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BSTRACT

One of the essential phenomena that impacts on the properties of asphalt mix is the
self-healing. This phenomenon has been explored for about four decades. However,
many researchers are trying to investigate artificial methods to accelerate it. The pre-
sent study was primarily aimed to investigate the optimum moment in the life of
asphalt, where self-healing is maximized. Three different self-healing techniques
have been investigated, namely infra-red heating, induction heating, and encapsu-
lated healing agents. Accomplishing this aim would enable self-healing to be incor-
porated into a maintenance plan of the pavement.

This study commenced with a literature review concerning the asphalt self- healing
phenomenon, in order to identify the current gaps that must be researched. There are
no previous studies about the optimum moment to implement artificial self-healing.
For this reason, further research in this thesis was arranged to assess the self -healing
capability of hot asphalt mixtures in further detail. Three different asphalt mixtures
were used such as; Porous asphalt (PA), Dense asphalt (DA), and Stone mastic as-
phalt (SMA). Three methods were utilized to generate self-healing: Infra-red heating,
Induction heating and Capsules containing rejuvenators. In addition, many tests were
carried out : (i) 3-point bending fatigue test to quantify self-healing, (ii) X-Ray Com-

puted Tomography (CT Scans) to assess air void distribution before and after heal-



ing, and (iii) Additional testing related to self-healing for example; Thermal expan-
sion, Stiffness module’s (ITSM), and Fourier Transformed Infrared Spectroscopy

(FTIR). These test methods covered the three following aspects.

The first aspect of research used infrared heating to simulate solar radiation. It ex-
plored the effect of air voids content and their interconnectivity on the capacity of
asphalt mixtures to heal fatigue cracks when a thermal infrared treatment is applied.
Results showed that contiguous air voids are required to optimise healing. In samples
with a lower void content, the thermal expansion of bitumen and its flow through
cracks can exceed the pore network’s capacity. Therefore, the internal pressure can
increase enough to produce material damage instead of healing. Also, the fatigue life
of dense asphalt mixes is still significantly longer than that of porous asphalt mix-
tures. On the contrary, asphalt mixtures with percolated air void content got higher
fatigue life extensions than denser asphalt mixtures, to the point of tripling their life-

time.

The second aspect researched used another self-healing method namely induction
heating to evaluate self-healing ability. Electrically conductive particles in the form
of steel wool fibres were added into porous asphalt (PA). In previous publications, it
was found that this technique can significantly extend the fatigue life of the material
but the optimum moment to apply the treatment had still unknown not been investi-

gated in -depth by other researchers.

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

found to be at 35% of the failure life based on statistics and Computed Tomography



scans. The results also show that Induction heating reduces the diameter of the air

voids. As a consequence, this has lead to enhancement of the life of the pavement.

The third aspect considered of a study of the self-healing of asphalt mixture enhanced
by capsules. The self-healing properties of cracks were then examined under repeated
loading in dense, porous, and Stone Mastic Asphalt (SMA) asphalt mixtures, which
are the most commonly used asphalt types worldwide. The study determined the op-
timum time that is represented 35% of number of cycles No.s (probability of breaking)
when the capsules should break to maximise the self-healing. It also gave an insight
into the type of cracks that already heal and the breaking mode of the capsules due

to repeated loading.

Based on the results obtained for three aspects above, a good understanding of the
self- healing of asphalt was achieved. This thesis concludes by discussing these im-
portant aspects of constructing of pavements with high durability provided by self-
healing abilities. Self-healing asphalt is not only a dream; it works. In addition, po-

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

1.1 Background

Asphalt is a self-healing material; when a crack opens in it, bitumen can flow into and
repair the crack. This may lead to reduced maintenance, extend service life and de-
crease gas emissions [1]. According to reference [2], promoting the self-healing of
asphalt is the best way to improve the economic and environment sustainability of

roads.

The service life of an asphalt road is often approximately 20 years [3]. It deteriorates
because of the action of the environment (ageing, water ingress) and heavy traffic
loading. According to [4], to preserve the properties of asphalt until the end of the
service life of the roads, it should be maintained and repaired regularly. An example
of a maintenance technique for roads is crack sealing, which is used to repair cracks,

preventing further deterioration. Appendix A lists a fuller set of treatment.

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

not reduce the functionality of roads is required.



One of the most common failure mechanisms in asphalt pavements is fatigue damage,
which is defined as damage and deterioration of the structural capacity of a road, gen-
erated by a series of repetitive loads. This damage can be affected by different factors
such as loading type, [5], loading frequency, [[6] , [7]], working temperature, [[8] ,[9]]

and bitumen content in the mixture, [10].

According to reference [11], air void content is the main factor affecting the fatigue
durability of roads. These authors show that the air void content should be no more
than 3% to produce pavements with excellent strength, service fatigue life, durability,
and resistance to ravelling, rutting and moisture damage; however , according to ref-

erence [3], lower air void content could lead to bleeding of asphalt mixture.

According to reference [4] asphalt is as a self-healing material. Self-healing means that
when cracks appear in the road, they can automatically disappear. This happens if the
viscosity of bitumen is low enough and the cracks have enough time to close [2]. Since
the viscosity of bitumen is temperature dependant, temperature is one of the factors

that most affects self-healing.

This thesis focuses on self-healing of asphalt. Since, asphalt is self-healing material, it
means that when the crack appears it automatically starts to disappear. In this thesis,
different methods will be used to examine this phenomenon; firstly, by using infrared
heating to mimic solar energy; secondly induction heating to accelerate self-healing;

and thirdly, encapsulated healing agents to restore aged bitumen.

These methods have been carried out in three hot mix asphalt types, namely dense
asphalt, porous asphalt and stone mastic asphalt, because these are commonly used to

construct roads throughout the world.



1.2 Research motivation and problem statement

Asphalt mixtures are the main material used in the construction of roads across the
world; they consist of a mixture of aggregates and bitumen, [10]. The aggregates give
structural strength to the material, enabling it to resist the different traffic loads exerted
on the roads. Bitumen is a liquid with temperature-dependant viscosity that keeps the

aggregates together.

The durability of asphalt roads is between 15-20 years [12]. However, this durability
can be enhanced due to the material’s self-healing nature, caused by the bitumen’s
ability to flow and drain between the aggregates. If the viscosity is too high, for exam-
ple, at low temperatures, bitumen does not flow in the cracks. Therefore, lower viscos-
ity will accelerate the self-healing of cracks. Because of the high viscosity of bitumen,
the self-healing process can be very slow and cracks or potholes may develop faster

than they heal [2].

On the other hand, on sunny days the black colour of asphalt enables the material to
absorb a lot of solar energy. Consequently, the temperature of the asphalt increases,
and the viscosity of bitumen reduces. Thus, if a crack appears, it can be repaired auto-
matically as low viscosity bitumen will flow into the crack and seal it. Furthermore, in
very warm weather asphalt can begin to age and bitumen becomes stiffer, hence re-

ducing its ability to heal well.

To accelerate the self-healing, researchers have carried out investigations to develop
techniques that can artificially reduce the viscosity of bitumen. These include infrared
heating, induction heating, and capsules containing rejuvenators, all of which will be

evaluated in this Thesis.



Infrared heating is a technology that is widely used to repair roads [11]. It increases
the surface temperature of asphalt by using infrared lights as a heating source. The heat

Is simply conducted to the bottom layers of the road.

Induction heating consists of mixing steel or other metals with excellent electrical or
magnetic properties into the asphalt mixture. These conductive metal particles can be
heated up using an electromagnetic field, which reduces the viscosity of bitumen and
promotes its flow into the cracks. The dimensions of metal particles are typically less

than 1 mm in length and diameter [11].

The third method utilizes encapsulated oil, which is a good bitumen solvent. The cap-
sules are mixed into the asphalt mixture and typically have a diameter between one
and three millimetres. When a crack occurs, the capsule breaks and will release the oil,
which diffuses into the bitumen. Subsequently, the bitumen viscosity may reduce,

drain and fill the crack [12].

1.3 Aim and Objectives

Considering the statements above the overarching theme, is that this work concerns
the subject of the self-healing phenomenon and how can be integrated through the

use of different asphalt mixtures. The project aim is now stated regarding this:

e To investigate the optimum moment in the life of an asphalt, where a self-
healing technique can be applied, and the self-healing is maximised. Three dif-
ferent self-healing techniques will be investigated, namely infrared heating,

induction heating, and encapsulated healing agents.



e To investigate differences in the self-healing performance of asphalt using
infrared, induction heating, and encapsulated rejuvenators to accelerate the
self-healing.

e To investigate differences in the self-healing performance in different types

of asphalt.

e To give an insight into the asphalt properties that most affect the self-heal-

ing.

In order to given specific objectives of this study, but are not limited to the following:

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

The main objective is to understand the effect of air void content on the healing capac-
ity of asphalt mixtures. Since this is a fundamental study it was decided that natural,
i.e. infra-red, heating was appropriate. The factors analysed in this study are (i) the
extension of fatigue life, (ii) the optimum number of cycles at which to apply the ther-
mal treatment, (iii) the evolution of internal pore structure during both cracking and

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

e Optimum moment to heal cracks in asphalt roads by means of electromag-

netic induction

The aim of this objective is to provide an indication of the best moment to heal an
asphalt road in order to repair cracks, something which has not been tested before.

In order to accelerate the self-healing, electrically conductive will be added to the



asphalt, the advantage of electrically conductive asphalt is that it can be heated using
induction energy [2], which may lead to reduce the crack in roads[7], which will be
subjected to mechanical damage and, once it is cracked, heated by applying an alter-
nating electromagnetic field. In addition, in order to understand the optimum time to
apply the induction heating treatment and its effect on the material’s properties, fatigue

tests have been carried out at different loading levels.

e Influence of aggregate gradation on self-healing of asphalt enhanced with

capsules

This objective aims to evaluate the effectiveness of using encapsulated oil in order to
improve the self-healing properties of asphalt mixture with a range of gradations,
namely dense asphalt, porous asphalt, and stone mastic asphalt. It includes measure-
ment of the rate at which the oil is released from the capsules during fatigue cracking,
and the improvement of the self-healing. Furthermore, changes in the air void structure
due to cyclic loading and self-healing have been analysed and it has been found that
the gradation of asphalt is a critical parameter that influences the release of oil from

the capsules and therefor the self-healing properties of asphalt.

From the conclusions in the first objective, where in the first objective, it has been
found that porous asphalt shows a higher healing ability compared to denser mixtures
when infrared heating was used. Therefore, porous asphalt was used in the second
objective to evaluate the influence of induction heating to accelerate self-healing.
However, in the third objective three different mixtures were used namely, dense, po-
rous and stone mastic asphalt, all these materials were used to evaluate the influence

of capsules into the asphalt self-healing.



1.4 Thesis overview

This thesis is arranged into seven chapters; the organization of the thesis is as follows:

Chapter 1. Introduction: This chapter includes the background of the research project,

its motivation and the aims and objectives.

Chapter 2. Literature Review: This chapter explains the fundamental principles and

techniques relevant to this Thesis. These include types of hot mix asphalt, asphalt fa-
tigue cracking, the self-healing phenomenon, and the methods to improve the self-
healing artificially. In addition, in order to discover the research needs in the field of
asphalt self-healing, a critical evaluation of previous studies related to the self-healing

phenomenon has been made.

Chapter 3. Materials and Methods: This chapter summarizes the methodology fol-

lowed to accomplish the objectives of this research project. It also explains the char-
acterization of the different materials used. In addition, the materials that were used

to promote the self-healing, such as steel fibres and encapsulated oil.

Chapter 4. Effect of porosity on infrared healing: This chapter presents the experi-

mental results of self-healing promoted by infrared heating. Furthermore, this chap-

ter shows the effect of thermal expansion on self-healing.

Chapter 5. Optimum moment to heal cracks by means of electromagnetic induction:

This chapter presents the effect of using induction-heating to repair cracks in porous
asphalt. Porous asphalt has been used rather than other types of asphalt, because in

the previous chapter it was found that this is the material has excellent self-healing



properties. The chapter provides an indication of the best moment to heat an asphalt

road in order to repair crack.

Chapter 6. Influence of aggreqgate gradation on self-healing of asphalt enhanced

with capsules: This chapter presents the effect of adding capsules on the self-heal-
ing of asphalt mixtures with a range of aggregate gradations, namely dense asphalt,
porous asphalt, and stone mastic asphalt, which are the most commonly used as-
phalt types worldwide. Furthermore, the effect of cyclic loading on the air void

structure of these mixtures has been analysed.

Chapter 7. Conclusions and Recommendations: This chapter gives a reflective com-

ment on the various aspects of the project. The aims and objectives are restated,
summarising how each was achieved, to what level of success and what could be
done in the future to improve results. These leads to a list of recommendations for

future work.



Chapter 2: Literature review

2.1 Summary of the chapter

The goal of this chapter is to examine the published literature concerning the asphalt
self- healing phenomenon, in order to identify the current gaps that must be re-
searched. The chapter includes definition of the most commonly used types of asphalt,
its damage mechanisms, the self-healing properties, and techniques to improve the
self-healing. Finally, a critical evaluation is made in order to find the limitations that

need to be overcome on this topic.

2.2 Hot mix asphalt

An asphalt mixture is composed of aggregates and bitumen. In order to manufacture
hot mix asphalt, aggregates must be first heated above 100 °C to evaporate the mois-
ture, and the mixture of bitumen and aggregates can be made at temperatures ranging
from 140 °C to 180 °C. Hot mix asphalt is used in the construction of roads due to
qualities such as; durability, high resilience and waterproofing and it is used to protect
the foundations of a road from the direct action of traffic due to its superior stiffness
[13]. A pavement which includes hot mix asphalt, is composed of layers made of dif-
ferent materials, see Figure 2.1. The higher quality materials are closer to the surface

[14] and are designed to achieve the required skid resistance [15].



The failures that occur in roads depend mainly on the load that is carried and the be-
haviour mechanisms by which stress is transferred between the particles of aggregate

[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 properties of the components of hot mix asphalt such as bitumen, aggregate and
additives affect the performance of this mixture, in addition to the proportion of these

components in the mixture. The additives may be polymers, latex or fibres [17].

There are three main types of hot mix asphalt, depending on the purpose and grada-
tion, namely, dense-graded, stone mastic asphalt and open-graded 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 asphalt mixture is the material most commonly used worldwide to build road
surfaces. This mixture is well-graded, which means that the aggregate gradation is
designed to reach the highest aggregate density. It provides excellent resistance to wa-
ter penetration from the surface [20]. Dense mixtures contain fine and coarse aggre-
gates and, typical maximum nominal particle sizes of aggregates are 4.75 mm, 9.5
mm, 12.5 mm, 19.0 mm and 25.0mm. Furthermore, typical aggregate and binder con-
tents in dense graded mixtures are approximately 95% and 5%, respectively, of the

total weight of the mixture. See Figure 2.3 for an example [21].

