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Abstract

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

Abstract

Economic and environmental advantages encourage the use of Reclaimed Asphalt Pavement
(RAP), coming from the milling of old pavements, to be introduced in new bituminous
mixture. In particular, hot recycling of RAP allows a reduction of production costs and
disposal issues as well as natural resources conservation thanks to the exploitation of both
bituminous and lytic component. However, regulations of road agencies and public
administrations usually impose restrictions on RAP percentages (from 10 to 30%) due to
uncertainties concerning the interaction between bitumen released from RAP and virgin
bitumen. Inaccurate assumptions on the related effects could lead to mixtures subjected to
premature distresses, such as fatigue failure, considering the higher oxidation, and
consequently viscosity (stiffness), of aged bitumens if compared to that of virgin bitumens.
In this context, the Ph.D research aimed at evaluating the effects caused by hot recycling of
high RAP contents. Since it is expected that field performance of bituminous mixtures is
mainly led by mastic phase and its components (i.e. filler and bitumen), the experimental
study focused on analysing interactions among different types and dosages of RAP bitumens,
rejuvenators and fillers. Besides the “classical” rheological characterisation, more innovative
tests and analyses were performed in order to get an overall picture of the mechanical
behaviour of the materials investigated in terms of fatigue, self-healing and thixotropy.
Based on the overall findings, the inclusion of higher RAP contents appears possible, without
negatively affecting the final mixture performance, when an appropriate design is considered.
Production process, paving technology, source, properties and dosage of RAP and,
eventually, rejuvenator need to be properly selected so as to improve low and intermediate
temperature properties of the mixture without penalising its high temperature performance.
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Sommario

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

Sommario

Benefici economico-ambientali incoraggiano 1’uso di fresato (RAP), proveniente dalla
demolizione di vecchie pavimentazioni stradali, da introdurre nella produzione di nuove
miscele. In particolare, riciclare a caldo il RAP permette una riduzione dei costi di produzione
e dei problemi di smaltimento, oltre a un risparmio delle risorse naturali, grazie allo
sfruttamento della fase sia bituminosa sia litica. Tuttavia, i regolamenti delle agenzie stradali
e pubbliche amministrazioni impongono restrizioni sulle percentuali di RAP implementabili
(10+30%) per la scarsa conoscenza dei meccanismi di interazione tra bitume riattivato da
RAP e bitume vergine. Assunzioni inaccurate possono causare ammaloramenti prematuri
della miscela, come fessurazioni da fatica, data la pili severa ossidazione, e conseguente
rigidezza, del bitume da RAP rispetto a quello vergine.

In questo contesto, I’attivita di dottorato si ¢ posta I’obiettivo di valutare gli effetti causati
dal riciclaggio a caldo di alti quantitativi di RAP. Poiché la prestazione in sito di miscele
bituminose ¢ strettamente legata alla fase legante e ai suoi costituenti (filler e bitume), la
sperimentazione ¢ stata indirizzata all’analisi delle interazioni tra diverse tipologie e dosaggi
di bitumi da RAP, rigeneranti e filler. Accanto alla “classica” caratterizzazione reologica,
protocolli di prova innovativi sono stati applicati per ottenere un quadro globale del
comportamento dei materiali e comprensivo di risposta a fatica, self-healing e tixotropia.
Sulla base delle evidenze sperimentali, I’impiego di un maggior contenuto di RAP ¢
possibile, senza 1’insorgenza di effetti dannosi sulla miscela finale, con una corretta
progettazione. La tecnica di produzione, stesa e compattazione, la provenienza e le proprieta
del RAP e dell’eventuale rigenerante devono essere selezionate opportunamente per
migliorare le proprieta della miscela alle basse e intermedie temperature senza
comprometterne le prestazioni alle alte temperature.
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Chapter 1

Background and problem statement

The word “sustainability” is currently dominating research trends and practical interests in
many different fields.

Within the past 25 years, it has become important for political strategies, for goals of nations,
cities and communities, and for companies’ business strategies. A long-term sustainable
development can be achieved only if the idea of sustainability is implemented at different
levels, from national guidelines to the practical application on site. The different levels should
exchange information and knowledge to guarantee an efficient advancement.

