, the bitumen melts,

drains and fills the cracks.

1 Finally, there are no previous studies about optimum moment to imple-
ment the artificial sethealing. For this reasothe work will focus on

this study.
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Chapter 3: Materials and Methods

3.1 General

The mainobjectiveof this thesisis to assess the sdlealingof cracks indifferent hot
asphalt mixtures.The chaptehas beemlivided in two parts. The first part describes
the diffeent materials that were usedthre peent study The second part summarizes
the methodology followed to accomplish the objective of this research plojdat:

ble 3.1, the reader can find a surmynaf the materials and experiments used

Table 3.1: Summary of materials and experiments.

Chapter 5:  Chapter 6: heal-

Descriptions Chapter 4 . healing by ing by encapsu-
Healing by in- : . _
. induction lated rejuvena-
frared heating )
heating tors
Porous asphalt Porousas- Porous asphalt
phalt
Materials Denseasph#t Dense asphalt
Stone mastic as-
phalt
Induction Capsules contain

Self-healing induced by: Infrared heating heating ing rejuvenators

Mechanical test to quan
the selthealing
X-Ray Computedo-

3-point bending

Air void distribution before and after healing

mography(CT Scans)
. Fourier Trans-
Stiffness
" . : formedInfrared
Additional testing Thermal expnsion modulus
(ITSM) Spectroscopy
(FTIR)
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3.2 Raw materials

3.2.1 Virgin limestone aggregates

In this investigation crushed limestone aggregate was dis&€he density was 2.67
g/cn?. Beforeusingthem, the aggregates were dried at°@6fdr 12 h to remove all
themoisture. In this study, the nominal sizes of gradation were the following: 20mm,
14mm, 10mm, 6mm, and du@te. < 4mm). The gradation of eachominal size is

presented in Tablg.2.

Table 3.2: Aggregate size distributions used.

20mm 14mm 10mm 6mm Dust
S_ieve
Size . . . . .
(mm) R?)/toam Pass. % Re(z’/toaln Péjos s R%/t(’aln Pas. % R%/toaln Pass. % Reofln. Pass%
315
200 14.86 85.14
16.0 57.22 27.94
14.0 21.92 6.02 5.54 94.46
10.0 5.16 0.86 67.66 | 26.8 7.38 92.62
8.0 0.09 0.77 21.86 | 4.94 | 30.56 62.06
6.3 0.03 0.74 3.13 1.81 385 23.56 4.32 95.68
4.0 0.01 0.73 0.% 1.25 20.35 3.21 70.66 25.02 1.02 98.98
2.8 0 0.73 0.1 1.15 1.97 1.23 19.82 5.2 4.98 94
2.0 0 0.73 0.05 1.1 0.3 0.93 2.46 2.74 11.39 82.61
1.0 0 0.73 0.06 1.04 0.05 0.87 0.51 2.23 23.13 59.48
0.5 0 0.73 0.04 1 0.02 0.85 0.12 2.11 16.75 42.73
0.5 0 0.73 0.05 0.95 0 0.85 0.06 2.05 10.76 31.97
0.125 0.01 0.72 0.05 0.9 0.02 0.83 0.04 2.01 7.78 24.19
0.063 0.07 0.65 0.1 0.8 0.02 0.81 0.1 1.91 5.4 18.79
Pan 0.63 0.02 0.79 0.01 0.83 -0.02 1.9 0.01 18.79 0
Sum 100 99.99 100 99.99 100
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3.2.2 Bitumen

In this study, bitumen with 40/60 penith density 1.028g/ciwas used. This bitu-
men was provided by Shell. This is the most commonly used type of bitumen in the

UK.

3.2.3 Self healing additives

Belowthe reader careada description ofhe additivesisedin each of the chapters in

the Thesigsee also Table 3.3)

Table 3.3: Additives to promote the self-healing used in the Thesis and mass

percentage in the asphalts (the composition of the asphalts can be found in

Section 3.3).
Porous As- Dense Asphalt % Stone Mas- Chapter in
Additives phalt % tic As- the Thesis
phalt %

1.1 %* - - Chapter 5

Steel fibre
0.5%* 0.5%* 0.5%* Chapter 6

Capsule

* In mass percentage

3.2.3.1 Conductive Particles (Steel wool fibres)

Steel wob fibreswereadded to the asphas a means taccelerate the selfffealing
process by increasing the temperature of the asphalt (see Chagikis5)roduct is
as a very findibre as shown in Figure 3.1, the range ofhdgiers used was from it

to 72um (the average was 40m) and the length was frot15 mm to 5Smm(average

length, 1.4mm)see Figure B.1 in Appendix Byith a density of 7.220 g/cfy see
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Figure 31 The steel wool fibre content was 1.1 % by mass of mihaas in Table

3.3.

3.2.3.2 Encapsulated healing agents

Capsules have been used in tiesis as a method to accelerate thelssdiing of
cracks in asphalt (see Chapter 6). They are spherical particles of bet@eem Hi-
ameter that consist of a liquid coretacted by a porous membraneeataregst mix-
ing andcompaction. Theomposition of the capsules used in the Thesiani®ver
oil as the healing agent, 75% by mass, and calalgimate as the membrane @by

masq 143 see Figure 3.2

Steel Fibre

Figure 3.1: Steel wool fibre

The capsulebave been previouslyescribedby several researchers and it is not the
objective of this Thesis to explain how to make them or how tleineter or strength

influencesthe functionality of anasphalt mixture. The manufacturing method can be
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found in[143; their mechanical and thermal properiie$143; and the properties of
asphalt corgtining capsulesn [143. In addition examples of capsules made by other

researchers can be foundréference$134-[140,[142- [144]].

Figure 3.2: Capsules used in the study.

33Asphal t oompositor e 0 s

The types of asphalt used in the Thesis are summaristabie 3.4. In Chapter 4,
Dense Aphat (DA) (also called 5% because of its air void content) and mixtures with
10%, 13%, 21%, and 26% air void contanereusedaccording toreferencgl64.In
Chapter 5, Porous Abplt (PA) with fibre additionwas usel. The steel wool had an
average length of 1.4 mm and a diameter 40 pntadigent was 1.1 %ccording in
referencg 152 by mass of mix as shown in Table 3UBsing of porous asphalin
Chapte 5, therefore, it recommendeflahater 4.In Chapter 6, Dense Asphalt (DA),
Stone Mastic AsphaliSMA), and Porou#\sphalt (PA) weraused, with and without
capsule additionThese mixtures were selected becanigbeir variety of air void¢to

know theinfluence of air voids on thesl-healing, in Chapter 4andrepresentative of
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the most commonly used surface courses in EurDpe.percentages of sdikaling

additives in each mixture are presented in Table 3.4.