An advantage of dense asphalt mixture is that its low air void content, typically be-
tween 3% and 8% [23], inhibits the entry of water into the pavement, which may be
one of the main factors affecting the durability of the road, causing dislodging of ag-
gregates and bitumen loss [23]. In order to ensure mixture workability, the denser the
mix, the higher its resulting strength will be, and the strength is a significant property
of the mixture. The strength is achieved by using a broad range of particle sizes; usu-
ally the maximum size is 40 mm or less, however, it should be no more than 30% of

the layer thickness [15].
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Figure 2.3: Typical gradation curve of dense graded asphalt, [20].

2.2.2 Stone mastic asphalt mixture

Stone mastic asphalt is a gap-graded mixture [25], in which intermediate sizes of ag-
gregates are missing, in order to create a strong skeleton of stone and to allow space
for the fine aggregate and bitumen [26].This mixture became widely used in USA,
Asia, South Africa and Australia to construction the roads in high traffic loading
[27],[28],[33]. This mixture is used because it is more stable [29], sturdier, and shows
improved fatigue behaviour, tensile strength [30], reflection crack and rutting re-
sistance when compared to dense asphalt mixture [31], as well as higher resistance to
thermal and cracking [32]. The strength of stone mastic asphalt is given by the coarse
aggregate-to coarse aggregate interaction. The gradation of SMA is gap graded, where
the mastic is fill of voids rather than air [33]. The rich bitumen content provides high
durability, however, create a strong skeleton of stone gives a deformation resistant

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

2.2.3 Open graded asphalt mixture

Open-graded asphalt is a mix that is designed to be permeable to water[35]. It is de-
signed with a high air voids content in excess of 20% [36] by mixing crushed rock
and a percentage of fine particles [37]. This material has very good friction at high
speeds, reduces spray and may also reduce noise of traffic [39]. The FHWA (Federal
Highway Administration) [38] reported that 1.25 of the 5.8 million vehicle crashes per
year in the United States are weather-related. One of the ways used to solve this issue
is selecting paving materials to decrease the potential for hydroplaning while provid-
ing a long-term performance, and open- graded asphalts allow this problems include
the fact that the pores in this asphalt tend to clog [40] and that it has lower durability
than dense asphalt or stone mastic asphalt .Finally, porous asphalt is more expensive

per cubic meter than dense asphalt mixture, but the unit weight of the mixture when
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in-place is lower, which partially offsets the higher per-ton cost [41]. Figure 2.5 shows

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 now move to the fatigue characteristics of asphalt. Fatigue cracking
is one of the most common failure mechanisms in asphalt roads. In flexible pavement,
fatigue is produced by repeated heavy axles loads, causing the layer of asphalt to flex,
as shown in Figure 2.6. Cracking is produced of the repeating by horizontal tensile
stresses and strains which are induced by the repeated cyclic loading and unloading
action [42]. Fatigue failure happens when the number of cumulative loading cycles
exceeds the fatigue capacity. Fatigue cracking is often first visible as a fine a longitu-

dinal crack in the wheel path [43].
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From the asphalt pavements agencies , fatigue cracking is illustrated as an accumula-
tion of damage and deterioration of structural capacity produced by a series of repeated
loads [15] defining damage as decrease in stiffness of the pavement structure under

repeating loading.

Fatigue cracking is one of the major distress modes of asphalt pavements. Basically,
the study of asphalt materials fatigue has been made analyzing their fatigue laws.
These fatigue laws are obtained by mathematical relationships between the imposed
strain and the number of cycles needed to fatigue the mixture. Usually, laboratory tests

were used to find fatigue laws.

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

Base
Suborade Repeated / = Leads to
Deformation Rutting

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

Van Dijk [46] stated that that fatigue-cracking development is a three-stage process;

The first stage is the crack initiation stage that produces hairline cracks. This is only a
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small portion of the fatigue life. In the second stage, hairline cracks widen and a net-
work of cracks form which propagate because of tensile strain. The number of load
repetitions required to reach this stage is 4 times larger than that required to reach the
first stage. Finally Stage three is where real cracks are formed. The number of load
repetitions required to reach this final stage is more than 20 times larger than that
required to reach the first stage. Apart from traffic loading and temperature variation,
fatigue life of a pavement can be affected by mode of loading, loading pattern and

mixture variables. [48].

The asphalt mixtures have complex behaviour, their response depends on tempera-
ture[44], degree of humidity, speed of load application, and stress level, inter alia.
Thus, researchers sought to reproduce highway conditions in the laboratory, as far as
this is possible. However, due to the substantial difficulty of this task, conditions which

are impossible or difficult to reproduce are simplified[45] .

The mode of loading could be either stress controlled, or strain controlled [48]. In the
controlled stress mode of loading, the stress is held constant and the strain gradually
increases as the specimen is damaged until failure. In 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 of traffic and environmental conditions to ensure adequate pavement ser-

vice life. n [49],[50].
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Figure 2.7: Fatigue crack (author, Siham Salih).

When a tensile strain exists, a crack can happen anywhere [54], an example of fatigue
crack in Nottingham city see Figure 2.7. Three areas are distinguished such as Firstly,
under a load in the lower part of pavement layers. Secondly, in the tire tread of the

contact surface area and Finally, on the surface on the edges of the load part.

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

load is applied, as shown in Figure 2.8.

Figure 2.8 illustrates the direction of the applied loading which causes fatigue failure
in each type of test. There are many advantages and disadvantages to each test. The
methods assess fundamental properties of fatigue test in varying apparatus types. Var-

iables are:

17



The configuration of loading,

Stress distribution,

Loading wave form, and.

Loading frequency,

Zeiada [18]. and Pell [52] stated that field stresses are three-dimensional, and tri-

axial loading best replicates these stresses.

Furthermore, due to the specimen’s trapezoid shape in the two point-loading, there-
fore, is considered advantageous because it does not induce a stress concentration at
the point of loading. Meanwhile, Hung,[53] recommended using the four-point loading
and the three-point loading because the middle third part of the specimen has a constant

bending moment.

For this reason, the specimen will fail at any weak spot that there may be in the material
due to non-uniformity. Since, asphalt is considered a non-homogeneous material, the
results of this type of testing tend to be more consistent [53].Previous researchers have
specified that failure in a fatigue test occurs when the sample is broken into two pieces

and has collapsed at the end of the test due to tensile strains [55].
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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 two mechanisms that lead to deformation of the
asphalt’s aggregate skeleton under strain (i) compression at particle contacts and (ii)
inter-particle slip, combined with particle rotation and separation. This process leads

to gradual weakening of the structure and causes fracture.

According to Little [57], fatigue is a two-stage process, (i) micro-crack growth and
healing and (ii) macro-crack growth and healing. The growth of micro-cracks leads to
a series of macro-cracks [58]. The mechanism of fracture also depends on rest periods
between the loads and temperature, the critical situation being when there is a decrease
in temperature, because the binder stiffens, and with reduced rest periods, because the

self-healing is reduced.
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The inter-particle movement is restricted when the binder is stiffer, which will lead to
an increase of stress in the bitumen, which may increase the cracking probability [15].
With high temperatures, the stress is decreased in the binder, and the phenomenon of
healing can occur, where the viscosity of bitumen decreases and it flows into the frac-

tures [[59],[60]].

In addition, rest periods (periods without loading) and higher temperatures promote
healing of the fracture areas due to the decrease of bitumen’s viscosity. So far, there is
no model of pavement degradation that incorporates the self-healing, partly because

the phenomenon is not well understood.

2.4 Self —Healing Materials

Self-healing has been recognized for many years by pavement engineers, and research-
ers have detected the great healing potential of asphalt. Researchers have suggested
various novel methods to make and develop the capability of self-healing in asphalt
mixture, and therefore, to increase the service life of asphalt roads [60]. Asphalt is
generally a required material in roads engineering. However, after many years of ser-

vice, asphalt pavements become damaged under cyclic vehicle loading.

With time, asphalt binder becomes brittle due to ageing and environmental effects, and
as a result, the micro-cracks start and then grows to a larger size which increases the
damaging process and finally leads to distresses types such as ravelling, potholes and
cracking. Bazin [62], stated that the temperature was related with the healing phenom-
enon in asphalt mix after loadings. Since then, the healing phenomenon in bitumen has

drawn the attention of several researchers.
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e Concept of asphalt self-healing

Self-healing is known as the capability of a material to automatically heal (repair) the
cracking happening through its service life [[59],[63]]. The first attempt to design an
artificial self-healing composite was done in 1994 by Dry [64], see Figure 2.9. Two
approaches were tested. In the first approach, see Figure 2.9 (a), a fibre filled with
methyl methacrylate was placed inside a hard, polymeric matrix. When a crack ap-
peared in the matrix, heat was applied, which melted the wax and released the methyl
methacrylate into the crack. Heat also helped the methyl methacrylate to polymerize

and close the crack.

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

which filled the crack.

Fibres coated with Wax and filled
with Methylmethacrylate
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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 self-healing material, since it can repair its cracks autonomously
and recover its stiffness and strength when it is subjected to rest periods [65]. The self-
healing ability of asphalt mixtures has been noted both in laboratory tests and in the
field since the 1960s [[63],[64]]. See Figure 2.10 for an example of self-healing of

cracks in asphalt.

5 min

15Smin @ 20min 25 min

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

Usually, the analysis of fatigue in asphalt is carried out by means of fatigue laws which
are represented mathematically by the relationship between stress or strain and the
number of load cycles [65] The fatigue laws are obtained from experimental studies in
the laboratory, usually with a dynamic test with loading cycles which are repeated

continuously without any rest period 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 contrast, Figure 2.11 (b) shows the pavement which is exposed to loads with rest
periods and related to the time that passes between two sequential axles of the same of

vehicles or the time between vehicles [67].

Figure 2.12 shows that the modulus value during a fatigue test is reduced according
to the curve ABD, if a rest period is inserted into the test, author showed that a resto-
ration of modulus occurs (AM=C-B), implying that mixture healing has taken place

during the rest period [[67],[68]].

After a rest period, Castro [67] explained that the modulus would follow the curve
(CE), which implies that an additional number of cycles AN = F-B has been added to
the material’s life After F, the shape of the curve is almost parallel to that obtained

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

According to Bazin [62] asphalt concrete beams at a temperature of 25 °C would re-
cover 90% of their original resistance when left to rest under pressure, after testing to

failure under uniaxial tensile loads.

2.6 Capillary flow

Capillary flow of bitumen can be considered a key factor influencing asphalt self-heal-
ing [69] see Figure 2.13. The reason is because bitumen may behave like a Newtonian
fluid at temperatures ranging from 30°C to 70°C when the temperature is high enough
[70]; viscosity starts to reduce at the higher temperatures, leading to the closing of

cracks in the asphalt, through a sort of capillary flow [71].
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Figure 2.13: Capillary flow experiment,[139]

This contributes to the flow of bitumen through the cracks by the effect of surface
tension and gravity [72]. Since gravity is a very important parameter influencing the
self-healing of asphalt, the capillary flow of bitumen improves and the healing is faster

when the cracks are deeper within the pavement [72].

Furthermore, the viscosity of bitumen decreases with the increase of temperature,
which may lead to an increased rate of capillary flow [73]. According to [74] the sof-
tening point of bitumen can be used as an ideal healing temperature for base asphalt

binders.

e Explanation of self —healing of asphalt mixes

Healing is the phenomenon 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 researchers [[75]- [77]]. In general, it is believed that there

25



Is a relation between healing and the sol-gel properties of bitumen [77]. Bitumen is
considered as a binder (colloidal) system, including high molecular weight asphaltenes
micelles scattered or resolved in the lower molecular weight oily melting bitumen
[[78],[75]]. In the sol-gel bitumen system, the conversion occurs reversibly from sol

to gel or gel to sol due to the changing of temperatures or stresses [80].

At high temperatures, the structure of bitumen transforms from sol to gel, and the heal-
ing may take place Bonemazz [81]. If there is enough time, the cracks can be filled,
and the self-healing completed. However, at low temperature, recovery would only be
partial, because rest periods do not allow the healing of the structural damage growth
caused by the loading cycle [82]. Also Garcia [83], stated that the viscosity of bitumen
plays a vital role in the ability of self-healing to stop the progress of cracks and restore
the asphalt properties. Increasing temperature leads to high workability and recovery
of properties [84]. Furthermore, Garcia, [71] stated that self-healing could be artifi-
cially induced by increasing the temperature of the road. Consequently, the self-heal-

ing of asphalt can be induced by temperature increases [72].

Furthermore, Garcia [83] found that rest periods during cyclic loading improved the
self-healing, since this led to increased bitumen flow. For example, Norambuena [85]
had resting periods in the middle of the tests. Their results showed that there was an
extension in fatigue life by more than 100%. These conditions are unlikely to apply to

a real pavement because there will not be enough time for such rest periods.

The fatigue and healing process for cracks are summarised in Figure 2.14, which
shows that the mechanism of failure and healing is a three steps process. The first step

of crack self-healing in asphalt is flow, which is the development of the contact points
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between two cracked surfaces. Flow rate is impacted by the mechanical properties of
the material, for example remaining confining stress, brittleness of bitumen and its

visco-elastic properties, and in addition surface free energy of bitumen[86].

According to [87], the second step is wetting of bitumen molecules between both faces
of a crack and the homogenization of the healing material. Also,[87] stated that the

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

Furthermore, Qiu [88] showed that the crack width is an important factor that could
impact on the ability of healing in asphalt because bitumen has to flow further within

the asphalt. Wider cracks imply less healing [66].

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, Porto [89] found that the softening point temperature of bitumen and there-
fore, the optimal self-healing temperature increased with ageing. However, the heal-
ing level of binder increased slightly when the temperatures exceeded the softening
point [90]. Consequently, the minimum healing time for asphalt depends on the tem-
perature and binder type, where the healing time decreases with the increase of heating

temperature and higher penetration grade of bitumen [75].