The origins of contents discussed in connection with the term “sustainability” go back to the
beginning of the 20th century and are rooted in the historic development of environmentalism
(Pepper, 2005). During the 1970s and 1980s, problems caused by environmental pollution
and consumption of resources became increasingly important. The most significant report of
that time that deals with this topic was by Meadows et al. (1972), which analyses the growth
of the world’s population and the resulting consumption of resources over the following 100
years. The results predict a failure of the world economy in case the economic system and
the treatment of the environment were not changed. The Brundtland report “Our Common
Future” can be identified as a milestone (Brundtland, 1987). It covers the relationship
between development and environmental policies and defines the model of sustainable
development for the first time: “Sustainable development is development that meets the needs
of the present without compromising the ability of future generations to meet their own
needs” (Brundtland, 1987). This report provided the impetus for the convention of the first
United Nations Conference on Environment and Development, also known as the “Earth
Summit,” in Rio de Janeiro, Brazil, in 1992. The most important result was the adoption of
Agenda 21, an action program containing specifications, inter alia, to fight poverty and create
effective energy policy, as well as fostering financial and technological cooperation of
industrialised and developing countries (UNCED 1993). In addition, the results were
extended and strengthened during the Johannesburg summit in 2002 (UN 2002). For the first
time, the transcription into specific policy goals was realised at the United Nations
Framework Convention on Climate Change in Kyoto in 1997 (UN 1998) by determining
mandatory targets for the limitation of environmental impacts, such as the reduction of CO»
emissions. Based on the above-mentioned conventions and reports, a broad discussion
dealing with sustainability and sustainable development took place. As a result, an
understanding of three different dimensions or pillars was developed, which specified the
conceptual model of sustainability:
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e Economic sustainability, intended as the ability of an economy to generate a lasting
growth able to maintain a healthy balance with ecosystem. This pillar supports
initiatives like fair distribution and efficient allocation of resources;

e Environmental sustainability, intended as the maintenance of the factors and
practices that contribute to the quality of environment on a long-term basis. This
pillar supports initiatives like renewable energy, reducing fossil fuel consumption
and emissions, sustainable agriculture and fishing, organic farming, tree planting
and reducing deforestation, recycling and better waste management;

e Social sustainability, intended as the ability of a community to develop processes
and structures which not only meet the needs of its current members, but also
support the ability of future generations to maintain a healthy community. This pillar
supports initiatives like peace, social justice, reducing poverty and other grassroots
movements that promote social equity.

These three dimensions of sustainability are internationally accepted as a well-established
framework these days (Otto, 2007).

Several other categories for organising sustainability indicators and criteria can be used.
Depending on the different countries and fields of application, various arrangements for the
criteria can be applied. In particular, sustainability assessment in the construction sector has
become increasingly important since the year 1990. It also goes along with the global
development of sustainability, which supported life-cycle thinking, with the model of the
three sustainability dimensions above-mentioned and with the importance of holistic
analysis. Most activities can be found in the building sector, whereas fewer approaches are
available for infrastructure sector, although this latter produces the highest level of
greenhouse gas, directly through fossil energy used in mining, transportation, paving works
and indirectly through the emissions coming from vehicles. For this reason, there is a deep
need to face the challenge of sustainability by limiting the impact of infrastructures on the
environment to a minimum through different sustainable practices. Nowadays, pavement-
engineering strategies aim at performance improvement, resources conservation (e.g.
recycling techniques) and environment protection (e.g. reduction of harmful emissions). The
goal is to maximise the lifetime of a road pavement while restricting its emissions.