Table 3.4: Composition of the asphalts used in the Thesis.

Name of the mix- pa ;506 109  13% 21% 26% PA  SMA

ture:
Size (mm) Passing (%)
315 100 100 100 100 100 100 100
20 99.1 99.1 99.1 99.1 99.1 99.3 100
16 91.3 91.2 91.2 95.5 91 96.3 100
14 833 82.9 82.9 88.1 78.2 94.2 99.7
10 62 58.8 58.8 53.4 27.6 73.1 93.9
8 54.1 48.7 48.7 36.3 17.9 57.7 77.8
6.3 47.8 40.7 40.7 23.1 13.5 44.3 58.4
4 34.3 29.5 29.5 17.8 11.4 23.6 33.3
2.8 28.7 25 25 16.6 10.6 17.9 26.2
2 23.7 20.8 20.8 14 9 14.7 21.7
1 17 15 15 10.2 6.7 10.3 15.5
0.5 129 11.3 11.3 7.9 5.2 7.4 11.6
0.25 10.2 9.1 9.1 6.3 4.3 5.7 9.2
0.125 8.1 7.2 7.2 5.1 3.5 4.6 7.4
0.063 6.5 5.7 5.7 4.1 2.9 3.6 6
Bitumen 4.70% 4.50% 4.20% 3.30% 2.70% 4.50% 5.90%
Fibreg 1.10%
Capsules* 0.50% 0.50% 0.50%

* Thereare mixtures with and withouibresand capsules. Those without dedfaling
additives had the same aggregate gradation

Air voids 5% 10% 13% 21% 26% 20% 5.5%

All the mixtures were manufactured with crushed limestone ggtge; the nominal

maximum sizdor DA and PA was 20mm, and 14mior SMA. The air void contents
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measuredireshown in Table 3.4. In addition, asphalts with and withoutrsedding
additives were manufactureihese mixtures were used in Chapter 6, anceder
signedaccording to referems[147], [148 and[149,[164] with different amounts of

bitumen 5%, 4.5%ral 5.9%,for DA, PA and SMA, regectvely .

To promote the selhealing, 1.1% of fibres was added to PA, according to reference
[152], which is theoptimum amount of fibres that maximises the healing and does not
affect the mechanicgroperties,and 05% of capsules was added to DA, PA, and
SMA, accordingo advice reference[143,[154). The asphalt mixes design, the ma-
terials additives, air voidsootent and bitumen content wile ugd in all the chapters

aresummarized in Table 3.4.

3.4 Manufacturing and geometry of test specimens

Mixing and compaction of test specimens was developed according to the standard BS
EN[15]]. Asphalt was manalctued by mixingthe preheated materials at 16092

hours fotheaggregate and 2h for bitumenYhe materials werdtnencompacted using
aroller compactoto make slabuntil the mixtures reached thie target air voidson-

tert. In the Thesis, slabdo cu beams) beams, and cylindrical test specimens were
manufacturedAsphalt slakand cylindricakest specimens were manufactufebw-

ing standard procedurg455. The slabs dnensions wer@07 x 307 x 50 mfThe

beans were150 x 60 x 50 mr) and the cylinders100 x 40 mn?, (see Figure
B.2(stages of preparing the samplesidFigure B3, AppendixB). 8 beams were cut

from each slabin addition, in order to manufacture tesea@mens for measuring the
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stiffnesscylindrical test specimens were alsarefrom the slabs. Their diameter sva

100 mm.

3.5 Method to quantify asphalt self-healing

Self-healing wagvaluatedgccording td 75]. The sanples were tested to fatigue ward
modified threepoint bending fatigue configuration at 20€2 seeFigure 33 (b),

which ensured the formation of vertical cracks at the midpoint.

Between the bottom bearings and underneath the samples, an elastic neanasan
placed to prevent the praoction of permanent deformations during the t&8die test

had a frequency of 4 Hz between a maximum value of 2.5kN and a minimum of 0.15
kN, which ensved consistent contact between actuator and sample with dynamic

waves of0.1s duration and a resting ped of 0.15 s(seeFigure 33).

In order to determine the effect of thedazg level on the seliealing in generalfour
differentloads were applgfor all the sekhealing additives analysetl,25 kN, 1.50

kN, 1.75 kN and 2 kN, for PA an&MA, and2kN, 2.5kN, 3kN, and 3.5kN for DA.
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Figure 3.3: (a) Configuration setup of Loading , (b) Scheme representation of

the modified 3-point bending test used. (¢) Universal machine used.

The crack formabn on the painted side of tHeeamgsee Figure B.4a in Appendix B)
was continuously monitored by a static camera with /2.8 ajgeaiunl 12 Mgapixels

of resolution that took one picture every 40 loading cyddsusing he image pro-
cessing software InggJ thetotal length of emerging cracks could be accurately meas-

ured in each picture until the sample split in half. This Thesiganity adopted failure
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criterion was the number of cycles at which the crack length ed&0%o of the total

crack lengthregistered at the end of the test as shown in Figure 3.4.

The reason why 20% was chosen is simply because, from the experidreawhor,
this is one of the first moments when cracks were surely present, withouttaidoub
the asphalt. Also, Figui@4shows point 1 and point 2 for the same sample but anal-
ysis by using image j , there are two point, point 1 represented théedasipd after
several number of cycles for this the crack did not appeared, howeveantr2pgbe

sample broken for thighecrack appeared clearly.
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Figure 3.4: Criterion of failure analysis by using Image J software. 1. The
sample tested after several cycles (but before failure). 2. The specimen tested

until failure.

In addition, Figure 3.5 below shows an example for 21% air void before test and after
test analysed by using free image J software (other materiaith before and after

testingcan be found in thAppendix B Figure B.4h. To determine the fatigue life of
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eachstudied material5-15 samples per material were subjected to the test until failure,

andaWeibull distributionfunctionwas fitted to the data

Sample fatigue tested until failure Sample fatigue tested until failure, pro-
cess by ImageJ

T

3 <

Number of cycles
before healing

Figure 3.5: An example of an asphalt beam with 21% air voids content, a) the
beam after three point bending fatigue test, and b) the beam processed in image

J.