2.7 Factors influencing Self —Healing of Bituminous Materials

2.7.1 Internal Factors influencing the self-healing

The main internal factors influencing the self-healing are physical properties such as

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

e Physical properties

Several researchers such as [[91],[92]] have mentioned that the bitumen has higher

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

e Chemical composition

In general, many researchers such as [93] have demonstrated that the chemical com-
position of bitumen and aggregates is considered a strong factor that has an impact on
the potential of healing for bitumen. According to [94], different bitumen vary widely
in aromatic, amphoteric, and wax content, and the researchers found that better healing

occurs with high aromatic and low amphoteric contents .
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Kim ,[94], used the methyl plus methylene hydrogen to carbon (MMHC) ratio to assess
the self-healing of bitumen. The methyl and methylene hydrogen to carbon (MMHC)
ratio is the ratio of the number of methyl and methylene hydrogen atoms to methyl and
methylene carbon atoms in independent aliphatic molecules or aliphatic series attached
to cycloalkanes or aromatic centres. This ratio can be determined through Fourier
Transform-Infrared spectroscopy (FT-IR) and Nuclear Magnetic Resonance (NMR)
measurements. It was shown that a higher MMHC ratio corresponds to a lower healing

capability.

e \olumetric properties

Asphalt mixtures, [92] have higher self-healing potential with an increase of voids
filled with bitumen (VFB). Francken [95] stated that healing increased with a decrease

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

On the other hand, Lee [96], found that additional factors that affect the healing prop-
erties of asphalt mixtures are the aggregate interlock, and film thickness, rather than
modifications by polymers. In addition, Lee [96], noticed that SMA mixes have

higher self-healing ability when compared with other types of asphalt mix.

e Modifiers

Bahia,[97] tested eight samples, two bitumen’s without a modifier, two bitumen mod-
ified adding plastomers, two bitumen with added elastomers, and two modified by
oxidation. This author found that the modified binders all had a better healing potential

than the raw binder.
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Therefore, polymer modifications can improve the healing performance. Lee, [96]
compared the healing of asphalt mixtures with different modifications, namely: Sty-
rene Butadiene Styrene (SBS), Styrene-Butadiene Rubber (SBR) and Gilsonite (GIL).
Lee, [96], found that adding SBS into the asphalt mix gave the best performance for
fatigue, rutting and healing. However, Kim, [98] investigated the impact of adding
SBS to the asphalt mixture on crack healing, and found there was only a small positive
effect on normalized healing rate of mixture. Van [100] noted that there is a distin-

guishing difference between the healing ability in laboratory.

e Ageing

According to Little aged and field aged mortar samples. Van de bergh stated that a
laboratory aged mortar shows a higher ability of healing compared to the raw mortar
in stress controlling fatigue healing [99]. However, a field aged mortar, that has a same
rheological and chemical properties as the laboratory aged mortar, shows a lower in
healing ability compared to the virgin mortar. In addition, Liu [101], stated that ageing
simulated in the laboratory showed a little decrease in the healing ability.[102] stated
that bitumen ageing has a negative impact on the healing ability of asphalt and caused
low healing performance of asphalt concrete, however, Oil of cooking can be improved

healing performance and aged binder

2.7.2 External Factors

e Resting periods

Many researchers have confirmed the positive effect of rest periods on healing [[63],

[66], [72], [103],[104]] , showing that the healing potential increased during the rest
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period. In addition, rest periods aid the recovery of stiffness and strength of the mate-

rial, also prolonging the fatigue life of the asphalt mixture.

Qiu stated that rest period can increase healing ability are ranging from second at
least in the intermittent loading related healing to up 100 days in fracture related heal-

ing in asphalt concrete[88]. .

e Heating and Temperature

Temperature is considered an important factor that impacts the self-healing of asphalt
mixture. It is apparent that when temperatures increase [93] , self-healing is increased
also and it occurs more rapidly [103]. Bhasin, [105] evaluated the effect of thermal
treatment on the fatigue life of asphalt concrete. Garcia, [66], explained that the self-
healing rates change with the temperature and that this could be explained by means

of the Arrhenius equation.

e Damage level

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

healing of macro-cracks does not happen [113].

e Loading methodology

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

mixtures [[114], [115], [116]]. Figure 2.15 illustrates the boundary between micro-
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and macro- damage during crack growth [117]. Zhang [118] stated that macro-cracks
are not formed so long as a specific load threshold is not exceeded. The micro-crack

is automatically healed by the aid of temperature or rest periods.
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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 macro- cracks do not heal even through there are
rest periods or temperature increases. Furthermore, Lytton et al. [107] have developed
a constitutional model for predicting the progress of damage in asphalt mixture, which
could address controlled stresses and strains, and randomly applied loading and rest

periods.

e | oad level

The impact of load level on self-healing has been widely noted in fatigue-related heal-
ing tests with intermittent loading [100], it appears that there is a negative impact on
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the proportional fatigue life extension caused by healing when at a high tensile stress/
strain level [101]. Qiu [120], developed a two-phase healing test to examine the self-
ealing behaviour of pure bitumen. Two phases were distinguished: firstly, is the initial

healing phase that happens due to time-dependent healing and secondly gap closure.

e Compressive stress

Bazin [62] noted that applying a compressive stress to the fatigued or fractured sample
could lead to accelerated healing. Because this compressive stress can increase the

contact between the broken surfaces during the period of healing [[106],[121]].

o Moisture

Qiu [88] pointed out that moisture does not affect the healing. On the other hand, Qiu

found that the water has a negative impact on the healing of an adhesive bond.

Thus, there are several factors affecting the healing rate of asphalt mixtures be, and

they are summarized 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 Self-Healing Techniques for Asphalt Pavements

The ability of self-healing in asphalt was recognized about five decades ago [[52],
[62], [91]], and is the capability of repairing crack damage caused by ageing and ex-
ternal factors, for example, a changing climate. The natural self-healing in asphalt
pavements may need many days to happen. However, there is an obstacle represented
by the continuity of traffic flow. Therefore, researchers have tried to find techniques
that increase the rate of asphalt self-healing and prevent further degradation and crack
propagation, [[122],[123]]. The sections below summarise the existing methods of ar-

tificial healing.

34



2.8.1 Induction heating of asphalt concrete

Induction heating is a technique which is used to heat asphalt mixture locally in order
to recover the mechanical properties of the material [124]. The technique works by
adding conductive materials such as steel fibre within the asphalt mixture in order to

increase the temperature of the material by means of an electromagnetic field [125].

Feedback system |

ol ”

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 Henry also discovered it independently, according to Texas
University [126]. An alternating magnetic field will induce currents in an electrical
conductor. The generating of electrical currents in a conductor by means of an alter-
nating magnetic field is called Faraday electromagnetic induction. Also, Figure 2.16

illustrates the basic components of induction heating machine.

The flow of induced current, combined with the electrical resistivity of the conductor

creates heat by the Joule effect, the process called induction 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 flame or other heating methods:

¢ Induction heating can convert up to 90% of its energy into heat.

e Induction heating is achieved without touching the asphalt during
heating; therefore, the material is not damaged perhaps during heating.

e Depending on Joule’s law for heating, the material is heated from within.
Therefore, there will be warping and deformation.

e Heating develops immediately and works quickly. In addition, induction
heating can be started instantly; therefore, there is no warm-up or cool-down
cycle.

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

In asphalt, induction heating heats only the mastic without damaging the aggregate.
Therefore, this is considered an exclusive benefit for asphalt mixture. Induction heat-
ing has wide applications in modern industrial processes such as bond 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 an application of induction
heating to different asphalt mixtures is to prepare them as electrically conductive, such
that they can be heated with induction energy. Many researchers have been successful
in preparing conductive asphalt mixtures,[126]. The following paragraphs will give a

brief review on conductive asphalt concrete.
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e Conductive asphalt concrete

It has already been said that asphalt needs to be electrically conductive in order to
induce energy using an electromagnetic field. To achieve electrically conductive as-
phalt, graphite or fibres which are considered conductive component, have been added
to the mixes[126]. The first attempt to make electrically conductive asphalt dates back
to the 1960s, and it was for control of the accumulation of snow and ice130]. This

conductive asphalt mixture was made by the addition of graphite.

Wu et al. carried out research into the electrically conductive asphalt mixture at the
Wuhan University of Technology [131], by adding electrically conductive carbon fi-
bres, carbon black or graphite to asphalt for melting the ice or for self- monitoring. Wu
et al [131] explained that the conductivity of an asphalt mixture is proportional to the
volume of graphite or electrically conductive fibres added. On the other hand, adding
electrically conductive additives above a certain percentage does not decrease the re-

sistivity and influences the mechanical strength and the workability of the mixture.

Wu et al. [131] showed that adding conductive fibres into the mixture is more effective
than adding graphite or carbon black to increase the electrical conductivity. Further-
more, Garcia et al.[132] made conductive asphalt mastic by adding steel fibre to the
mixture and used induction heating to heat the sample [2] in order to improve its self-

healing properties.

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

tivity cannot be improved any more.
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e Healing of cracks though induction heating

Garcia et al. [132] tested the healing by means of three-point bending to produce
cracks crossing the specimen. Afterwards, they heated the samples for various periods
of time ranging from seconds to hours and temperatures, such as 15°C, 30°C, 40°C,
50°C, 70°C, 90°C, and 100°C. After that, the samples were broken again by means
three-point bending to measure how much the sample resisted the failure. The healing
level of these asphalt mastics was calculated as the ratio of the ultimate force of the

beams 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 incident light hits the asphalt’s
surface, part 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 heating heats the asphalt from within, it
is a much faster method. As an example, Ajam [72], stated that infrared heating re-
quired at least 200 min to complete the healing process, while in induction heating this

time could be reduced to under 2 min [126].

2.8.3 Liquid-based self-healing material systems

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

restoring its initial properties [133].
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The rejuvenators’ purpose is to recover the initial properties of the old bitumen by
adding, for example, a small amount of oil or raw bitumen. The rejuvenator is de-
scribed as a softer grade raw bitumen or recycling agent specifically designed to reduce
the viscosity. However, Sirin [134] explained the rejuvenators purpose as to penetrate

a little into the asphalt concrete and soften (rejuvenate) the bituminous binder.

Their limitation is that they may reduce the skidding resistance of the road [135]. To
avoid this problem, researchers have added microcapsules containing healing agents
to the asphalt [136]. The objective is that when crack damage happens, the microcap-
sules break and the healing agent diffuses into the crack, reducing the viscosity of

asphalt, which can drain into and fill the crack.

o Mechanism of asphalt self-healing by the action of capsules

During production, capsules are mixed with the asphalt materials, and the capsules
have to resist all the loads caused by traffic, temperature [2] and those that occur during
mixing. A capsule first suffers a shape change due to compressive loads that occur by
an elastic response, without any damage. If this load is sustained, the capsules will
undergo permanent deformation and rupture, allowing the rejuvenator to diffuse out

of the capsules.

Garcia [142] in Figure 2.17 explained the working mechanism of capsules. Initially,
asphalt pavement containing capsules sustains the traffic load, as shown in point 1 in
Figure 2.17. After many years the stiffness of the asphalt increases, and the distribution
of the force changes the capsules’ surface. Therefore, due to all the traffic loading and
asphalt ageing, the capsule will break, as shown in point 2 in Figure 2.17. If loading

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

the rejuvenator coming out, Figure 2.17, 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 their content during mixing
and compaction [135].Additionally, Garcia.et al, [136] found out that all the capsules
in an asphalt crack surface broke during indirect tensile fatigue tests. In addition, cap-

sules may have a negative impact on the asphalt 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 stronger capsules [137]. In addition, capsules could lead
to increased permanent deformation in asphalt [138]. Figure 2.18 shows a capsule bro-
ken during direct tensile test. In addition, Al Mansouri [140] found that up to 80% by

volume of healing agents was released by the capsules during cyclic loading.
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Figure 2.18: A capsule broken during inderect tensile test , after [142].

Al Mansouri[140],] showed that capsules promote the healing of asphalt up to 30°C;
at temperature above those, there is no difference between asphalt with and 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 experiments. Furthermore,
the amount of oil released from the capsules increases with the increasing percentage
of oil in the material. Erkut, [143] recommended that the diameter of capsules was 2.5
mm and their sunflower oil content 75% by volume. From all these results, it is yet
unclear when do the capsules break, or if there is an optimised strength and size for

the capsules.

The behaviour of capsule in asphalt self-healing was successful, enabling it to rejuve-
nate the aged binder. However. these capsules cannot be able to reuse after they are
cracked in which considered one of disadvantages in using. This issue can be studied

and recommended with future work.
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2.9 Summary of literature review

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

Asphalt mixtures can recover their strength and stiffness when allowed to

rest and if the viscosity of bitumen is low enough.

According to the literature review, the temperature and viscosity of bitu-
men are considered as the dominant factors that affects the self-healing

behaviour of asphalt.

The self-healing of asphalt can be promoted by artificial techniques such

as induction heating and encapsulated rejuvenators.

Induction heating consists of adding metallic particles to the asphalt and
heating them using an electromagnetic field. As a result, bitumen melts
and can fill the cracks. This accelerate the self-healing from hours or days

to minutes.

Encapsulated rejuvenators are drops of oil protected during mixing, com-
paction and the road’s lifetime by hard shells. They are designed to break
when cracks appear; because of the release of the oil, the bitumen melts,

drains and fills the cracks.

Finally, there are no previous studies about optimum moment to imple-
ment the artificial self-healing. For this reason, the work will focus on

this study.
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Chapter 3. Materials and Methods

3.1 General

The main objective of this thesis is to assess the self-healing of cracks in different hot
asphalt mixtures. The chapter has been divided in two parts. The first part describes
the different materials that were used in the present study. The second part summarizes
the methodology followed to accomplish the objective of this research project. In Ta-

ble 3.1, the reader can find a summary of 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 as-
Porous asphalt ohalt Porous asphalt
Materials Dense asphalt Dense asphalt
Stone mastic as-
phalt
Self-healing induced by:  Infrared heating Indu_ctlon _Capsu_les contain-
heating ing rejuvenators

Mechanical test to quantif
the self-healing
X-Ray Computed To-

3-point bending

Air void distribution before and after healing

mography (CT Scans)
Stiffness Fourier Trans-
.. . . formed Infrared
Additional testing Thermal expansion 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 used. The density was 2.67

g/cm?. Before using them, the aggregates were dried at 160°C for 12 h to remove all

the moisture. In this study, the nominal sizes of gradation were the following: 20mm,

14mm, 10mm, 6mm, and dust (i.e. < 4mm). The gradation of each nominal size is

presented in Table 3.2,

Table 3.2: Aggregate size distributions used.

20mm 14mm 10mm 6mm Dust
S_ieve
size _ _ _ _ _
(mm) R%t/?m Pass. % Re(;oam P?/is' Rei;oam Pass. % Rit/fm Pass. % Re(f/ao M| pass. %
315
20.0 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 3.13 181 38.5 23.56 4.32 95.68
4.0 0.01 0.73 0.56 125 20.35 3.21 70.66 25.02 1.02 98.98
2.8 0 0.73 0.1 1.15 197 1.23 19.82 5.2 4.98 94
2.0 0 0.73 0.05 11 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 0.12 211 16.75 42.73
0.25 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 0.1 191 54 18.79
Pan 0.63 0.02 0.79 0.01 0.83 -0.02 19 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 pen, with density 1.028g/cm3 was 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

Below the reader can read a description of the additives used in each of the chapters in

the Thesis (see 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 wool fibres were added to the asphalt as a means to accelerate the self-healing
process by increasing the temperature of the asphalt (see Chapter 5). This product is
as a very fine fibre as shown in Figure 3.1, the range of diameters used was from 16pum
to 72um (the average was 40um) and the length was from 0.15 mm to 5mm (average
length, 1.4mm) (see Figure B.1 in Appendix B) with a density of 7.220 g/cm?, see
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Figure 3.1 The steel wool fibre content was 1.1 % by mass of mix as shown in Table

3.3.