In this context, the optimum solution to reach sustainability is recycling, which entails
environmental benefits with a reduction in the consumption of natural resources, energy and
landfill spaces and concurrently economic advantages thanks to costs saving for new
materials, disposal and transport. In particular, sustainability applied in road pavement design
and construction deals with the insertion of recycled materials, as substitution of virgin one,
whose origins can be different. In fact, according to the further field of application, it is
possible to reuse materials coming from old pavement demolition (i.e. road by-product,
usually referred as Reclaimed Asphalt Pavement, RAP), rubber tire recovery (i.e. industrial
by-product, coded as PFU) or generic old structure demolition (i.e. demolition by-product,
referred to Construction and Demolition, C&D).
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Over the years, the use of RAP has been widely promoted due to its environmental and
economic benefits, as the construction of new roads has gradually satisfied the constant
growth in traffic volume. Various recycling technologies for asphalt pavement, such as hot
recycling in asphalt plant, hot in-place recycling and cold in-place recycling, have been
developed and proved to possess their own advantages and characteristics (Wang et al.,
2017). For years, using RAP in unbound granular layers pavement was a common practice
(Kazmee et al., 2016). However, in addition to aggregates, RAP also contains binder;
therefore, when referred to hot recycling, the presence of RAP implies the introduction of
both bituminous and lytic components, hence offering a higher advantage compared with the
other recycled materials above-mentioned. In particular, the higher the RAP content within
a mixture, the higher the corresponding economic and environmental advantages that include
reduction of production costs, conservation of natural resources and avoidance of disposal
problems (Rubio et al., 2012). In spite of the benefits above-mentioned, it is important to
specify that more effort is needed to design a mixture containing a certain amount of RAP.
Production process (plant type, production temperature, mixing time and discharge
temperature), paving technology and RAP source and properties are fundamental factors on
the final recycled mixture properties. In general, the presence of high RAP contents would
increase the risk of premature distresses, such as thermal and fatigue cracking, as result of
higher oxidation and viscosity (stiffness) of RAP bitumen component compared to virgin
bitumen. In this context, the use of a rejuvenating agent represents a common practice to
restore the aged bitumen properties to a condition that resembles that one of a virgin bitumen.
Obviously, type and amount of rejuvenator need to be properly selected so as to improve low
and intermediate temperature properties of the mixture without negatively affecting its high
temperature performance. Also the implementation of RAP obtained from high-trafficked
roads (highways) offers a positive contribution in terms of asphalt pavement performance. In
fact, in this type of roads the likely presence of Styrene Butadiene Styrene (SBS) copolymer
modified bitumen limits oxidation with beneficial effects on the RAP mix in terms of
permanent deformation, thermal and fatigue cracking resistance (Dondi et al., 2016).
Actually, many agencies and public administration limit the use of RAP ranging from 10 to
30% due to concerns for pavement performances and production technologies. Uncertainties
concern the interaction between bitumen reactivated from RAP and virgin bitumen.
Inaccurate assumptions on the effects of interaction might create problems in both mix design
and pavement performance (Mogawer et al., 2012). However, several studies have indicated
that recycled pavements including over 40% RAP were feasible without detrimental effects
on their mechanical properties (Valdes et al., 2011; Pereira et al., 2004; Celauro et al., 2010),
especially on fatigue response (Stimilli et al., 2015a, 2015b, 2016, 2017; Mazzoni et al., 2016,
2017b and 2017c¢).

Anyway, it should be emphasised that fatigue cracking represents the major cause of failure
for asphalt pavements, hence it is fundamental the correct understanding of cracking
performance of bituminous materials, which is strictly linked to the properties of mastic phase
and its components (i.e. filler and bitumen) (Jakarni, 2012; Kim, 2008). In particular, fatigue

5
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resistance is the result of several mechanisms, such as self-healing which can be classified
among environmentally sustainable strategies designed to decrease maintenance costs,
extend service life and reduce greenhouse gas emission as well (Chung et al., 2015). In fact,
when exposed to damage, some materials (e.g. metals, polymers, concrete or bituminous
mixtures) have the intrinsic ability to repair small cracks and partial restore their original
properties through thermo-mechanical or induced mechanisms. However, other recoverable
phenomena of viscoelastic materials, such as thixotropy and heating, can permanently
recover material properties. In order to avoid misleading-analyses, it is important to
distinguish between recovery due to real healing and recovery due to intrinsic responses,
especially with respect to thixotropy since the latter does not contribute to the fatigue life.
Therefore, research studies on this field are necessary to achieve a proper know-how about
the best recycling process and the best laboratory practices for the recycled material property
investigation, the best source and properties of milled material including its maximum
content that can be incorporated in a new mixture. In particular, the best technical standards
to characterise these new materials and reliable parameters should be identified, considering,
among all the time and temperature dependent mechanisms involved in fatigue response, also
the recoverable phenomena of viscoelastic materials, such as self-healing and thixotropy, in
order to estimate the pavement service life under different climatic and traffic loading
conditions. It is important to achieve comparable field performance for recycled and virgin
materials, taking into account aspects related to both safety and maintenance costs.