This probability distribution was selected considering that fatigue damage is produced

by the progressive accumulatiohmechanical energy on each &pg cycle [156].
Weibull Distribution

N\

Number of cycles with
50% probability of
breaking

Probability of breaking
<

N0.5
Number of cycles (N)
Figure 3.6: Scheme of how the number of cycles with 50% probability of

breaking can be obtained based on Weibull probability distribution.
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The sampleaverage lifetime was estimated as the number of cycles whose probabil-
ity of breaking the specimens is 50%his number of cycles will be referred here-

after asdNo s, seeFigure 3.6.

The service life extension for d@asample was assessed throulgé oncept of the
Healing Index KI) accordingto [75], which compares the total number of cycles re-

sisted(Nr) and the refeencenumber(No.5), asshown in Figure 37.
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Figure 3.7:Scheme of how the number of cycles and service life extension can be

evaluated.
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3.6 Methodsto induce lf-healing

3.6.1 Self- healing by infra-red heating

I n order t o ev acapacayt te exierdd phegarVide lifenwhere suld
jected to thermal treatment by using infrared imggata series of 40asnples for eeh
material was manufacturedctesed as described above. In this case, each fatigue
test was paused at a different number of cycles; then, thiedg&@atment was ap-
plied. The samples were embedded in white sand, with the excepti@toptburface
and placed for 200 min undarsetof four 250 W infrared lamps, which simulated the

Sundés heating effect Figure 3

The white sand allowed onlize upper surface of the samples to be heated by radiation
(similar to field conditions) andlso provideda confining medium, which prexes

samgdesfrom deforming during the heating process.

Figure 3.8: Infrared Heating setup.
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The heat source contained four 2B@tt intrared lamps buikup in two rows above

asphalt surface.

The lamps wercomededto the steel frame pipes constructed in a Nottingham Trans-
portation Engineering Cent®TEC). The centrego-centre distance between lamps
was 280 mm and the distasd®tween lampa n d s a mpifaeesw@r8e0aqD, s
and 1100 mm see Figure3.9 (to obtain the optimum healing). Later, the samples were

conditioned at 20 + 1°C f@&4 h andeturned to the test until reaching failure

1 600mm —_—
il
™

—

Infrared Lamps 250W —l_:

75
. ﬂk — 2 < bQQ((\

1100mm

Figure 3.9: Scheme of infrared lamps setup for farm.

3.6.2 Selthealing byinduction heating

Healing of asphalt samples was carried out by applying 90s of electromagnetic induc-
tion on the samples containing steel wool fibres. This processadalectric rcro-

currents along theonducive fibres,heating them byhe Jouleeffect and, therefore,
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heating the bitumen too. Consequently, the viscosity of the bitumen reduadet,
the same time, its volume increased due to thermal expansion,aehichbutedo its

drainage througimternd cracksand cavitie$157].

After heating, the temperature of asphalt reverted to that of the environmental, and the
cracks remained full of bitumen, therefore, the fatidgiie of thesamples could be

extended157] as showrn Figure3.7.

The distance between the coil and the samples was set to 2 cm and the samples were
embedded in sand prevent permanent defoations whileheating them. The heating
tempeature wascontinuously monitored by a fudlolour infrared camera with a reso-

lution of 320 x 240 pixels as shown in Figure 3.10.
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S

Figure 3.10: Self-healing under induction heating.
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Electromagnetic inductio wasapplied by a 15x15 chsquare coil connected to a 6
kW induction generator with a power configuration of 2.8 kW and a working fre-
quency of 348 kHz. A new series of 10 samples were tested but, this tip@ngto
the tes at a number of cyclesh, which represerts different damge levels, applying
the induction treatment and wesing the test until the beaonacked. The totdife of

the test samples, includinige cycles before the heating treatmalaf,anduntil crack-

ing was defined asr. The healg indexwas defined as thpercentage extension of
fatigue lifewith respecto thereferenceNo s, as descrilein thepreviousSection (35)

and usinghesame formula.

3.6.3 Encapsulated rejuvenators

The amount Doil releasd by the capsules to the mixéuwasmeasuedaccording to

the methodology defined Micaelo[159, developed by AMansouriet al[154]. This
methodology is beed on the ida that the sunflower oil haslestinct absorption peak

at ~1,745 cm, which bitumen does not have. To have a reference to determine the
amount of oil released by tlapsules, sunflower oil was mixed with bitumen in the
mass percentages P& 1.5 %, 20 %, 3.0 %, 5.0 %, 6.7 %, 8.0,%.0%, ard 10.0 %

and the normalized area under the FTIR curve calculated, as shown in refésdhce

In addition, asphalt mastic samples had to be obtained to dietetime amoutnof ol
released by the capsgl To do that, asphalt mixture was heated to 200 broken in
small piece by hand and astic samples were collectém the surface of coarse
aggregatessing a hot knifeThe FTIR curve of the mastic was ainted and theor-
malized area under the cervor the mastic specimens was compared to the values

obtained from mixinditumen and sunflower oil.
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Mastic was extracted from mixtures that had been just compacted, at different stages
of cyclicloading, and fter the reghg period that was used to@N the dadks to self

heal.

1 Capsule production

The polymer capsules wascampositeof calciumalginate with water and oiht a
ratio of 0.1and theywere produced by ionotropic gelation of alginate In tresence
of cdcium see Figure 3.4t 20C.accoding to [154]. A schemef the manufacturing
processof the capsules is illustrated in FigurelB To manufacture the capsules,
firstly, 150mlof a sunflower oilas added intdl500mlof deionized wateand nixed

into alab beakepf capacity 2000 ml and stirred to make a stable emulsion.

Themix (sunflower and water) asblended utilizing daboratorygear drive mixer for
1 min at 400rpm as shown in FigurdBa). Secondly,anaddition 65 g)of sodium
alginatewasintroducedto the laboratorypeakerand stirred until complete soluti@

400 rpm for 10 min(seeFigure 311(b)).