3.2.3.2 Encapsulated healing agents

Capsules have been used in this thesis as a method to accelerate the self-healing of
cracks in asphalt (see Chapter 6). They are spherical particles of between 1-2 mm di-
ameter that consist of a liquid core protected by a porous membrane able to resist mix-
ing and compaction. The composition of the capsules used in the Thesis is sunflower
oil as the healing agent, 75% by mass, and calcium-alginate as the membrane 25 % by

mass [143] see Figure 3.2.

Steel Fibre

Figure 3.1: Steel wool fibre

The capsules have been previously described by several researchers and it is not the
objective of this Thesis to explain how to make them or how their diameter or strength

influences the functionality of an asphalt mixture. The manufacturing method can be
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found in [143]; their mechanical and thermal properties in [143]; and the properties of
asphalt containing capsules in [143]. In addition, examples of capsules made by other

researchers can be found in references [134]-[140],[142]- [146]].

Figure 3.2: Capsules used in the study.

3.3 Asphalt mixture’s composition

The types of asphalt used in the Thesis are summarised in Table 3.4. In Chapter 4,
Dense Asphalt (DA) (also called 5% because of its air void content) and mixtures with
10%, 13%, 21%, and 26% air void contents were used according to reference[164].In
Chapter 5, Porous Asphalt (PA) with fibre addition was used. The steel wool had an
average length of 1.4 mm and a diameter 40 um. Its content was 1.1 % according in
reference [152] by mass of mix as shown in Table 3.3. Using of porous asphalt in
Chapter 5, therefore, it recommended of chapter 4. In Chapter 6, Dense Asphalt (DA),
Stone Mastic Asphalt (SMA), and Porous Asphalt (PA) were used, with and without
capsule addition. These mixtures were selected because of their variety of air voids (to

know the influence of air voids on the self-healing, in Chapter 4) and representative of
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the most commonly used surface courses in Europe. The percentages of self-healing

additives in each mixture are presented in Table 3.4.

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

Name ofthe mix-  pa sen 1006  13%  21% 26%  PA  SMA

fure:
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 83.3 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 23.1 135 44.3 58.4
4 34.3 29.5 29.5 17.8 114 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 10.3 155
0.5 12.9 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 51 35 4.6 7.4
0.063 6.5 5.7 5.7 4.1 2.9 3.6 6
Bitumen 470% 450% 420% 3.30% 2.70% 4.50% 5.90%
Fibres* 1.10%
Capsules* 0.50% 0.50% 0.50%

* There are mixtures with and without fibres and capsules. Those without self-healing
additives had the same aggregate gradation

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

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

maximum size for DA and PA was 20mm, and 14mm for SMA. The air void contents

48



measured are shown in Table 3.4. In addition, asphalts with and without self-healing
additives were manufactured. These mixtures were used in Chapter 6, and were de-
signed according to references [147], [148] and [149],[164] with different amounts of

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

To promote the self-healing, 1.1% of fibres was added to PA, according to reference
[152], which is the optimum amount of fibres that maximises the healing and does not
affect the mechanical properties, and 0.5% of capsules was added to DA, PA, and
SMA, according to advice reference [143],[154]. The asphalt mixes design, the ma-
terials additives, air voids content and bitumen content will be used in all the chapters

are summarized 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 [151]. Asphalt was manufactured by mixing the pre-heated materials at 160°C (12
hours for the aggregates and 2h for bitumen). The materials were then compacted using
a roller compactor to make slabs until the mixtures reached their target air voids con-
tent. In the Thesis, slabs (to cut beams), beams, and cylindrical test specimens were
manufactured. Asphalt slab and cylindrical test specimens were manufactured follow-
ing standard procedures [155]. The slabs dimensions were 307 x 307 x 50 mm3.The
beams were 150 x 60 x 50 mm?, and the cylinders, 100 x 40 mm?, (see Figure
B.2(stages of preparing the samples), and Figure B.3, Appendix B). 8 beams were cut

from each slab. In addition, in order to manufacture test specimens for measuring the
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stiffness, cylindrical test specimens were also core from the slabs. Their diameter was

100 mm.

3.5 Method to quantify asphalt self-healing

Self-healing was evaluated according to [75]. The samples were tested to fatigue under
modified three-point bending fatigue configuration at 20+2°C, see Figure 3.3 (b),

which ensured the formation of vertical cracks at the midpoint.

Between the bottom bearings and underneath the samples, an elastic membrane was
placed to prevent the production of permanent deformations during the test. The test
had a frequency of 4 Hz between a maximum value of 2.5kN and a minimum of 0.15
kN, which ensured consistent contact between actuator and sample with dynamic

waves of 0.1s duration and a resting period of 0.15 s (see Figure 3.3).

In order to determine the effect of the loading level on the self-healing, in general, four
different loads were applied for all the self-healing additives analysed, 1.25 kN, 1.50

kN, 1.75 kN, and 2 kN, for PA and SMA, and 2kN, 2.5kN, 3kN, and 3.5kN for DA.

50



____________________________________________________

I, v

\
] A .1 Asphalt sample lic load \
[ Fmax: 1.25KN painted in white T/\NW Cyelic loa 1
1 = 1
1 P 1 .
1 “a G :
1 .
i ; [
| . : 1
[ : : :
- ; : |
1 - N !
1 Elastic membrane Gt :
1 <& ’
1 1
1 = 'c_l 130 mm LS’ = :
: _ h 150 mm - N .
‘\ Elastic membrane ’I
\ ,I

\\ (a) (b) s

~

"

%I Beam under 3 bend-
|| ing fatigue test

(©)

Figure 3.3: (a) Configuration setup of Loading , (b) Scheme representation of

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

The crack formation on the painted side of the beams (see Figure B.4a in Appendix B)
was continuously monitored by a static camera with /2.8 aperture and 12 Megapixels
of resolution that took one picture every 40 loading cycles. By using the image pro-
cessing software ImageJ, the total length of emerging cracks could be accurately meas-

ured in each picture until the sample split in half. This Thesis arbitrarily adopted failure
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criterion was the number of cycles at which the crack length reached 20% of the total

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

The reason why 20% was chosen is simply because, from the experience of the author,
this is one of the first moments when cracks were surely present, without a doubt, in
the asphalt. Also, Figure 3.4 shows point 1 and point 2 for the same sample but anal-
ysis by using image j , there are two point, point 1 represented the sample tested after
several number of cycles for this the crack did not appeared, however in point 2 the

sample broken for this the crack 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 materials in with before and after

testing can be found in the Appendix B, Figure B.4b). To determine the fatigue life of
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each studied material, 5-15 samples per material were subjected to the test until failure,

and a Weibull distribution function was 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 accumulation of mechanical energy on each applied 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 samples’ average lifetime was estimated as the number of cycles whose probabil-

ity of breaking the specimens is 50%. This number of cycles will be referred to here-

after as Nos, see Figure 3.6.

The service life extension for each sample was assessed through the concept of the

Healing Index (HI) according to [75], which compares the total number of cycles re-

sisted (Nf) and the reference number (Nos), as shown in Figure 3.7.

N¢—N
y = Nr—Nos
No.s

Cumulative deformation

---- Reference sample
—— Healed sample [ f'i
' |
Thermal treatment ;
Y
Extension of
service life 1
| >
N, Nys Ny
Number of cycles (N)

Figure 3.7:Scheme of how the number of cycles and service life extension can be

evaluated.
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3.6 Methods to induce self-healing

3.6.1 Self- healing by infra-red heating

In order to evaluate asphalt mixes’ capacity, to extend their service life, when sub-
jected to thermal treatment by using infrared heating, a series of 40 samples for each
material was manufactured and tested, as described above. In this case, each fatigue
test was paused at a different number of cycles; then, the healing treatment was ap-
plied. The samples were embedded in white sand, with the exception of the top surface,
and placed for 200 min under a set of four 250 W infrared lamps, which simulated the

Sun’s heating effect Figure 3.8.

The white sand allowed only the upper surface of the samples to be heated by radiation
(similar to field conditions) and also provided a confining medium, which prevents

samples from deforming during the heating process.

Figure 3.8: Infrared Heating setup.
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The heat source contained four 250-Watt intra-red lamps built-up in two rows above

asphalt surface.

The lamps were connected to the steel frame pipes constructed in a Nottingham Trans-
portation Engineering Centre (NTEC). The centre-to-centre distance between lamps
was 280 mm and the distances between lamps and samples’ top surface were 300,700,
and 1100 mm see Figure 3.9 (to obtain the optimum healing). Later, the samples were

conditioned at 20 £ 1°C for 24 h and returned to the test until reaching failure.

Infrared Lamps ZSOW; /ﬁ

Figure 3.9: Scheme of infrared lamps setup for farm.

3.6.2 Self-healing by induction heating

Healing of asphalt samples was carried out by applying 90s of electromagnetic induc-
tion on the samples containing steel wool fibres. This process induced electric micro-

currents along the conductive fibres, heating them by the Joule effect and, therefore,
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heating the bitumen too. Consequently, the viscosity of the bitumen reduces, and at
the same time, its volume increased due to thermal expansion, which contributed to its

drainage through internal cracks and cavities[157].

After heating, the temperature of asphalt reverted to that of the environmental, and the
cracks remained full of bitumen, therefore, the fatigue life of the samples could be

extended [157] as shown in Figure 3.7.

The distance between the coil and the samples was set to 2 cm and the samples were
embedded in sand to prevent permanent deformations while heating them. The heating
temperature was continuously monitored by a full-colour infrared camera with a reso-

lution of 320 x 240 pixels as shown in Figure 3.10.
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Figure 3.10: Self-healing under induction heating.
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Electromagnetic induction was applied by a 15x15 cm? square 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 time, stopping
the test at a number of cycles Ny, which represents different damage levels, applying
the induction treatment and resuming the test until the beam cracked. The total life of
the test samples, including the cycles before the heating treatment, Ny, and until crack-
ing was defined as Nt. The healing index was defined as the percentage extension of
fatigue life with respect to the reference Nos, as described in the previous Section (3.5)

and using the same formula.

3.6.3 Encapsulated rejuvenators

The amount of oil released by the capsules to the mixture was measured according to
the methodology defined in Micaelo [159], developed by Al-Mansouri et al [154]. This
methodology is based on the idea that the sunflower oil has a distinct absorption peak
at ~1,745 cm™*, which bitumen does not have. To have a reference to determine the
amount of oil released by the capsules, sunflower oil was mixed with bitumen in the
mass percentages 1.0 %, 1.5 %, 2.0 %, 3.0 %, 5.0 %, 6.7 %, 8.0 %, 9.0 %, and 10.0 %

and the normalized area under the FTIR curve calculated, as shown in reference [154].

In addition, asphalt mastic samples had to be obtained to determine the amount of oil
released by the capsules. To do that, asphalt mixture was heated to 100 °C, broken in
small pieces by hand and mastic samples were collected from the surface of coarse
aggregates using a hot knife. The FTIR curve of the mastic was obtained and the nor-
malized area under the curve for the mastic specimens was compared to the values

obtained from mixing bitumen and sunflower oil.
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Mastic was extracted from mixtures that had been just compacted, at different stages
of cyclic loading, and after the resting period that was used to allow the cracks to self-

heal.

e Capsule production

The polymer capsules was a composite of calcium-alginate with water and oil at a
ratio of 0.1 and they were produced by ionotropic gelation of alginate In the presence
of calcium see Figure 3.9 at 20°C.according to [154]. A scheme of the manufacturing
process of the capsules is illustrated in Figure 3.11. To manufacture the capsules,
firstly, 150ml of a sunflower oil was added into 1500ml of deionized water and mixed

into a lab beaker of capacity 2000 ml and stirred to make a stable emulsion.

The mix (sunflower and water) was blended utilizing a laboratory gear drive mixer for
1 min at 400rpm as shown in Figure 3.11(a). Secondly, an addition (55 g) of sodium
alginate was introduced to the laboratory beaker and stirred until complete solution at

400 rpm for 10 min, (see Figure 3.11(b)).

The third step is mixing 36 gm of calcium chloride solution into 2% water (1800 ml),
blended together into a 5000 ml beaker container. The advantage of using calcium
alginate, according to Tabakovi¢ [160] is its low-cost and that it is strong enough to
carry the oil. Finally, the mixture was introduced into a 2000 ml capacity piece of
glassware containing a calcium chloride solution. Capsules were formed by dropping

from a funnel with a 3mm diameter as shown in Figure 3.11c.

During formation of the capsule, the calcium chloride solution was gently agitated
using a magnetic stirrer at 60 rpm. In this research, 2-3 hours approximately was the
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time taken for the capsules manufacturing process. After finishing processing, the cap-

sules were dried in an oven at 40 °C for 72 h after being washed with deionised water

Finally, these capsules were stored in a freezer at -18 °C. The encapsulation procedure
allowed the manufacture of capsules with an average diameter 2.5 mm as shown in
Figure 3.2 with contents 75% and 25% by volume of sunflower oil and calcium-algi-

nate polymer, respectively. 5 kg of capsules were manufactured in this study.

2000ml1 Dropping -funnel

Alginate

Calcium -alginate
emulsion

y ' ﬁ C ross-lil]ked alginate
o e
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Solution

Water :::‘-:»
Calcium chloride

il + water Sodium  Sodium-alginate m
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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 XRadia Versa XRM-500 scanner oper-
ating at 80 kV and 120 pA was used see Figure 3.12. The machine that used in Uni-

versity of Nottingham available.
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The beams were mounted on a rotational table at a distance of 11.8 mm from the X-
ray source and the distance between the X-ray source and the X-ray detector was
1155 mm. It was ensured that the focal spot size of the X-ray tube was about 2 um and

therefore, a spatial resolution of 4 um was achieved see Figure 3.13.

-

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. 3-dimnission representations of the air voids were made using

MeshLab.

The reconstruction and corrections of scans were performed using Phoenix Datos X2
Reconstruction software. Once reconstructed into 3D volumes, 2D image slices were

exported in TIFF format along the XY axis.
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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 to analyse its
effect on the heating/healing of asphalt. The air voids were digitally isolated using
ImageJ, and the interconnectivity was evaluated based on the Euler number (y) [162],
which is a function of the number of isolated air voids (N), number of redundant con-
nections in the air paths or genus (C) and the number of completely enclosed cavities

(H), as follows:

X=N-C+H (3.2)

These parameters were obtained using the BonelJ particle analyser plugin (version
1.3.11) in ImageJ. According to [163] negative values of  indicate that the air voids
have percolated, forming effective hydraulic conducts between the material’s opposite

surfaces as shown in Figure 3.14.
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Figure 3.14: Binary 2D images of pore networks with a range of air void content

and their correlation to the Euler number ().