Based on the above-mentioned discussions, it can be concluded that road pavement
sustainability deals with high- quality and long-lasting pavements whose design, construction
and management consider economic and social development, as well as environmental
preservation. Specifically, the aim of the work presented in this Ph.D thesis is to quantify the
fatigue life of bituminous mastics, considering self-healing potential and thixotropy and
concurrently identifying useful insights in varying mastic components (types, contents and
interactions). In fact, it is expected that the prediction of field performance of bituminous
mixtures is closely linked to mastic self-healing properties. Moreover, the increasing reuse
of Reclaimed Asphalt (RA) for the production of new, more performing and environmental
friendly bituminous mixtures leads to a further need of understanding the influence of aged
bitumen reactivated from RA (reclaimed bitumen) on the final mastic behaviour. A wide
experimental study focused on analysing interactions among different types and amounts of
reclaimed bitumen, eventually rejuvenator, virgin bitumen and filler, investigating the related
effects on the bituminous mastic performance.



Chapter 2.

Research description and objectives

The Ph.D research work aims at developing all the topics above-mentioned. In particular, the
valorisation of the milled material coming from old asphalt pavements results a fundamental
objective to pursue, especially when dealing with highway network system, where the new
bituminous mixtures produced and the milled material substituted are quantitatively
equivalent. As a consequence, the possibility to include higher percentages of milled material
than the current limit allowed by the national technical specifications represents the main
goal to be achieved in the production of new bituminous mixtures, whatever the recycling
techniques adopted (both cold and hot recycling). At the same time, this demand must be
supported by an adequate performance-based laboratory investigation focused on the
identification of advantages and disadvantages compared to the mixtures currently used in
the highway system. Ultimately, such an investigation aims at providing useful information
for technical and economic assessments of the recycling process. One of the main concerns
for the use of RAP in the production of new bituminous mixtures is related to the properties
of the aged bitumen included in the RAP and how it can affect the quality of the final
bituminous phase of the recycled mixture. Given the complexity of such a topic, a rational
planning of the experimental activities on a multiannual basis is required. In particular, the
investigations described in the following chapters first focused on the evaluation of the
rheological properties of different bitumens considered during their overall service life that
includes their reuse in hot recycling by adopting eventually different rejuvenators.
Subsequently, since the whole experimental program aims at verifying the actual possibility
to produce recycled mixture with high RAP content without compromising field performance
with regard to the main distress suffered by flexible pavements (i.e. fatigue cracking), fatigue
performance, which is strictly linked to the properties of mastic phase and its components
(i.e. filler and bitumen), was investigated for different bituminous materials. In particular, an
evaluation of the overall response of different bitumens and mastics including different RAP
contents is provided in terms of fatigue, self-healing and thixotropy and concurrently useful
insights for fillers and bituminous blends and their interactions are identified.

The main objectives are briefly summarised in the following section. In particular, the overall
research activities discussed in this dissertation are carried out in the Department of Civil and
Building Engineering and Architecture of the Polytechnic University of Marche and address
the main issues related to hot recycling production techniques, such as effect of RAP and
eventually rejuvenator inclusions on different bituminous materials.