The third steps mixing 36 gm of calcium chloride solutianto 2% water(1800 ml)
blended togdter intoa 5000 ml beakercontaner. The advantage of using calcium
alginate,accor di ng [l6f isTtsdwadstaandithat it is strong enough to
carry the oil.Finally, the mixture was introduced in®2000 ml capacitypiece of
glassvarecontaining acalcium chloride solutionCgsules were formed bgropping

from afunnel witha3mmdiameteras shownn Figure 311c

During formaton of the capsule, the calcium chloride solution wgasitly agitated
using a magnetic stirrer at 60 rpm. In this researehhdurs approximately wake
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time taken for the capsules manufacturing process. fifiishing procesing, the cap-

sules were dried ian oven at 40°C for 72 h aftetbeingwashed with deioised water

Finally, these capsules were stored in a freezd82C. The encapsul@n procedure
allowed the manufacture of capsules watihaverage diameter 2 mmasshown in
Figure 3.2with contents 75% and 25%y volume ofsunfloweroil and calciumalgi-

nate polymer, respectively. 5 kg of capsules were manufactured suitiys

2000ml1 Dropping -funnel

Alginate

Calcium -alginate
emulsion

ﬁ C ross-lianed alginate

Water _

V2% 400 mpm N
W A) Y G \ 0@ Ug
)VO |
2000mlf 1\ 5000 m1 1 Q W
Calcium chloride 3 = \
Solution Water 7:3"_:‘ )
Calcium chloride
0il + water Sodium  Sodium-alginate
alginate emulsion
(@ () (©

Figure 3.11: Schematic diagram of the manufacturing process of capsules by

ionotropic gelation of alginate Capsule presentation, based on [140].

3.7 X ray Computed Tomography (CT) Scans

To examine the air voids of the test samples, a XRéglisa XRM-500 scanner oper-
ating at 8kV and 120 A w a sseeurgjeed32L The machine that used in Uni-

versity of Nottingham available.
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The beams were mounted on a rotational tabledsgtance of 11.8m from the X
ray source and thdistance between the-pay souce and the Xay detector was
1155mm. It was ensured that the focal spot size of thiay<ube was about2 m a n d

therefore, a spatial resolution oE4m wa s @ee hgure 3.18.d

-

The sample during the
CT scan test

Computer software used
to record the data

Figure 3.12: XRadia Versa XRM-500 scanner machine in Sutton Bonington

campus.

Finally, the air void volumes and diameters in the test samples were analysed using
the software Image.-8imnisson representations of the air voids were madagisi

MeshLab.

The reconstructioand corrections afcans were performed using Rhix Datos X2
Reconstruction software. Once reconstructed into 3D volumes, 2D image slices were

exported in TIFF format alonifpe XY axis.

61



Wedge shaped back filter

Specimen

Detector

Figure 3.13: The X-ray scanning (plan view ) illustration after [161].

3.7.1 Connectivity of pore network test

In Chapter 4, the connectivity of the pore network was required in order teeuitaly
effect on the heating/healing of asphdlhe air voids were digitally isolated using
ImageJ, and the interconnectivity was evaluated based on the Euler nanib6g|(
which is a function of the number of isolated air void}, fumber of redundant con-
nections in the air paths or gen@® @énd the number of completely enclosed cavities

(H), as follows:

0 6 ( (3.2)

These parameters were obtained using the BoneJ particle analyser plugin (version
1.3.11) in ImageJ. According {463 negative values of 6 1in
have percol ated, forming effective hydr at

surfaces as shown in Figure 3.14.
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Increasing air voids content
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Low air voids content Air voids close to percolation Percolated air voids

X>>0 X>0 X<0

Figure 3.14: Binary 2D images of pore networks with a range of air void content

andt heir correlation to the Euler

3.7.2 Use of CT scans to determine the percentage of cracks healed

In order to quantify the width of cracks and the percentage of cracks that had healed
in the asphalthe test samples were fatigued up to a certain percentage,afsing

the same procedure described in SectidntBen, prisms of 40 mm x 40 mm x 40 mm
width were selectedrom the central part of each test sam(gkee FigureB.5 in Ap-

pendix B, to capure the most damaged area, and from the extreme of the test samples,
to capture an undamaged area, and CT scailimedtotal volume of air voids of the
undamaged area)() and the damaged area Y were determined. These values were

used to calculate the total volume of cracks in the test sample, a&.

W W
0’0 € "QOG Wi ¢ AW A& €RE "Q — P 88 8 8 88 80§
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Next, the damaged prissiwereinductionheated for 90 s, using the same procedure
as explained above, allowed to rest for 2 h, to reachrtieenttemperature and CT
scanned immediately after. The total volume of air voids in the healed sdmple

was determined.

0@ ¢ "QOG W £ ANE Q6 WA 0 Q— p 88 BB Bod

3.8 Bulk density and air void content

The bulk densityf the test specimens was determined accordifa] by dividing

the dry mass between the volume of the test specimens, calculated as the dry minus
submergd massThe maximum density”( ) of asphalt mixture was determined
mathematicallyacording to[167. The mathematichl method is calculateds the

(dry mass divided bthe measured volume twfosetest samples). The maximum and

bulk densiies were used to calculate the Air Vdisbntent (AVC) according to the

following equation:

owd —— pnmb (3.4)

where” [16§ is the theoretical maximum density of the mixture without voids in
g/len?,”  the bulk density in the mixture inan®, and AVC is the air void content in

the mixture, in %.
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3.9 Thermal expansion test

In order to measure the thermal expansion experienced by the material under temper-
aturechanges, prismatic 150m x 60mmx 50 mm beams were first placed into a steel
frame to avoid horizontal deformations due to consistency redactioing heating.

Then, the samples and frames were conditioned into a tempetatirelled cabinet

for 4 hous at 20 + 1°C.

Before starting the test, a Linear Variable Differential Transformer (LVDT) was set

and zeroed at t he asspopreimFigsre 33f Thetestwascarmi d p o i |
ried out inaUniversal machinatNottingham universityfinally, the temperature was

increased at a rate of 1.25°C/min until reagl60°C, and the upper surfasas con-

tinuously monitored.

Figure 3.15: Setup for thermal expansion for mixture.
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3.10 Indirect tensile stiffness modulus (ITSM)

In Chapter 5, to assess the effect of ageing due to induction heating on the stiffness of
asphalttheindirect tensile stiffnessiodulus (ITSM) of cylinderswascalculated This

testwas useddue to itdeingrelated to the capacity of the material to distribute traffic
loads.The ITSM is a nordamaging and deformatiesontrolledtest definedoy BS
EN[155. Knowledge of stiffness modulus for any layera pavement isequiredfor

adequate structural design.

Thel TSM was carried out using erfNAT)@@oper 0 s

chine, as shown in Figure &.1IThe configurations dhe testare summarized in Table

3.5 below:
Table 3.5: ITSM test configuration depending on [155].
Item Range
Specimen diameter 100+£2 mm
Transient peak horizontal deformation 542 um
Rise time 124+4 ms
Poisson’s ratio (assumed) 0.35
Test temperature 20°C
Specimen thickness 40-80 mm
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Figure 3.16: Indirect tensile stiffness test setup.