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 asphalt, the test samples were fatigued up to a certain percentage of Nos, using
the same procedure described in Section 3.4; then, prisms of 40 mm x 40 mm x 40 mm
width were selected from the central part of each test sample (see Figure B.5 in Ap-
pendix B), to capture the most damaged area, and from the extreme of the test samples,
to capture an undamaged area, and CT scanned. The total volume of air voids of the
undamaged area (1},) and the damaged area (V,;) were determined. These values were

used to calculate the total volume of cracks in the test sample, as V; — V,.

Vo — 1
Change of air voids due to loading = (%) X 100 .. e e ve e . (3.2)

n
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Next, the damaged prisms were induction-heated for 90 s, using the same procedure
as explained above, allowed to rest for 2 h, to reach the ambient temperature and CT
scanned immediately after. The total volume of air voids in the healed sample, (V},),
was determined.

d —Va

Change of air voids to induction heating = (VV—) x100..............(3.3)

d

3.8 Bulk density and air void content

The bulk density of the test specimens was determined according to [166] by dividing
the dry mass between the volume of the test specimens, calculated as the dry minus
submerged mass. The maximum density (p,,) of asphalt mixture was determined
mathematically according to [167]. The mathematically method is calculated as the
(dry mass divided by the measured volume of loose test samples). The maximum and
bulk densities were used to calculate the Air Void Content (AVC) according to the
following equation:

AVC = Lm=Pv) 1009 (3.4)

Pm

where p,, [168] is the theoretical maximum density of the mixture without voids in
g/lcm?, p,, the bulk density in the mixture in g/cm3, 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-
ature changes, prismatic 150mm x 60mm x 50 mm beams were first placed into a steel
frame to avoid horizontal deformations due to consistency reductions during heating.
Then, the samples and frames were conditioned into a temperature-controlled cabinet

for 4 hours at 20 + 1°C.

Before starting the test, a Linear Variable Differential Transformer (LVDT) was set
and zeroed at the upper surface’s midpoint as shown in Figure 3.15. The test was car-
ried out in a Universal machine at Nottingham university. Finally, the temperature was
increased at a rate of 1.25°C/min until reaching 60°C, and the upper surface was 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
asphalt, the indirect tensile stiffness modulus (ITSM) of cylinders was calculated. This
test was used, due to its being related to the capacity of the material to distribute traffic
loads. The ITSM is a non-damaging and deformation-controlled test defined by BS
EN [155]. Knowledge of stiffness modulus for any layer in a pavement is required for

adequate structural design.

The ITSM was carried out using the Cooper’s Nottingham Asphalt Tester (NAT) Ma-

chine, as shown in Figure 3.16. The configurations of the test are 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.

3.11 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is the technique utilized to measure the oil release from the capsule. A Fourier
Transform Infrared Spectroscopy (FTIR) spectrum model Bruker Tensor 27 was used,

as shown in Figure 3.17.

The FTIR test was used spectrum model Bruker Tensor 27 see Figure 3.17. The process
was set in the absorption mode, in the wavenumber band range of 400 to 4000 cm™ at a
resolution of 4 cm™. The oil influence on the bitumen was assessed by changes in the
optimum absorbance between wavenumbers 1700 and 1800. The selection of these
wavenumbers is recommended by methodology of [159].Vegetable sunflower oils have
a distinct peak at ~1745 cm™ , while the bitumen has zero index in this range as seen in

Figure 3.18.
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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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3.12 Summary

In this chapter, the different asphalt materials and self-healing agents that could fulfil
the project's aims and objectives have presented. These materials have consisted of
Dense Asphalt (DA) (also called 5% because of its air void content) and mixtures with
10%, 13%, 21%, and 26% air void contents. They have been selected because of their
variety of air voids (to know the influence of air voids on the self-healing). Also, porous
asphalt (PA), stone mastic asphalt (SMA) have utilized as well. These mixtures have
selected because of the most commonly used surface courses in Europe.

In addition, to promote the self-healing,1.1% of fibre has added to PA, which is an
optimum amount of fibre that maximizes the healing and does not affect the mechani-
cal properties, and 0.5% of capsules has added to DA, PA, and SMA to evaluate the
effectiveness of using encapsulated oil in order to improve the self-healing properties
of asphalt mixture with a range of gradations .

Mechanical test to quantify the self-healing has evaluated when the samples tested to
fatigue under modified three-point bending fatigue configuration at 20+2°C which en-
sured the formation of vertical cracks at the midpoint. Additionally, three methods to
induce a self-healing namely infrared heating, induction heating and encapsulate reju-
venator have used. X-Ray Computed Tomography (CT Scans) has used to evaluate air
void distribution before and after healing. However, there are additional testing have
used namely thermal expansion, stiffness modulus, Also Fourier transformed Infrared
Spectroscopy (FTIR) has used to evaluate oil release in the asphalt mixture. Finally, the

main objectives for this thesis, are studied in the next chapters

69



Chapter 4: Effect of porosity on infrared healing

of fatigue damage in asphalt

4.1 Introduction

This chapter aims to understand the effect of air void content on the healing capacity
of asphalt mixtures by using infra-red healing. In Chapter 2 it was shown that asphalt
mixture is a self-healing material, and there are different artificial healing techniques
that have been studied by many researchers previously. However, the healing phenom-
enon related to fatigue damage has not been yet been studied in depth. Hence, the first
objective of this Chapter is to understand, at a fundamental level, the effect of air voids

content on the healing capacity of fatigue damage in asphalt mixes.

For that, the natural heating effect, produced by the Sun on asphalt roads and simulated
by means of infra-red heating was considered and parameters, such as (i) extension of

fatigue life; (ii) optimum number of cycles at which to apply the thermal treatment
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(Nopt); (iii) evolution of internal pore structure during both damaging and healing pro-
cesses; and (iv) material thermal expansion, have been studied experimentally for a

wide range of asphalt mixes with different air voids contents.

4.2 Experimental summary

In this Chapter, infrared heating has been used as the self-healing technique, to simu-
late the heating by solar radiation as described in Section 3.6.1. This Chapter was de-
scribed tests on asphalt mixture samples using five different air void contents, 5%,
10%, 13%, 21% and 26% as can be seen in Figure 4.1, with corresponding gradations
in Table 3.4 in Chapter 3. Air void content may play a key part in determining the
self-healing properties of an asphalt mixture [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 x 50 mm slab into eight beams see (Section 3.4 in Chapter
3 and Figure B.3 in appendix B). The test was carried out at a constant temperature.,
the asphalt beams were subjected to dynamic cyclic loading under 3-point bending at
20 * 1°C, see Section 3.5, with maximum loading value 2.5 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 spray paint was applied to one of lateral 150 mm x 50 mm sides (see Figure B.4 in

appendix B).
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4.3 Results and Discussion

4.3.1 Service life of asphalt samples

In order to evaluate an asphalt mixture’s capacity to extend its service life when sub-
jected to a thermal treatment, many samples were manufactured and tested as de-
scribed in Sections 3.4, and 3.5. The results of the probability for breaking the test
samples is presented below in Figure 4.2, which shows a certain number of loading
cycles fitted by the Weibull distribution and depending on the air void content. The
reference number of cycles value Nos. As can be seen, the curves tend to get shifted
to the left for asphalt with higher air voids. In other words, the probability of breaking

the material at a certain number of cycles increases.
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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 probability, the reference number of cycles No.s was 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 seen, it is inversely related to air voids content through 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 produced sharp re-
ductions in the asphalt life durability, e.g. Nos reduced 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 heating treatment was studied by

repeating for the mix with 5% air voids content, the same tests as described in Section
3.6.1. The results in Figure 4.4 below show the surface temperature evolution of as-
phalt with 5% air voids content when placing the lamps at 30 cm, 70 cm and 110 cm

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 differences between the temperatures of top

and bottom surfaces were observed.

100
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80 - __——30cm (Bott)

70 cm (top)
70 cm (Bott)
110 cm (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 around 12°C when the samples were placed at 30 and 70 cm,
but approximately 5°C when the distance was 110 cm. This indicates that when the
energy applied is very high, the dissipated energy produced by the differential temper-
ature between sample and ambient air is higher than 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 temperatures were not excessively dissim-
ilar. Figure 4.5 shows, for samples with different air voids contents, the steady-state
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.
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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 °C — 58 °C for the upper surface and 44 °C 52 °C for the lower. Both, top and bottom
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 infrared energy and air voids content, affect the healing of cracks

and the consequent service life extension is detailed in Section 4.3.3.

4.3.3 Service life extension by infrared heating

To show the extension of service life, the asphalt mixtures were subjected to a thermal
treatment represented by infrared heating as shown in Section 3.6.1. The results are
showed in Figure 4.6. The healing index is obtained after applying 200 min of thermal
treatment, (determined as the time required to achieve a steady state) after various

numbers of cycles.
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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 4.6, which indicates that when the cracks are still small, the service
life cannot be significantly extended, while when the cracks are too wide, the healing

becomes more difficult see Figure 4.7.

Optimum crack size

(Maximum HI)

Figure 4.7: Schematic simplification of obtained curves subjected to thermal

heating at different numbers of cycles.

Therefore, there is an optimum number of cycles (Nopt) for each material, at which the
healing index is maximised. These values were 3562, 1802, 476, 445 and 136 for mixes
with 5%, 10%, 13%, 21% and 26%, respectively see Figure 4.8. Nopt decreases as the
air voids content increases in the mix. Figure. 4.8, also 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 increase linearly with the air voids content (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 original fatigue life was noticeably
shorter, as has been explained in Section 4.3.1. Therefore, despite the thermal treat-
ment, the fatigue life of dense asphalt mixes is still significantly longer than that of

porous asphalt mixtures, see Table 4.1.
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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 ~ -0ngest fatigue life

Air void content thermal heating (Nos) with thermal treat- Increase
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 4.9 it can also be seen that samples wth high air voids content may reach HI-

values that are higher than 2.
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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 Section 3.5 in Chapter 3), means
that not only were cracks healed, restoring the original service life, but also that the
material’s properties must have been modified obtaining samples with improved fa-

tigue resistance. The reasons behind this behaviour will be studied in Section 4.3.5.

On the contrary, most of the test samples with air void content lower than 13% regis-
tered lower healing indexes, such as averaging 0.43 and 0.35 for test samples with 5%
and 10% air voids content, respectively. This means that the healing capacity of dense
asphalt mixes is limited. The reason for this could be that porous asphalt test samples

may reach slightly higher temperatures than denser asphalt types [40].

Consequently, in porous asphalt, the viscosity of bitumen and the density of the air
inside cavities would be slightly lower, which improves the capillary flow of bitumen
through cracks. However, it is believed that the small temperature differences between
dense and porous asphalt materials would only marginally contribute to the significant

differences observed in the healing results.

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 dense asphalt produces more cracks through aggregate particles. These
cracks could be filled with bitumen, but the final strength would never be as high as

the original aggregate.

Additionally, it must be noticed that the bell-shape curves, in dense mixes, are very
sharp. Hence, when the healing treatment is applied at a number of cycles slightly

higher or lower than the optimum, dense asphalt samples will not recover their fatigue
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resistance. Thus, it could be very difficult to design an effective maintenance plan that

meets the optimum number of cycles and obtains a significant service life extension.

Moreover, the values can even become negative, which means that the samples could
be damaged instead of healed. Read [8], explained that the coefficient of thermal ex-
pansion of bitumen (6-10*4/°C) is more than one order of magnitude higher than the

coefficient of thermal expansion of the asphalt mixture (3-10°/°C).

According to Gdmez 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 large cracks. However, fatigue cracks produced
during the early stages have reduced dimensions. Thus, in dense mixtures, the internal
pressure generated by bitumen may damage the asphalt mixture and reduce its fatigue

life see Figure 4.10.

In this healing-damaging process, the content of fine particles in the mix (e.g. 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 capillary 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 the effect could not be properly identified, leaving it as a feasible

hypothesis to be confirmed or rejected in future investigations.

4.3.4 Effect of temperature on asphalt self-healing

To observe the temperature and heating rate’s influence on asphalt self-healing, (see
Figure 3.6 Section 3.6.1 for the setup using infra-red heating), different distances of
the lamps from the surface were used to achieve the different temperatures, and the
results are shown in Figure 4.11. As the distance between sample and lamp was re-
duced from 110 cm to 70 and 30 cm, this increased the steady-state temperature from

51°C to 71°C and 93°C respectively. The tests were repeated for samples with 5% air
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voids content. As seen in Figure 4.11, the curves observed at 51°C and 71°C were very
similar, although the 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 peak value of -0.02, which is 104.7% lower
than at 51°C and negative, and means that the treatment produced more damage than,
healing. This suggests that it is not possible to extend dense asphalt’s service life by

applying a thermal treatment at that temperature.

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

damage the material.
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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 content is considered a key parameter in understanding the thermal healing
of asphalt. As explained in Section 3.7, the CT scan test was used to observe the dis-
tribution of the air voids within the materials on samples with 5% and 21% air voids

content. Results are shown in Figure 4.12. CT-Scans were repeated:

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

» After applying the heating treatment.

It can be seen, first, that the initial average air void content matches the design content
with an error of less than 10%: 4.49% and 21.67% respectively. In both cases, it is also
noticeable that the final air void content after applying the heating treatment is signif-
icantly lower than the initial: 3.55% and 18.8% (decreases of 20.9 % and 13.24% re-
spectively). Since no compressive loads were applied during the thermal treatment,
these air void content reductions match the hypothesis given above that bitumen flows

into pores and cracks.

Additionally, the porosity of dense mixtures is reduced by 20% of initial value, which
means that the bitumen could be able to flow and close the cracks, for this densification
to happen, which could be the reason for the process of self-healing. This hypothesis

will be proven in the following chapters.

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

dense asphalt mixtures or change their air void content distribution. On the other hand,
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In porous mixes, the material experienced an internal rearrangement of aggregates and

a densification during cyclic loading.

The thermal treatment did not significantly contribute to reducing the air void content
of porous asphalt, as in this case the bitumen could expand through a wide network of
percolated pores. However, once the material cooled down, the new mix was rear-
ranged of the sample and, as a result, the extension of its service life went further than

simply 100%, as described in Section 4.3.3.
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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 self —healing, thermal expansion was
measured using by a Universal machine at the University of Nottingham as shown in
Chapter 3 Section 3.9. The results of test can see below in Figure 4.13. To support the
hypothesis of bitumen expanding inside the internal pore network, thermal expansion
tests were carried out. It can be noticed that the height of asphalt samples increased in
with increasing temperature during the first stage of the test. Then, at around 40°C, the
viscosity of the binder reduced to allow the sample to collapse. 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.
[l.  The magnitude of expansion is inversely related to the air void content in the

mixture,

Test samples with air void content lower than 13% presented low healing levels
(HI1<0.5), where HI is derived shown in formula 3.1 in Section 3.5 in Chapter 3. Ad-
ditionally, the air void content tended to O after the heating treatment. 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
optimum number of cycles to apply the 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 consequent reduced capacity to allow bitumen flow 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 self-healing

Connectivity is another aspect that affects self- healing in asphalt as broadly 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 which the Euler number passes from positive 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 Figure 4.14, the percolation of air voids 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 has explored the effect of air 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 healing results. In samples with a lower content, the thermal expansion of
bitumen and its flow through cracks can exceed the pore network’s capacity. As a con-
sequence, the internal pressure can increase enough to produce material damage in-
stead of healing. The optimum moment in porous 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

iInduction

5.1 Introduction

The main aim of this chapter is to provide an indication of the best moment to heal
an asphalt road in order to repair cracks, something which has not been tested before.
In Chapter 4, it was concluded that porous asphalt was the mixture with highest natural
self-healing capacity. Furthermore, it was found that there is an optimum moment
when the application of heat causes the highest life extension. The limitation was that
the duration of the heating applied by means of infra-red lamps was unrealistically

high to get benefits from the self-healing.

For this reason, Chapter 5 will focus on using induction heating to accelerate the self-
healing of asphalts and the study will be done on porous asphalt (PA), since it is the
type of mixture with the highest healing capacity. Induction heating consists of mixing
electrically conductive particles, such as steel wool fibres, into the asphalt mixture and

heating them when the road surface starts developing cracks.
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By doing this, the temperature of the bitumen around the metallic particles will in-
crease, which will contribute to reducing the viscosity 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 porous 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 density 2,596 kg/m?3, the gradation

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

[ Self-healing technique ]

v
[Induction heating]
)
v v
| Experimental test | | Materials |
\ A
v v v v
Mechanical test to quan- || Additional ] Porous As-] ‘ Steel fibre
tify the self-healing testing phalt (1.1%)
A A
bending fatigue Tomography (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 this chapter were (i) 150 mm x 60 mm x 50
mm, (i) 150mm x 40mm x 40mm, and (iii) 200 mm(diameter) x 40 mm (see the ge-
ometries in Section 3.4) for 3-point bending fatigue (see Section 3.5), Computed To-
mography scans (see Section 3.7), and Indirect Tensile Stiffness modulus 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 fibres has been 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 Results and discussion

5.3.1 Fatigue durability of asphalt samples

The loading levels that were used in this chapter are: 1.25kN, 1.50kN, 1.75kN, and
2KN, see Section 3.5. The results are presented in Figure 5.2, which shows the Weibull
distribution of the number of cycles resisted by the test samples under the action of a

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

these curves represent the cycles resisted without resting periods. As in the previous
chapter, these curves have been used to find No.s, which is the number of cycles when

the probability for breaking is 0.5.

Figure 5.3 shows the relationship between No.sand the maximum dynamic loads. This
is the Wohler curve. Increases in the load level produced exponential reductions in the

fatigue life.
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Figure 5.3: Wahler curve for Nos probability.
Hence, the Nos values for 150x60x50 mm? specimens were applied in different loads
as shown in Table 5.1, respectively. Furthermore, the Nos values for 150x40x40 mm?®

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
(Nos)
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 heating treatment.

Heating treatment by means of induction heating for self-healing is shown in section
3.6.2. The protocol of induction heating is seen in Figure 3.8 and analysis data repre-

sented in Figure 5.5.

The temperature of the samples was continuously 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). Figure 5.4 shows the temperature evolution of
an asphalt sample containing 1.1% of steel after being heated for 2 min at the top,
centre and bottom of the sample. So, for example, in Figure 12 in reference[11], which
represents a test sample that was heated using an infrared light, the surface temperature

was higher than the bottom temperature.

- R
ﬁ e

161.3°C

106.4 °C

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

induction heating.
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It was found that the increase of temperature was approximately linear at any point of
the asphalt’s surface, see Figure 5.5. The temperature reached by the surface of the
test samples after 90 s heating was at least 100 °C. Based on previous research by the
author, this difference of temperature between parts of the test samples does not affect
the healing of the cracks as soon as the temperature increases in every point of the test

sample.

Despite that, the healing of the crack seemed to be uniform over the whole height of
the sample. Furthermore, when the temperature reaches the steady state equilibrium,

the bitumen will flow to the bottom of the sample due to gravity[11].

The reason for this is because if the temperature increases at the rates that are typical
for asphalt induction heating, bitumen will expand and drain into the cracks [170]. It

is still unclear which is the minimum heating rate required for asphalt self-healing.
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Figure 5.5: Evolution of the asphalt’s surface temperature over heating time.
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5.3.3 Effect of induction heating on the healing index.

Healing index was calculated by using Formula 3.1 in Section 3.5, and the result of
healing index is shown in Figure 5.6 and Figure 5.7, which represents the extension
of fatigue life, for the loading levels 1.25 kN, 1.50 kN, 1.75 kN, and 2.00 kN, when
the healing is applied after Ni cycles. As can be seen in the figure, the healing index
follows a bell-shaped distribution in all cases, which means that there is an optimum

moment to apply the healing treatment, at which the obtained extension of fatigue life

is a maximum.
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Figure 5.6: Healing index versus the number of cycles (Nh) for porous asphalt

with 1.1% of steel wool.

This occurred in all cases at approximately 35% of the total life of the asphalt, inde-
pendent of the applied load, see Figure 5.7. When the induction heating treatment is
applied too early, the number of cracks is not enough to produce a significant fatigue

life extension.
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On the other hand, when the induction heating treatment is applied too late, the cracks
are so big that the treatment stops being effective. Similar results had been reported in
references [176] and [75], for different types of asphalt, loading modes, and healing

treatments.

The optimum number of cycles at which the extension of fatigue life is a maximum
reduces with the load, can be seen in Table 5.2. Thus, in a road with a shorter design
life, healing treatment should be carried out more frequently, at 35% of the time en-

visaged for the life of the road.
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Figure 5.7: Healing index versus the Weibull probability for breaking the test

samples.
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It is also noticeable that the extension of fatigue life obtained can be higher than 100%

(HI > 1) and for the case of 2 kN, even higher than 200% see Figure 5.8.

Table 5.2: Nos cycles for different Load.

Number of cycles life extension after
Load, kKN
healing
1.25 35316
1.50 18760
1.75 7236
2.00 2318

When the HI value is higher than 1, it can be concluded that cyclic loading and induc-
tion heating introduces changes in the asphalt that go beyond simply closing the exist-

ing cracks.

It is possible that the reason for this is the stiffening of the test samples, either due to
ageing of the bitumen, or to a densification of the solid skeleton. These changes in the

asphalt due to cyclic loading and self-healing will be investigated in the next sections.
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Figure 5.8: Optimum number of cycles to apply healing treatment (Nh) and

extra number of cycles survived after induction heating (Nt).

5.3.4 Effect of natural healing on extension to service life.

Figure 5.9 represents the probability for breaking of the sample at a certain number of
loading cycles fitted by the Weibull distribution. The healing index was obtained from
the percentage of reference number Nos, after the samples had been subjected to nat-
ural healing at 20°C during a 24 h rest period. It can be observed that there is a certain
number of cycles after which the damage is very high, and the test sample cannot be
healed any more. In this thesis the number of cycles representing the optimum moment
for healing is 2314. At this optimum moment the sample reaches the maximum healing

level of 22%, after this point the sample does not heal so effectively.
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Figure 5.9 : Number of cycles versus healing index and probability for breaking

versus number of cycles subjected to 2 kN repeated loading.

In Figure 5.10, shows the results of healing index against number of cycles, comparing

the healing index induced by induction heating and the healing index induced by nat-

ural heating.

All samples were fatigued at 2kN maximum loading and tested at 20°C +1°C. These

samples were fatigued to different proportions of reference number of cycles (Nos),

namely, 0, 30%, 50%, 90%, 100%, 120% and 150%.
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Figure 5.10: Healing index of beams under both- natural and induction healing

After the pair’s samples had been tested, one was healed naturally for 24 h in a cabinet
at 20°C, and the second one was healed by 90s of induction heating for healing. After
24 h the two samples were fatigued again. It was found that the maximum extension
of service life was only 20% under natural healing, but over 200 % with induction

heating.

Based on Chapter 4, it might seem that healing could be improved by increasing the
temperature. Some researchers have stated that healing can occur at relatively low

temperature or even by leaving the samples at ambient temperature.

However, this hypothesis was rejected, as previous investigations[157], [176] showed
that there is a minimum temperature (between 40°C and 60°C) necessary to develop

the healing process in an effective and efficient way. When heating the samples below
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such a critical temperature, some healing can be obtained but more slowly and never

reaching the same healing levels.

5.3.5 Hypothesis for the healing mechanism of damage caused by cyclic loading.

The air voids content is a key parameter in self-healing has been shown in Figure
5.6,5.7 and 5.11during fatigue loading and induction heating. Figure 5.11, shows an
example of the evolution of air voids of an asphalt section with 0.5 cm width (selected
from the scan of a 150x40x40 mm?3 test sample), before testing, after loading at 0.5
KN, until 35% of Nos (optimum moment), and after 90s induction heating, obtained
using CT Scans and reconstructed using ImageJ and Meshlab. Air voids are repre-

sented by the dark area in this image.
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Figure 5.11: Air voids of a 0.5cm width test section (a) before testing, (b) after

cyclic loading, (¢) after induction heating.
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In this figure the reader can appreciate at first sight that, while cyclic loading may
affect the size and amount of air voids, the biggest change happens due to induction
heating, because the air voids size seems to reduce. Changes in the air void content
due to cyclic loading and induction heating have been quantified in Figure 5.12. Figure

5.12 shows the changes in the air voids when the cyclic loading is 0.5 kN,
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Figure 5.12: Change of air void content with the percentage of No.s. when the

load is 0.5 kN

Figure 5.13 shows the changes in the air void content when the cyclic loading is 0.7
kN. From the change in air voids due to cyclic loading, it can be observed (from Fig-
ures 5.12 and 5.13) that it produces a reduction in the air void content of between 6%

and 8% in the first 15% - 20% cycles. This may be due to compaction caused by cyclic
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loading. After wards, the air void increased steadily, which may be due to cracks and

aggregate movements occurring in the material due to cyclic bending.
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Figure 5.13:Change of air void content with the percentage of Nos. when the

load is 0.7 kN.

When the cyclic loads were higher than approximately 0.35 Nos the densification
disappeared, and the air void content became higher than the original one. These are
new phenomena reported in asphalt mixtures and from the opinion of author, they can

only explained easily by means of numerical simulation.

Induction heating increased the air void content in the asphalt when it was applied very
early in the lifetime of the test samples, in asphalts that had been densified due to cyclic

loading. The reason for this is unclear
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It may be due to the generation of gases in the mixture, due to the high temperatures
reached by the steel fibres, or to the drainage of the binder to the external zones of the
test samples. In general, induction heating tends to revert the air void content back to

what it was before cyclic loading was applied.

In addition, stiffness modulus tests were conducted before and after induction heating
in order to evaluate the effect of the air voids increase caused by induction energy on
the mechanical properties of new asphalt. It was found that the stiffness modulus
reduced by 32 % (see Table 5.3), which may be due to the increase in air voids due to

induction heating.

Also, Figure B.6 in Appendix B shows another results of the relationship between all
the stiffness modulus values measured by the indirect tensile test (ITSM) on the PA
specimens in the longitudinal (A-A’) and cross (B-B”)direction , these results for PA
specimens test measured in longitudinal (Y) and cross (X) directions, it can be

observed that the stiffness modulus measured in both directions were very similar .

Table 5.3: Stiffness Modulus (SM) before and after induction heating

SM before induction heating (GPa) 2.43
Standard deviation (GPa) 0.31
SM after induction heating (GPa) 1.65
Standard deviation (GPa) 0.51
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This could show that the increase in life is mainly caused by the densification due to
cyclic loading and that induction heating simply corrects any crack or defect that may

appear during the densification process.

Furthermore, in test samples damaged by cyclic loading at 0.5 kN, when cyclic loading
created air void content higher than the original one, at cycles higher than 0.35 Nos,
induction heating reduced the air void content. The reason for this is unclear and may

be due to crack closing or thermal expansion during heating.
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Figure 5.14: Change of air void size with the percentage of No.s. when the load

is 0.5 kN.

According to the observations of this study, induction heating closes the cracks and

alters the internal configuration of the test samples, as can be observed in Figure
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5.11(c), including the position of the air voids and the distribution of aggregates. After

applying induction heating to an asphalt, its air void structure transforms.

Finally, in both Figure 5.12 and Figure 5.13 it can be observed that 0.35 No, the op-
timum moment for self-healing, corresponds to the moment when the mixture is most
densified, which shows that there may be a relationship between the increase in life
due to induction heating and the compaction of asphalt due to induction heating. Cyclic

loading reverses this densification due to cracking and aggregate movements.

At that moment, induction heating does not affect the air void content. One can con-
clude that the reason for the increase of air voids due to induction heating does not
affect the asphalt at this level of damage. The binder redistributes in the asphalt, clos-
ing the cracks, and the aggregates remain densified. Therefore, the Healing Index can

be higher than 1.

It was mentioned before that the air void diameter changes also during cyclic loading
and induction heating. The average air void diameter of new test samples is 3.91 mm
with standard deviation 0.41 mm. In Figure 5.14 and Figure 5.15 it can be observed
that the air void size reduced steadily with the cycles by up to 40% or 50% of the

original size, depending of the maximum load applied, until approximately 0.35 Nos.
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Figure 5.15: Change of air void size with the percentage of Nos. when the load

is 0.7 kN.

From that moment, the air void diameter remained constant. Based on this, it can be
inferred that the densification continued until 0.35 Nos and from that moment, cracks
started appearing, which may be the reason for the rapid decline of the healing index
observed in Figure 5.6 and Figure 5.7. This big reduction of air voids content may
correspond to the closer of the smaller pore due to the pressured exerted during cyclic

loading.

Unfortunately, the resolution of the CT Scans used did not allow to observe the cracks
directly and this hypothesis will have to be validated in the future. Moreover, in Figure
5.14 and Figure 5.15 it can be observed that induction heating reduces the size of the

air voids further.

111



The reason for this is unclear and the author are not able to offer an explanation without
further testing and numerical modelling. In a porous asphalt, this may make the mate-
rial more prone to clogging. This phenomenon occurs with higher intensity before 0.35

No.s, while the size of the air voids rate of change reduces after.