3.11Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is the technique utilized to measure the oil release from the capskturier
Transform Infrared Spectroscopy (FTIR) spectrum model Bruker TenseaRidsed

as shown in Figure 371

The FTIR test was used spectrum model Bruker TensseFigure 3.7. The process

was set in the absorption mode, in the wavenumber band range of 400 to 408t0acm
resolution of 4 c. The oil influence on the bitumen was assessed by changes in the
optimum absorbance between wavenumbers 1700 and 18@GelEction of these
wavenumbers is recommended by methodolodi 84 .Vegetable sunflower oils have

a distinct peak at ~1745 ¢ while the bitumen hazero index in this range as seen in

Figure 318.
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s
Sample during testing

Computer to analysis

Figure 3.17: Fourier Transform Infrared device.
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Figure 3.18: FTIR curves for asphalt mixture samples with and without oil.
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3.12Summary

In this chapter, the differemiphalt materials and selifealing agents that could fulfil

the project's aims and objectives have presented. These materials have consisted of
Dense Asphalt (DA) (also called 5B&cause of its air void content) and mixtures with
10%, 13%, 21%, and 26% aioid contentsThey have been selected because of their
variety of air voids (to know the influence of air voids on the-se#ling). Also, porous
asphalt (PA), stone mastic &gt (SMA) have utilized as well. These mixtures have
selected because of thst commonly used surface courses in Europe

In addition, to promote the sdiiealing,1.1% of fibre has added to PA, which is an
optimum amount of fibre that maximizes the Iegland does not affect the mechani-

cal properties, and 0.5% of capsules hdded to DA, PA, and SMA to evaluate the
effectiveness of using encapsulated oil in order to improve théasaling properties

of asphalt mixture with a range of gradations

Mechanical test to quantify the sd¢italing has evaluated when the samplegdest
fatigue under modified thregoint bending fatigue configuration at 20€2which en-

sured the formation of vertical cracks at the midpokuditionally, three methods to
induce a selhealing namely infrared heating, induction heating and encapsejate
venator have used-Ray Computed Tomography (CT Scans) has tsedaluate air

void distribution before and after healingowever, there are additional testing have
usednamely thermal expansion, stiffness modulus, Also Fourier transformed thfrare
Spectroscopy (FTIR) has used to evaluate oil release in the asphalt mixture. Finally, the

main objectives for thithesis, arestudied in the next chapters
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Chapter 4: Effect of porosity on infrared healing

of fatigue damage in asphalt

4.1 Introduction

This chapteaims to understand the effect of air void content on the healing capacity
of asphalt mixtureby using infrared healingln Chapter 2 it was shown that asphalt
mixture is a sethealing material, and there are different artificial healaobniques
thathave beestudiedby many researcheseviously However, the healing phenom-
enonrelated tdfatigue damage has not been lyeénstudied in depth. Hence, thest
objective ofthis Chapteiis to understand, at a fundamental level, the eti€air voids

contenton the healing capacity of fatigue damage in asphalt mixes.

For that, the natural heating effect, produced by the Sun on asphalhnoladsaulated
by means of infraed heatingvas considered and parameters, such) &{ensiorof

fatigue life; (i) optimum number of cycleat whichto apply the thermal treatment
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(Nop); (iii) evolution of internal pore structure during both damaginghaading pro-
cesses; andJ) material thermal expansiohave beerstudiedexperimentallyfor a

wide rangeof asphalt mixes with different air voids contents

4.2 Experimental summary

In this Chaptennfrared heatindnas been used as tbelf-healing techniquep simu-
late the heating bgolar radiatio as described in Section 3.6This Chaptewas de-
scribal testson asphalt mixture samplesing fve different air voidcontents,5%,
10%, 13%, 21%nd 26%ascan beseen in Figure 4.1 with corresponding gradations
in Table 3.4in Chapter3. Air void contentmay playa key par in determiningthe
self-healingpropertiesof anasphalimixture[11]. The methodology of the Chapter is

summarized in Figure 4.1.

All the specimens used had dimensions 150 mm x 60 mm x 50 mm beams obtained by
cutting 306 mm x 306 mm %0 mm slab ito eight bems see (Section 3.4 in Chapter

3 and Figure B in appendix B). The test was carried out at a constant temperature.,
the asphalt beams were subjected to dynamic cyclic loading wpent3ending at

20 + 1°C, see Section 3.5,ttvimaximum loding value 25 kN, minimum 0.15 kN to

insure an attached the actuator with the sample, and resting period of 0.15 s included

between consecutive loads.
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Figure 4.1: Experimental methodology used in Chapter 4.

Finally, in order to detect small cracks during the fatigue tests, a uniformly white mark-
ing spraypaint was applied to one of lateral 150 mm x 50 mm sides (see FigLire B.

appendix B).
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4 3 Results and Dscussion

4.3.1 Service life of asphalt samples

In order to evaluatanasphalt mixured sapacity to extends service life when sub-
jected to a thermal treatmemhany samples were manufactured and tested as de-
scribedin Sectiors 3.4, and 3.5 The results of the probability for breakitize test
sampesis presented below in Figure2.which shows a certain number of loading
cycles fitted by the Weibull distribution and depending ondinevoid content.The
referencenumber of cyas valueNos. As can be seen, the curves tend to get shifted
to the leftfor asphalt with higher air void$n other words, the probability of breaking

the material at a certain number of cydleseases

| 5% ©10% ©13% x21% A 26%

1 A
A
. [

Probability of breaking

10 100 1000 10000 100000
LOG Number of cycles

Figure 4.2: Probability of breaking and number of cycles for a probability of

0.5.
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Figure 4.3: Probability of breaking obtained for the studied materials with

different air voids contents.

At the 0.5 prohbility, the reference number of cyclessgWwas obtained (21160 cycles

for 5%, air void content, 11440 for 10%, 2120 for 13%, 1200 for 21%, and 227 for
26%). This reference value is also shown in Figure 4.3, for the different materials, and,
as can be seeit is inversely related to air voids contehrough an exponential func-

tion. Hence, the best mechanical performance was obtained for mixes with the lowest
air void content (5%), but small increases in the air void content producedrgharp
ductions inthe asphalt life durability, e.dNosreducel by 45.9% when the air voids

content was increased from 5% to 10%.
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4.3.2 Asphalt test sample temperatures during the heating treatment

In this Section the temperature effect during the heatimgmesnt was stuaid by
repeatingor the mix with 5% aivoids content, the samestsasdescribed in Section
3.6.1 Theresults inFigure 44 below show the surface temperature evolution of as-
phalt with 5% air voids content when placing the lamps at 3076nem and 11@m

over the test samples.

The maximum temperatures reached by the samples are considerably different and
they vary with the distance between lamp and surface (93°C at 30 cm, 71 °C at 70 cm,
and 51 °C at 110 cm). Also, significant differenbeswveen theemperatures of top

and botbm surfaces were observed.

100
90 A 30cm (top)
80 - _——30cm (Bott)

70cm (top)
70cm (Bott)
110cm (top)

Temperatures (°C)

0 5000 10000 15000 20000

Heating time (s)

Figure 4.4: Evolution of temperature with the heating time for different

distances between sample and lamps.
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These differences were arauh2°C when th samples were placed at 30 and 70 cm,
but approximately 5°C when the distance was 110Tdrns indicates that when the
energy applied is very high, the dissipated energy produced by the differential temper-
ature béwveen sample and ambient &rhigher tha the energy that the material can

transmit downwards by conduction.

Below a threshold temperature of approximately 60°C, both surfaces reached-a steady
state equilibrium where the top and bottom temperaturesnveg¢excessively dissim-

ilar. Figure 4.5 shws, for samples with different air voids contents, the ststale
temperature reached by the upper and lower surfaces during a heating period of 200

min with the lamps placed at 110 cm above the specimens.

70

5 60 -

Q 50 - e o * ° e

= Q o g ©

Qo 40 A

=

L 30

Q

©

n 20 -

3

S 10 - ® Top

n o Bottom
O 1 1 1 1

0 5 10 15 20 25 30

Air voids content (%)

Figure 4.5: Steady-state temperatures reached by samples with different air

voids.
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As can be seen, all the test samples reached similar temperatures, within the range of
50°Ci 58°C for the uppesurface and 44 °C 52 °C for the lowoth, top andottom
temperatures tended to slightly increase with the air voids content, due to the greater
exposed surface that air voids produce. The analysis of how temperature variations,
due to changes in infrad energy and air voids content, affde healing bcracks

and the consequent service life extension is detailed in Sec8ié 4.

4.3.3 Service life extension by infrared heating

To show theextersionof service life the asphalt mixtureseresubjected t@thermal
treamentrepresented by infrared heatiag showrin Section 3.6.1The reslts are
showedin Figure 46. Thehealing indexs obtainedafterapplying 200 min of thermal
treatment (determined as theme required to achieve a steady Statfe various

numkers of cycles.

5% @l0% Al3% 21% @26%

2.5 —

2.0 - c@oq’ao
: o
= 15 4 4
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= e Dt
= 1.0 - B
ot et
£ % :
= 05 4 &
[-F)
T Bas

0-0 1 g g,t

A - ‘
om .0
-0.5 r '
10 100 1000 10000

LOG number of cycles (N)

Figure 4.6: Healing index obtained for samples with different air voids content.
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The first fact that can be observed is that all the curves present an approximate bell
shape, see Figure 4\8hich indicates that when the cracks are still smalls#reice
life cannot be significantly extended, while whe cracks are too wide, the healing

becomes more difficult see Figure 4.7.

Optimum crack size

(Maximum HI)

Cracks too

zv

Figure 4.7: Schematic simplification of obtained curves subjected to thermal

heating at different numbers of cycles.

Therefore, there is an optimum number of cychsgy( for each material, at which the
healing index is maximised. These values were 3562, 1802, 476nd4L.36 for mixes
with 5%, 10%, 13%, 21% and 26%, respectively see Figure 4,8d@treases as the
air voids content increases in the mix. Figur8, dso shows this sharp decrease in

the optimum number of cycles when the air voids increase.
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Figure 4.8: Optimum number of cycles and healing index.

Another aspect, which can be observed in Figure 4.6 and is summarised in Figure 4.9,
is that the healing index tends to increlasearly withthe air voidsontent (correlation

coefficient R=0.938).

Nevertheless, although the service life of porous asphalt test samples can be extended
by up to 200% due to the thermal treatment, their origatejuelife wasnoticeably

shorter, as has beenptained in Seton 4.3.1. Thereforejespitethe thermal treat-

ment, the fatigue life of dense asphalt mixes is still significantly longer thanfthat o

porous asphalt mixturesee Table 4.
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Table 4.1: Comparison between the numbers of cycles resisted by test samples
without thermal treatment (No.s) and total number of cycles resisted by test

samples after applying a thermal treatment.

Fatigue life without Longestfatigue life

Air void content . with thermal treat- Increase
thermal heatingNo.s)
ment

5% 21160 30218 42.80%
10% 11440 15419 34.80%
13% 2120 4657 119.70%
21% 1200 3333 177.80%
26% 227 721 217%

In Figure 4.9t canalsobe seernhat samples wthigh air voidscontent may reach Hli

values that are higher than 2.

2.5
X
g 7
=
S 1.5 -
©
()
<
£ 1 -
>
£
3
g 05- -
O 1 1
0 10 20 30

Air voids content (%)

Figure 4.9: Optimum number of cycles obtained for samples with a range of air
void contents.
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That HI values are higher than 1 (see formula 3.1 in Se8t®in Chapter 3), means
that not only were cracksealed, restoring the original service life, but also that the
material 6s properties must have been mod

tigue resistance. The reasons behind this behaviour watudesd in Section 4.3.5.

Onthe contray, most ofthe test samples with air void content lower than 13% regis-
tered lower healing indexes, suchaagraging).43 and 0.35 for test samples with 5%

and 10% air voids content, respectively. This means that the healing capacity of dense
asphalt mixsis limited. The reason for this could be that porous asphalt test samples

may reach slightly higher temperaturestlgenser asphalt typg40].

Consequently, in porous asphalt, the viscosity of bitumen andetisityd of the air
inside cavities would be slightly lowewhich improves the capillary flow of bitumen
through cracks. Howevaet,is believeal that the small temperature differences between
dense and porous asphalt materials would only marginally cotettibthesignificant

differences observed in the hegliresults.

Another explanation is that cracks in porous asphalt are more prone to happen through
the mastic connecting the aggregates (weak points) while a higher packing level of
particles in densesphalt prodces more cracks through aggregate particles. These
craks could be filled withbitumen,but the final strength would never be as high as

the original aggregate.