5.4 Summary of Chapter 5

To achieve the aims and objectives of this study, this chapter has given a reader a method
to understand the accelerate the self-healing in asphalt, it has called induction heating.
Metal fibre has added to the asphalt and, once the road is cracked, it has heated by ap-
plying an alternating electromagnetic field, which melts the bitumen and contributes to
repair the cracks. The chapter has explored by experimental work the optimum moment
to apply the induction heating. To do that, cyclic loading tests have been used and the
extension in the number of cycles have quantified. Furthermore, the physical properties
of the air voids in the asphalt before and after cyclic loading, and after induction heating
have been quantified using Computed Tomography Scans. It has observed that the
macro porosity of asphalt and diameter of air voids changes with the tests and the in-
duction heating. The Influence of aggregate gradation on self-healing of asphalt en-

hanced with capsules is studied in the next chapter.
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Chapter 6: Influence of mixture type on self-

healing of asphalt enhanced with capsules

6.1 Introduction

This chapter aims to evaluate the effectiveness of using encapsulated oil in order to
improve the self-healing properties of asphalt mixture with a range of gradations,
namely dense asphalt, porous asphalt, and stone mastic asphalt. In Chapters 4 and 5,
self-healing was applied by means of infrared heating and induction heating. These
methods were used to extend service life and to treat the asphalt at the optimum mo-
ment; however, neither method can actually reverse pavement ageing, or work auton-
omously. To overcome this barrier, this chapter will investigate the use of microcap-
sules containing sunflower oil to promote self-healing and rejuvenation of aged as-

phalt mixtures.

For this purpose, three different hot asphalt mixes, a dense asphalt mixture, a porous
asphalt mixture and a stone mastic asphalt, have been selected since these materials
are the most commonly used asphalt types in Europe. These mixtures have been stud-
ied with and without addition of capsules in order to evaluate the relative effectiveness
of capsules in different mixture types. In this chapter the self-healing properties of

cracks caused by repeated loading in these three asphalt mixtures will be measured
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determining the optimum time when the capsules should break to maximise the self-
healing. Finally, this will give an insight into the type of cracks that are healed and the

breaking mode of the capsules due to repeated loading.

6.2 Experimental summary

The encapsulated rejuvenator has been described in Section 3.2.3. This capsule was
added into three types of asphalt: Dense Asphalt (DA), Stone Mastic Asphalt (SMA),
and Porous Asphalt (PA), see Section 3.3. The gradations were shown in Table 3.4.
Different amounts of bitumen were used for the three mixtures, see Table 3.4, based

on laboratory experience. Different loadings were also used, see in Section 3.5.

The average air void contents were 20%, 5.5% and 5% for PA, SMA and DA, respec-
tively, see Table 3.4. Test samples with and without capsules were manufactured. In

each case the capsule content was 0.5% by total mass of the mixture.

This amount of capsules was proposed by Al-Mansouri et al. in[140], as the amount
that maximised the self-healing and did not affect the functionality of the asphalt mix-
ture, such as skidding resistance, or rutting properties. All the mixtures were manufac-
tured with crushed limestone aggregate, with nominal maximum size 20mm for PA

and DA, 14mm for SMA and 50/70 pen bitumen see Table 3.4.

The amount of oil released by the capsules to the mixture was measured according to
the methodology defined in [159], developed by [164]. This methodology is based on
the idea that the sunflower oil has a distinct absorption peak at ~1,745 cm™ base on

FTIR test (Fourier Transform Infrared Spectroscopy,) see Section 3.12, which bitumen
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does not have. To have a reference to determine the amount of oil released by the
capsules, sunflower oil was mixed with bitumen in the mass percentages 1.0 %, 1.5 %,
2.0 %, 3.0 %, 5.0 %, 6.7 %, 8.0 %, 9.0 %, and 10.0 % and the normalized area under
the FTIR curve calculated as shown in section 3.5.6, as in Figure 3.4 of reference[140].
To determine the amount of oil released by the capsules in asphalt mastic, asphalt
mixture was heated to 100 °C, the sample broken in small pieces by hand and mastic
samples were collected by from the surface of coarse aggregate by using a hot knife.
The FTIR curve of the sample was obtained, see Section 3.12, and the normalized area
under the curve for the specimens was compared to the values obtained from mixing
bitumen and sunflower oil. The samples were extracted from mixtures that had been
just compacted, at different stages of cyclic loading, and after the resting period that
was used to allow the cracks to self-heal. The tests programme is summarized in Figure

6.1.

[ Self-healing technique ]
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Figure 6.1: Summary of test programme in Chapter 6.
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6.3 Results and Discussion

6.3.1 Density and air void properties of asphalt mixture with capsules.

The details of the density test can be found in Section 3.8, and the results are presented
in Table 6.1. Fatigue durability of an asphalt is directly related to its air void content
Ma et al [141] . It was therefore important to guarantee that the capsules did not affect
the air void content of the mixture and that every variation in the fatigue life was
caused by the rupture of the capsules. Table 6.1 shows the bulk density of the three
types of asphalt studied, with and without capsules. As can be observed, the difference
in bulk density and air void content between mixtures with and without capsules is

negligible, which implies that capsules survived mixing and compaction.

Table 6.1: Bulk density and air void content of the asphalt mixtures studied

(W/C: with capsules; WO/C: without capsules).

Asphalt  Bulk Density, ton/m®  Air Void Content, 9% ranoard Devi-

ation

type (BD) (AVC) BD AVC
WIC 2.2 5.64 001 046

SM Wwor
A 2.2 5.67 001 044
WIC 2.01 19.62 001 048
PA WCO/ 2.01 19.94 001  0.49
WIC 2.35 4.91 049 0.9
DA WCO/ 2.35 4.96 049  0.49
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6.3.2 Repeated loading durability of asphalt mixture with capsules.

This section shows the effect of repeated loading on fatigue life in different mixtures
with and without adding capsules. Figure 6.2 shows the cumulative probability of
breaking of SMA without capsules, loaded at 1.25 kN, 1.5 kN, 1.75 kN, and 2 kN, as
an example. Also, results for PA and DA materials with and without capsules are pre-
sented in Appendix (C) (Figure C.1, Figure C.2, and Figure C.3); 5 to 10 samples each
were used to calculate the probability of breaking with and without adding capsules.
These probabilities were obtained for the three types of asphalt studied, SMA, PA, and
DA, with (W/C) and without capsules (WO/C) and were used to calculate Ny . As
would be expected, the number of cycles resisted by the asphalt decreased with in-

creases in the load applied.

W2kN A1.75SkN @®@1.5kN 1.25kN

0.9 -1
0.8 -
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0.6 1
0.5 1

0.1 - *
0 = T
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LOG Number of cycles

Breaking probability - SMA WO/C

Figure 6.2: Distribution functions of the number of cycles resisted by SMA

without capsules (WO) at different loading levels
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Figure 6.3 shows the Wohler curves for the three types of asphalt studied, at the prob-
ability level 0.5. DA has higher fatigue durability than SMA, and SMA, has higher
fatigue durability than PA. It is not possible to compare in any simple numerical way
the durability of the three types of asphalt, because the three Wohler curves are not

parallel.

The main conclusion that can be obtained from Figure 6.3 is that, without resting pe-
riods, the capsules reduced the number of cycles resisted by the asphalt by 21 %, 33 %,

29 %, for DA, SMA, and PA, respectively.

| APAW/C APAWO/C OSMA W/C
® SMA WO/C ODA W/C B DA WO/C

Load (kN)

500 5000 50000

Number of Cycles

Figure 6.3: Wohler curves for dense asphalt (D), Stone Mastic Asphalt (SMA),

and Porous Asphalt (PA), with (W/C) and without (WQO/C) capsules.
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This effect had been reported in previous research [143] , where it was found that
capsules reduced the fatigue durability of SMA by approximately 74%, Figure 7.2ain
Reference[143]. The durability reduction of asphalt with capsules is 2%, 5%, and 5%,
for DA, SMA, and PA, respectively, while in reference [143], the durability reduction

of SMA with capsules is 15% by using logarithm scale.

In this study, the ratio between sodium alginate and oil in the capsules was 25:75,
while the capsules in reference[140], were at ratio of 15:85. Consequently, the tough-
ness of the capsules was higher, and the fatigue durability of the asphalt increased.
This result suggests that if the strength of the capsules increases, the fatigue durability

of the asphalt with capsules will eventually equal that of asphalt without capsules.

On the other hand, increasing the strength of capsules may delay their rupture to a
point when the cracks are too big for healing. This suggests the opinion that, when
these capsules break slightly before macro-cracks appear in the asphalt, they are ideal
to repair the fatigue damage in the road. To validate this point, future research must
evaluate the fatigue durability and self-healing performance of asphalt that contains

capsules with a range of strengths.

6.3.3 Oil released from the capsules during the repeated loading tests.

Figure 6.4 shows the results of mixing various percentages of oil in bitumen versus the
area under the FTIR curve. A similar figure can be found in Norambuena-Contreras et
al. [140] albeit for a different type of bitumen. The linear fitting has been used as a

reference to determine the amount of oil in the mixture.
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Figure 6.4: Area under the FTIR curve for bitumen modified with various

percentages of sunflower oil.

The percentage of capsules broken during mixing and compaction could be estimated
from the amount of oil in the asphalt and this was found to be 10.85 %, 8.27 %, and
8.78 %, for SMA, PA, and DA, respectively. The standard deviations were 0.52 %
(SMA), 0.81 % (PA), and 0.55 % (DA). These values indicate that most of the capsules
resisted mixing and compaction. There is no significant difference in the percentage
of capsules broken between the three different types of asphalt studied. For that reason,
it can be concluded that the aggregate gradation does not affect the breakage of cap-

sules during mixing and compaction.

Figure 6.5 shows the oil released by the capsules in SMA see Appendix C Figure C.10
for DA, and PA mixes. It can be observed that the amount of oil released by the cap-
sules tends to a maximum of around 75 % - 80 % of the total oil available in the cap-

sules. Since 10.85 % of the oil had been released after compaction of the mixture, this
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suggests that the capsules resist relatively intact for a certain number of cycles and that

they start to break when cracks appear in the asphalt.
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Figure 6.5: Oil released from the capsules embedded in SMA.

To prove this, Figure 6.6 shows the release of oil from the capsules compared to the
probability of breaking of the SMA. It can be seen that all the trends obtained from
different load levels are approximately coincident. If the probability of breaking is
related to the growth of cracks in the asphalt, this graphic shows how the capsules in
the mixture become gradually damaged until a maximum, which is independent of the

load level.

From Figures 6.2, Figure 6.3, Figure 6.5, and Figure 6.6, it is obvious that there is a
range of number of cycles when the asphalt cracks and that the capsules break at the
same time. The author believes that this is the ideal situation to reach maximum heal-
ing efficiency.
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Figure 6.6: Oil released from the capsules embedded in SMA beams versus the

probability of breaking the beams.

Figure 6.7 shows how the oil is released from the capsules during the cyclic loading
tests for SMA, PA, and DA, tested at 2kN. As in the case of SMA, the capsules in PA
and DA break gradually with the cyclic loading. Since 10.85%, 8.27%, and 8.78% of
capsules were broken during mixing and compaction, for SMA, PA, and DA, respec-
tively, one can intuitively understand from the curves in Figure 6.7 that there is a mo-

ment when a significate steep increase in the release of oil happens.

By comparing the breaking probability results from Figure 6.2 for SMA , to the oil
release results from Figure 6.7, one can conclude that this step increase in the oil re-
lease corresponds to the number of cycles when macrocracks started forming in the
mixture. Similar results occur for PA and DA. The author considered that this could
be proof that the capsules that used in this study remained dormant until the moment

when macrocracks appeared.
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Figure 6.7: Oil released from the capsules embedded in PA, SMA, and DA

subjected to 2 kN repeated loading

At this point of the thesis, the difference in behaviour between capsules in PA and DA
can be explained only because of the aggregate gradation, and the reason is that cap-
sules in rockier mixtures tend to get damaged by the aggregates during cyclic loading,
while capsules in denser mixtures tend to float in the mastic and are damaged only

under the high stresses caused by the asphalt cracking.

An indication of this may be the lower maximum amount of oil released by the cap-
sules in DA% 58%, compared to PA, 78%, which reflects the fact that capsules far
from the maximum bending moment area may have remained undamaged. However,
this is a hypothesis and must still be proven with detailed experiments with capsules

in DA and PA.
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6.3.4 Self-healing of crack in PA, DA, and SMA by the action of encapsulated
oil

Figure 6.8 shows the Healing Index of SMA without capsules for the range of loading
levels studied, as an example, and other materials are presented in the (Appendix. C)
similar graphic has previously been reported in [75]. With the number of cycles, the
healing level increases up to a maximum and then, it decreases. Menozzi et al.[75],
considered this to be an indication that there is an optimum moment to apply the heal-

ing treatment.
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Figure 6.8: Healing index vs number of loading cycles for SMA without

capsules.

It is also obvious that the optimum moment for self-healing will depend of the loading
level, as can be seen in the figure and that the maximum healing level decreases with
load reduction, probably due to less capsules being broken. There are samples with

healing Index below to 0 due to the natural scatter of cyclic loading results between
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test samples. Figure 6.9 shows the Healing Index of SMA versus the probability of the
test samples breaking. The data is represented in this way to show the similarity be-
tween the curves obtained with different loading levels, and it shows the optimum

moment for healing at a similar probability for breaking, approximately 0.34.
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Figure 6.9: Healing index vs probability of cracking for SMA without capsules.

Figure 6.10 shows the maximum healing level reached by all the types of asphalt stud-
ied. At 2kN, the capsules increase the healing level of SMA, PA, and DA by 35%,
30%, and 19%, respectively. The author hypothesizes that the maximum healing level
reached by the different types of asphalt is related to the number of capsules broken
and the type of damage in the mixture at the maximum healing level. Table 6.2 shows
the number of repeated loading cycles, percentage of oil released, and healing level at
the optimum healing time in test samples loaded at 2kN. Figure 6.10 shows the maxi-
mum healing level reached by healing level at the optimum healing level time at 2kN.
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Table 6.2: Number of repeated loading cycles, percentage of oil released, and

healing level at the optimum healing time at 2kN.

Type of Number of cycles at the  Oil released at the op- Healing

mixture optimum timum (%o) level (%)
SMA 1494 58.22 35
PA 972 73.76 30
DA 23220 53.3 19

It is evident that cracks in DA do not heal to the same high level as the other mixtures
studied and the reasons are, firstly the lower number of capsules broken, as has been
mentioned above and secondly, the higher bending and rutting that DA samples suf-
fered during the cyclic loading, which may have led to densification and reduction in

the bitumen’s capacity to flow between the aggregates and drain into the cracks.
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Figure 6.10: Healing index of all the types of asphalt studied at 2kN.
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This is a noteworthy point that must be studied in the future, as it is probable that the

rutting and trafficking of asphalt mixture reduces its self-healing ability, and conse-

quently, the durability of the road.