Additionally, it must be noticed that the bshape curves, in dense mixes, agg/v
sharp. Hence, when the healing treatment is applied at a nuofbeycles slightly

higher or lower than the optimum, dense asphalt samples will not recovdatigeie
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resistanceThus, itcouldbevery difficult to design an effective maintenancerpthat

mees the optimum number of cycles and obtains a signifieamice life extension.

Moreover, the values can even become negative, which means that the samples could
be damaged instead of heald®ead[8], explained that the coefficienf thermal ex-
pansion of bitumen (6-1%°C) is more than one order of magnitude higher than the

coefficient ofthermal expasion of the asphalt mixture (3-30C).

According toGame et al[11]] this differential expansion, together with reductions in
bitumen viscosity during heating, plays an important role in asphalt healing by forcing
the melted bitumen to drain through largecks. Howeve, fatigue cracks produced
during theearly stagebave reduced dimensions. Thus, in dense mixtures, the internal
pressure generated by bitumen may dantlag@sphalimixture and reduce its fatigue

life see Figure 40.

In this healingdamagig process, e content of fine particles in the mix (e.qg. filler)
might also play an important role, although it is not clear whether positive or negative.
For instance, higher contents would reduce the interstitial space between aggregates,
increasing cajplary forces and consequently improving the flow of bitumen through
cracks. On the other hand, the mastic would be denser and with higher viscosity, which

would produce a detrimental effect on healing capacity.
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Figure 4.10: Phenomena happening inside dense (top) and porous asphalt

(bottom) during heating.

In the present investigation the content of bitumen was reduced with the content of
fine particles,so theeffect could not be properly identified, leagiit as a éasible

hypothesis to be confirmed ofjeeted in future investigations.

4.3.4 Effect of temperature on asphalt sehhealing

To observe the temperature and heating t irdl@esce on asphalt sefffealing,(see
Figure 3.6 $ction 3.6.1for the setup using infreed heating)different distance of

the lamps from the surface were usedichieve the different temperaturasd the
resultsareshown in Figure 411. As the distance between sample and lamp was re-
duced from 120 an to 70 and 30 cm, thiacreased the steadyate temperature from

51°C to 71°C and 93°C respectivele tests were repeated for samples with 5% air
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voids contentAs seen in Figure 4.11, tlcarves observed at 51°C and 71°C were very

similar, althoughthe peak value result at 71°C (HI=0.43) was 55.4% lower than at

51°C (HI=0.24). On the other hand, when the temperature was increased to 93°C, the
results became significantly lower, with a peakue of-0.02, which is 104.7% lower

than at 53C and negatie, and means that the treatment produced more damage than,
healing. This suggests that it is not po

applying a thermal treatment at that tempaeat

This may be because bitumen drainage thrqaayhs and @cks grows with the heat-
ing rate and temperature and, if these are too high, internal pressure increases may

damage the material.

0.6 —— ® 110cm-51°C
' ¢70 cm - 71°C
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0.4 1 e
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0.2 @@g@ 4 &
- A m‘t{ A"’A
AA, ft ",
s 4
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Figure 4.11: Healing index obtained for samples with 5% air voids content that
have been subjected to thermal heating at different numbers of cycles and

temperatures and different distances ( 110¢cm, 70¢cm, and 30cm).
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4.3.5 Evolution of internal air voids distribution after heating

Air void conent is consiereda key parameter in understanding the thermal healing
of asphalt As explained in Section 3.the CT scan test was used to observe the dis-
tribution of the air voids within the materiad® samples with 5% and 21% air voids

content Resuls are shownn Figure 412. CT-Scans were repeated:

U Before applying any loading cycle to the samples,
U At theoptimum number of cycles for thermal heating (3562 cycles for 5% air
voids content and 445 cycles for 21%) before, and,

U After applying the heatg treatment.

It can be seen, first, that the initial average air void content matches the design content
with an error of less than 10%44% and21.67% respectively. In both cases, itis also
noticeable that the final air void content after applyirghiating tratment is signif-

icantly lower than the initial3.55% and18.8% (decreases @&0.9% and13.2%% re-
spectively). Since no compressive loads were applied during the thermal treatment,
theseair void content reductionsatchthe hypothesis giverbave that bitmen flows

into pores and cracks.

Additionally, the porosity of dense mixturissreducedy 20% of initial valug which
means that the bitumeouldbe able to flow and close the cracks, for this densification
to happenwhich could be theeason for thgprocessof selfhealing This hypothesis

will be proven in the following chapte

Finally, it can also be noticed that repeated loading cycles did not sigrifidansify

dense asphalt mixtures or chanigeir air void content distributim On the otler hand,
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in porous mixes, the material experienced an internal rearrangenaggrefjates and

a densification during cyclic loading

The thermal treatment did not significantly contribute to reducing the air void content
of porous asphalt,san this cag the bitumen could expand through a wide network of
percolated pores. Howevesnce the material cooled down, the new mix \wees-
ranged of the sampbnd, as result, the extension of its service life went further than

simply 100%, as destred inSection4.3.3
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Figure 4.12: Air voids distribution for samples with 5% (a) and 21% (b) after

production (new) and at the optimum number of cycles before (optimum) and

after applying thermal heating (healing).
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4.3.6 Thermal expansion of asphalt during the heating treatment

Moving to another key parameter that affects sbe#aling, thermal expansiomas
measured usiny aUniversal machinat theUniversty of Nattingham as shown in
Chapter 3 Section 3.9 he results of testanseebelowin Figure 413. To support the
hypothesis of bitumen expanding inside the internal pore network, thermal expansion
tests were carried out.dan be noticethat theheight of agphalt samples increased in
with increasing tmperatureduring the first stage of the teSthen, at around 40°C, the
viscosity of the binder reduced allow the samplgo collagse Additionally, it was

found that:

5% 10% 13% 21% 26%

Deformation (mm)

60

Temperature (°C)

Figure 4.13:Thermal expansion of asphalt samples with different air voids

contents and at different temperatures.
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I.  Only test samples with air void content up to 13% experienced significant ther-
mal expansion, and
Il.  The magnitude®f expanson is inverselyrelatedto the airvoid content in the

mixture,

Test samples with air void content lower than 13% presented low healing levels
(HI<0.5), where HI is derived shown in formula 3.1 in Section 3.5 in Chaptéd3
ditionally, the air void contdriendedo O after the heating taément. Finally, asphalt
mixtures with air void content lower than 13% experienced thermal expansion when

the temperature was increased

On the other hand, asphalt mixtures with air void content higher than 13%, presented
optimumnumber of cycles to applye heating treatment lower than that of asphalt

test samples with air void content lower than 13%.

It is therefore demonstrated that the reduced interconnectivity of pores of dense asphalt
mixture, and its consequentieed capcity to allow bitumerflow during heating, is

the most feasible explanation for the reduced healing capacity of dense asphalt mixture.

4.3.7 Influence of pore network connectivity on asphalt sethealing

Connectivity is another aspect that affect$-deealng in asphalt alsroadly explained
in Section 3.7.1. The results can see below in Figure 4.14. The pore network connec-
tivity of asphalt samples with various air void contents was evaluated through the Euler
number.The air void content at whicheliEuler rumber passes fropositive to neg-
ative, is the minimum content that produces the percolation of air cavities and creates

effective conducts able to transport fluids such as air, moisture or bitumen, between
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sample surfaces. As seen in Figur&é44the perolation of air vads happened at

around 13% air void content.
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Figure 4.14: Euler number obtained for test samples with different air voids

content.
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4.4 Summary of Chapter

This chapter hasxplored he effect ofair voids content and their interconnectivity on

the capacity of asphalt mixtures to heal fatigue cracks when a thermal infrared treat

ment has applied. Results have shown that the percolation of air voids is required to
optimise heahg resuls. In sample with a lower content, the thermal expansion of

bi tumen and its pow through cracks can ex
sequence, the internal pressure can increase enough to produce material damage in-
stead of healing. Theptimummoment in poous asphalt when healed the crack is

studied in the next chapter.
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Chapter 5: Optimum moment to heal cracks in

asphalt roads by means electromagnetic

Induction

5.1 Introduction

The main aim of this chapter ie provide an indiaion of the besimoment to heal

an asphalt road in order to repair cracks, something which has not been tested before
In Chapter 4, it was concluded that poragphalivas the mixture with highest natural
selthealing capacity. Furthermore, it was fduthat trere is an optimum moment
whenthe application of heat causes the highest life extension. The limitation was that
the duration of the heatingpplied by means of fra-red lampswas unrealistically

high to get benefits from the sdiealing.

For this reasa, Chapter Sill focus on using induction heating to accelerate the self
healing of asphalts and the studil be done @ porous asphalt (PA), since it is the
type of mixture with the highest healing capycihduction heating consisté mixing
electrcally conductive particles, such as steel wool fibres, into the asphalt naxidire

heating them when the roadrface starts developing cracks.
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By doing this, tle temperature of the bitumen around the metallic particles will in-
creasewhich will contribue toreducing theviscosity of bitumen, and the bitumen

will expand, which will push it into empty spaces, such as cracks or air voids.

5.2 Experimental program

This Chapter makes used of induction heating, which has been described in Section
3.6.2.The porais asphalt had 20 % air void contents and was composed of crushed

limestone aggregates, bitumen and steel wool fibre as shown in Table 3.4, see Section

3.2. The aggregate had maximum size 20 mm and deh5&% kg/mi, the gradation

is shown in Bble 3.4.Figure 5.1 shows a summary of all the tests done in this chapter.

[ Self-healing technique]

v
[Inductionheating]
)
v v
| Experimental tes) | Materials |
\ A
v v v ¥
Mechanical test to quai|| Additional ] Porous Aﬂ ‘ Steel fibre
tify the selfthealing testing phalt (1.1%)
A A
bending fatigue|| Tomograpy (CT Stiffness Modu-
test scan) lus (ITSM)

Air void distribution before and
after healing

Figure 5.1: Summary of the methodology used in Chapter 5.
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The different sample geometries used in thiapter were (i) 150 mm60 mm x ®

mm, (ii) 150mm x 40mm x 40mm, and (iii) 100 mm(diameter) x 40 mm (see the ge-
ometries in Section 3.4) for@oint bending fatigue (see Section 3.5), Computed To-
mography scans (see Section 3.7), and Indirect Tensile&x#fmodulus tests (see
Section 3.10), respectively. The loads were 1.25kN, 1.50kN, 1.75kN, 2kN, for-the 3
point bending fatigue and 0.7kN, 0.5kN for CT scan tests (see Figure B.5 in Appendix

B), which have been described in Section 3.5.

Finally, the percentage of steel wool fisteas ber shown in Table 3.3. The steel
wool had an average length of 1.4 mm and a diameter 40 um. Its content was 1.1 %

by mass of mix as shown in Table 3.4, in Chapter 3.

5.3 Resultsand discussion

5.3.1 Fatiguedurability of asphalt samples

Theloadng lewels thatwereused in this chapteare:1.25kN, 1.50kN, 1.75kN, and
2kN, see Sectio3.5. The results are presented in Figure 5.2, which shows the Weibull
distribution of the number of cycles resistgdtbe test samples under the action of a

range of lod levels.
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Figure 5.2: Probability of breaking the test samples at the load levels studied.

thesecurves represent the cycles resisted without resting periods. As in the previous
chapter, these curves haween usedo find No.s, which is the number of cycles when

the probability for breaking is 0.5.

Figure 5.3 shows the relationship betweer&hdthe maximum dynamic loads. This
is the Wohler curve. Increases in the load level produced exponentiai oedunthe

fatigue life
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Figure 5.3: Wahler curve for Nos probability.
Hence, theéNo 5 valuesfor 150x60x50 mrispecimensvere applied in different loads
as shown in Table 5.1, respectively. Furthemmtie No s values forl50x40x40 mr

specimens were 5503 and 602 when 0.5 kN and 0.7 kN were applied.

Table 5.1: Number of Cycles (No.s) with different loads applied.

Loads (kN) Number of Cycles
(No.s)
1.25 39240
1.50 20840
1.75 8020
2.00 2560
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5.3.2 Temperatures of asphalt test samples during the heatingeatment.

Heating treatment by mesofinduction heating for seliealingis shown in section
3.6.2. Theprotocolof indudion heating is seeim Figure 38 andanalysis data repre-

sented in Figuré.5.

The temperature of the samples waatinuously monitored during induction heating

by using an infrared camera (see Figure 3.8 Section 3.6.2 and Figure 5.4 shows the
sample under induction heating test).f@54 shows the temperature evolution of

an asphalt sample containing 1.1% of seder being heated for 2 min at the top,
centre and bottom of the samh®, for example, in Figure 12 in refereficH, which
repregnts a test sangthat was heated using an infrared light, the surface temperature

was higher than the bottom temperature

Coil —+— 185.3°C

—¢—

Asphalt + 106.4°C 10 mm

Figure 5.4: Infrared image of asphalt sample containing 1.1 % steel wool under

induction heating.
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