Figure 6.11 shows the average probability for fracturing the asphalt test samples at the

point of highest self-healing. From this figure, what is remarkable is that the probabil-

ity for breaking to give maximum healing is always higher in test samples with cap-

sules than in test samples without capsules, which may be a prove of the self-healing

despite there being no resting period, although this will have to be proven in future

research.
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Figure 6.11: Average probability for breaking the asphalt test samples at the

highest heading index.
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6.4 Summary of Chapter 6

This chapter has shown a study of the self-healing in asphalt mixtures with capsules.
It has then examined the self-healing properties of cracks due to repeated loading in
Dense Asphalt (DA), Porous Asphalt (PA), and Stone Mastic Asphalt (SMA) asphalt
mixtures, which are the most commonly used asphalt types worldwide. The chapter
has determined the optimum time when the capsules should break to maximise the
self-healing. Finally, it has given an insight into the type of cracks that already heal
and the breaking mode of the capsules due to repeated loading. Important findings
from this and all other chapters, obtained from the different experimental tests carried

out, is summarised in the next chapter.
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Chapter 7: Conclusions and Recommendations

This chapter reviews the main elements of the thesis. The aims and objectives are then
summarised, including the level of success and what could be done in the future to
improve the results. In addition, a list of recommendations for future work has been

included.

7.1 Review of Aims and Objectives

Chapter one included the aims and set objectives for the project. The aims were stated
as follows:

e To investigate the optimum moment in the life of an asphalt, where a self-

healing technique can be applied, and the self-healing is maximised. Three dif-

ferent self-healing techniques will be investigated, namely infrared heating,

induction heating, and encapsulated healing agents.

e To investigate differences in the self-healing performance of asphalt using
infrared, induction heating, and encapsulated rejuvenators to accelerate the
self-healing.

e Toinvestigate differences in the self-healing performance in different types

of asphalt.
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e To give an insight into the asphalt properties that most affect the self-heal-

ing.

In order to given specific objectives of this study, but are not limited to the following:

The research objectives:

Obijective 1: Effect of porosity on infrared healing of fatigue damage in asphalt.

Objective 2: Optimum moment to heal cracks in asphalt roads by means of electro-

magnetic induction.

Obijective 3: Influence of aggregate gradation on self-healing of asphalt enhanced

with capsules.

These are now discussed in the context of what was achieved and what could be im-
proved upon. Following this, recommendations for further work are made.

Major topics relevant to the project were explained in Chapter 2 which also referenced
definitive sources for further information and state of the art research concerning the
different materials used in this project. Firstly characteristices of fatigue damage are
described then the concept of self-healing togther with the most significant agents
that impact on the self-healing phenomenon. In addition, the methods of artificial self-
healing were presented in detail and the response of the materials added to mixtures to
accelerate healing. Finally, a critical evaluation was made of previous studies con-
cerned with the self-healing phenomenon in order to find the limitations that need to

be overcome on this topic.
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7.2 Conclusions of Chapter 4: “Finding of Using infrared healing to as-

sess the porosity in fatigue damage”

This aspect was investigated using five different types of hot mix asphalt, these were
5%10%, 13%,21% and 26% air void contents with correspondingly different amount
of asphalt contents respectively. The type of bitumen was 40/60 pen for all the mixes
and the aggregate was crushed limestone with maximum size 20 mm. The fatigue test
was carried out by subjecting asphalt beams to dynamic cyclic loads under modified
3-point bending fatigue conditions. This test configuration was selected to produce

clean vertical cracks at the midpoint of the specimens.

To determine the fatigue life of each studied material, 15 samples per material were
subjected to testing until failure, and the Weibull Distribution was fitted to the data.
This probability distribution was selected considering that fatigue damage is produced
by the progressive accumulation of mechanical energy on each applied cycle. The
samples’ average lifetime was estimated as the number of cycles at which the proba-

bility of breaking the specimens was 50%.

In order to evaluate the asphalt mixes’ capacity and extend their service life, when
subjected to a infra-red heating, a series of 40 samples for each material was manufac-

tured and tested, as described in section 3.4 in Chapter 3.

The results suggest that:

1. There is an optimum number of cycles at which to apply the heating treatment in

an asphalt mixture, below which there is not enough damage in the test samples and
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healing does not happen; and after which, the material is too damaged and cracks can-

not be repaired.

2. Asphalt test samples with non-contiguous air cavities present:

e longer fatigue life.
¢ lower healing capacity (HI<0.5);
e Negative Hl-values when the thermal treatment is applied too early or too

late, meaning that test samples experience damage instead of healing

e Strong reductions occur in the optimum number of cycles at which to apply
the thermal treatment when the air void content is slightly increased. In other

words, more frequent treatments would be needed.

e Strong reductions in the air void content were found after the healing treat-
ments and.

e Thermal expansion when the material’s temperature is increased.

3. In contrast, asphalt mixtures with contiguous air void content achieved higher fa-
tigue life extensions than denser asphalt mixtures, to the point of tripling their lifetime.
This was produced by a combined effect of densification during repeated loading test-
ing and consolidation during heating, resulting in denser samples with enhanced dura-

bility.

4. The temperature reached by the samples during the thermal treatment depended on
the distance between lamps and test samples and on the material’s air void content.

However, increasing the temperature is not a solution to improve asphalt self-healing
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with non-contiguous air voids. On the contrary, internal damage can be produced, re-
ducing the fatigue life. Asphalt self-healing can be maximised by designing an asphalt

mixture with an air void content that produces contiguous pores.

7.3 Conclusions of Chapter 5: “Finding the optimum moment to heal as-

phalt roads by means electromagnetic induction”

The aims of the second element of the work was to provide an indication of the best
moment to induction heat an asphalt road in order to repair cracking, something, which
has not been tested before. This study was carried out on porous asphalt because, based
on earlier testing, this is the type material where asphalt self-healing may be most suc-
cessful. Also, it is prone to ravelling, which may be delayed using induction heating,
and it does not tend to suffer rutting. The mix had 20% air voids content and was
composed of crushed limestone aggregate, 4.5% bitumen and 1.1% of steel wool was

used as well.

The extension of fatigue life obtained in porous mixes, when these are subjected to
electromagnetic induction, was studied. Based on the results of laboratory fatigue tests,
carried out at different loading levels, the main conclusions that could be extracted are

listed, as follows:

1. The number of cycles, whose Weibull probability of breaking the material is 0.5
(No.s) was considered as the reference fatigue life that can be expected from the mate-

rial. This value decreases exponentially when the applied load increases.
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2. The current was induced by a 15x15 cm? square flat coil with 4 turns, connected to
an induction generator of 6 kW with a power of 2800 W and a working frequency of
348 kHz at a distance of 2 cm from the surface. The 1.1% of steel wool was enough to

increase the surface temperatures of the asphalt above 120°C after 60s.

3. For all the stress levels applied in this investigation, it was found that there is an
optimum number of cycles at which, when the healing is applied, the obtained exten-
sion of fatigue life is maximum. This optimum number of cycles reduces when the
load increases. Furthermore, the maximum healing index obtained at the optimum

number of cycles increases with the load.

4. The optimum number of cycles to apply the healing occurs at approximately 35%
of the expected life, independent of the loading level. This is the moment that must be
included in a pavement management system for application of induction heating treat-

ments.

5. Cyclic loading produces a densification of the test samples in approximately the
first 15% - 20% of cycles. After this, the air void content increases steadily, which may

be due to the growth of cracks.

6. Cyclic loading produces a reduction of the air void diameter in the test samples up
to 40% and 50% of the original size until 0.35 Nos. After this, the air void diameter

remains constant.

7. Induction heating produces an increase of the air void content until 0.35 Nos. The
reason for this is unclear. Induction heating reverts the densification caused by cyclic

loading. Induction heating did not affect the air void content after 0.35 Nos.
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8. Induction heating reduces the diameter of the air voids. The reason for this is also
unclear and further testing and modelling will have to be carried out in the future to

explain this point. It is also unclear how this will affect to the performance of the road.

7.4 Conclusions of Chapter 6: “Using capsules to induce self-healing of

cracks in asphalt mixture”

The third objective explores the delay of cracking in dense, porous, and stone mastic
asphalt using encapsulated healing agents embedded in the asphalt. The rate at which
the oil is released from the capsules when the asphalt is exposed to cyclic loading was

investigated, together its capacity to improve the natural self-healing of the asphalt.

Most of the capsules resisted asphalt mixing and compaction. In porous asphalt, the
oil is released. This is an indication that the gradation of the asphalt is a critical param-
eter to affecting the design of the strength of capsules for asphalt self-healing. Further-
more, the self-healing efficiency of capsules is higher in porous and stone mastic as-

phalt than in dense asphalt.

The results suggest that:

. The capsules manufactured in this thesis did not affect the air void content or bulk

density of the asphalt mixture.

. Without including rest periods in the laboratory tests, the capsules reduced the number of cy-
cles resisted by the three types of asphalt mixtures studied SMA, PA and DA. These capsules
reduced the durability of the asphalt mixtures less than those capsules used in previous studies.

This shows that in future developments it will be possible to develop capsules that do not
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reduce the durability of the asphalt mixtures in the laboratory by increasing the strength of the

capsules.

3. The capsules did not break during testing; instead, the healing agent just can leak
out by the pressure acted on the capsules. This point must be validated in future re-
search, as the oil was released differently in porous and dense asphalt mixtures, which

may be a reflection of the different gradations.

4. In the lifetime of an asphalt pavement, there is an optimum moment to do its mainte-
nance, which is at approximately 35% of the cycles to rupture (with 50% probability).
This point seems to be independent of the loading level, and the air void content. The
reason for this is still unknown but it is probably related to the size of cracks in the
asphalt. In the future, it is of the foremost importance to design test methods to identify

the optimum maintenance.

. The encapsulated oil increased the durability of stone mastic asphalt, porous asphalt,
and dense asphalt in 35%, 30%, and 19%, respectively because of self-healing and
additional compaction. The reason for the difference between materials may be due to
the amount of mastic in the asphalt mixture, which influences the way in which the

asphalt gets deformed due to cyclic loading and the flow of mastic.

. The cyclic compaction of asphalt with, and without, capsules caused an immediate
decrease of the air void content (densification) of the material, which continued up to
35% of the cycles to rupture (with 50% probability). Afterwards, the air void content

increased, which may be due to the growth of crack and defects.
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7. During the resting period the asphalt mixture with capsules saw the air void content

increased, which may be due to the local reduction of viscosity.

7.5Suggestions and recommendations for future work

The following items are drawn from the discussion points which, indicate that further

research may be useful and perhaps lead to significant results:

The present study regarding the effect of air voids was focused on a fundamental un-
derstanding of how the air voids content affects the healing of fatigue damage in as-
phalt materials. In order to study that, the same test conditions were applied to samples
with different air voids contents. However, in a real case, porous and dense mixtures
would normally be used in the surface course and base layers, respectively. So, the
loading configuration would be also different, and it is recommending that the effect

of this is studied.

¢ In this research, only one type of binders (40/60) was studied in some specific as-
phalt mixtures. Nonetheless, many other gradations such as AC10 and small stone
mastic size SMA are in use, together with various type of binders, such as polymer
modified binders. Fatigue behaviour of these different mixes will need to be investi-

gated to provide a complete picture of fatigue performance and healing.

e Based on findings related to the second objective, it would be useful to incorporate
self - healing within a road maintenance plan to improve sustainability by reducing the

cost and time.
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¢ Regarding DA for which the healing capacity was low. Moreover, the sample suf-
fered higher bending during cyclic loading that led to runout the bitumen and reducing
capacity for flow between the aggregates and drainages into the cracks. This is a note-
worthy point must be studied in future. Rutting and trafficking may reduce the self-

healing ability of DA and thus, reduce the durability of the road.

¢ Regarding the self-healing test methods developed in this thesis, further research is
needed to validate and implement these methods into practice. The test methods can

be

used for ranking the self-healing capabilities of different types of binders and modifi-
cations in relation to the physical-chemical, rheological and micro-structural proper-
ties. More variables should also be considered including aging, moisture and so on. In
addition, it is also recommended to apply these developed methods to evaluate the

crack-sealing capability of sealants and joint materials.
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Table A.1: Asphalt maintenance techniques [61].

pendix A:

Average
Reasons of use Treatment | AVverage
. Life (years) Unit Cost
Technique
- . . Crackin
Friction| RAvel- | Rut Pot g9
ling ting | holes | ‘ Med ’ High
Crack treatment
Crack repair with sealing
Clean and seal X X 3 £0.2/1f
Saw and seal 7-10 £1.3/1f
Rout and seal X X 3 £0.5/If
Crack filling X X 1-3 £0.2/If
Full-depth crack repair X 5 £3.9/If
Surface treatments
Fog seal X 1-2 £0.1/sy
Seal coat X X 3-6 £0.4/sy
Double chip seal X X 7-10 £1.2/sy
Slurry seal X X 3-5 £1.2/sy
Micro surfacing X X X 5-8 £1.3/sy
Thin hot -mix overlay X X 5-8 £19.3/sy
Pothole and patching re-
pair
Cold -mix asphalt X 1 £42.4/ton?
Not availa-
Spray injection patching X 1-3 ble®
Hot- mix asphalt X X 3-6 £19.3/ton?
Patching w/slurry or micro-
surfecing materials X X 1-3 £42.4/sy*

& Cost for materials only
b Price various with condi-
tions
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Figure B.1: a Fibre steel, -(a)- distributes steel fibres in sample, (b)- dimeter

of steel fibre, in CT scan image
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Figure B.2: Manufacturing of Hot Mix Asphalt
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Figure B.4: a)Example for samples (a)white marking spray paint, (b)

Samples before and after testing.
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Figure B.5: Asphalt mixture beams for CTscan test for Chapter 5.
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Figure B.6 : Average values of the stiffness modulus of PA specimens with
(W/SF), and without (WQO/SF), relationship between stiffness modulus of the

PA specimens measured in longitudinal (Y) and cross (X) directions.
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Figure C.1: Distribution functions of the number of cycles resisted by PA
without capsules (WO) at different loading levels. (b), and Porous Asphalt

(PA), with (W/C) capsules.
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Figure C.2: Distribution functions of the number of cycles resisted by DA
without capsules (WO) at different loading levels. (b), and Porous Asphalt
(DA), with (W/C) capsules
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Figure C.4:Healing index vs number of loading cycles for, (a) SMA without

capsules,(b) SMA with capsules
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Figure C.5: Healing index vs number of loading cycles for(a) PA without
capsules, (b)PA with capsules.
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Figure C.6: Healing index vs number of loading cycles for(a) DA without

capsules, (b)DA with capsules.
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Figure C.7: Healing index vs probability of cracking for, (a) SMA without
capsules, (b)SMA with capsule.
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Figure C.8: Healing index vs probability of cracking for, (a) PA without
capsules, (b)PA with capsule.
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Figure C.9: Healing index vs probability of cracking for, (a) DA without
capsules, (b)DA with capsule.
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