The analysis focused first on the characterisation of different bitumens (primary bitumen and
vis-breaking bitumen) during the three main phases of their service life: the first service life
(service life after the bituminous mixture production using virgin bitumen), hot recycling

7
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process (bituminous phase of recycled mixtures made with virgin bitumen and aged bitumen
reactivated from RAP) and second service life (service life after the recycling process using
rejuvenated bitumen). In particular, the presence of aged RAP bitumen was simulated by
subjecting the reference bitumen to a laboratory long-term ageing, as described in a following
paragraph in detail (§ 5.2).

Subsequently, since the milled material used for the production of new mixtures for the
highway system comes exclusively from old highway pavements that can be implemented
only with modified bitumens, in accordance with the standard technical specifications, the
analysis focused on materials modified with Styrene Butadiene Styrene (SBS) copolymers.
Moreover, the choice of these materials depends on their highly established efficacy in
improving fatigue cracking and reducing ageing, thanks to the presence of elastomeric
polymers (SBS) that modify bitumen rheology by enhancing its elastic response. Different
bituminous and binder (bituminous mastic) phase of recycled mixtures, made with SBS
polymer modified bitumens, composed partially of the virgin polymer modified bitumen and
partially of the old aged bitumen released from RAP, polymer modified itself, and different
types and amounts of filler were characterised, especially in terms of fatigue, self-healing
and thixotropy.

2.1 Outline of the dissertation

In order to achieve the objectives above-mentioned, the research activities have been planned
and structured in two main phases, as shown by the scheme of Figure 2.1 that summarises
the research activity subjects of each step.

Hot Recycling:
Research programme

Part 1 Part 2
Characterisation of Characterisation of
BITUMINOUS PHASE BINDER PHASE

Figure 2.1. Research program: main steps.

Prior to performing the experimental activities, an extensive literature review was conducted
for each phase investigated. It allowed the assessment of the current state of knowledge on
hot recycling for bituminous mixtures and the related performance in terms of fatigue,
thixotropy and self-healing. Afterwards, laboratory activities were structured in two main
steps: the first one aimed at evaluating rheological properties of bitumens considered during
their overall service life that includes their reuse in hot recycling by adopting eventually
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different rejuvenators; the second one focused on the response of the binder component
within hot recycled pavement, especially in terms of fatigue, self-healing and thixotropy.
This Ph.D dissertation is composed of several chapters, whose contents deal with the topics
above-mentioned.
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Chapter 3

Literature review

The implementation of high RAP contents in new bituminous mixtures represents an
important challenge to be taken and a fundamental goal to be achieved. Over the last decades,
the re-use of old pavements is become a common practice to face up to the increment of the
oil price and low availability of good quality aggregates.

However, RAP component is rich in aged bitumen that could cause a significant increment
in the mixture stiffness, with consequences both in terms of production process and lay down
phase. Hence, when dealing with high RAP inclusion, the addition of a rejuvenator is
suggested so as to soften the aged bitumen reactivated from RAP and minimise the negative
impact of ageing. Many experimental studies linked to the re-use of milled materials are
available in literature and, in particular, the main experiences on hot recycling with the related
issues concerning the use of RAP and rejuvenators in a new bituminous mixture are discussed
in this chapter, especially with respect to the effects of RAP and rejuvenators on the
bituminous phase.

3.1 Main experiences on hot recycling of asphalt pavements

Hot Mix Asphalt (HMA) is the most commonly used material for road pavement construction
worldwide. During road pavement service-life, the HMA suffers structural damage, such as
rutting, fatigue and thermal cracking, mainly due to repeated traffic loading, severe climatic
conditions and problems related to the bituminous mixture production, compaction and
paving. It is estimated that the amount of RAP that is milled off roads is approximately 100
million tons pro year (Boomquist et al., 1993) and is totally recyclable (Hansen et al., 2011).
In accordance with Directive 2008/98/EC, Member States of EU shall take measures to
promote the re-use of products and preparing for re-use activities (2008/98/EC Directive).
The new circular economy package issued by the European Commission in December 2015
aims at increasing the use of recycled material and RAP in road construction by promoting
cradle-to-cradle strategy to save raw materials, reduce carbon footprint of construction
process and save money. For instance, in Germany, France and the Netherlands the available
quantity of RAP is 11.5, 6.9 and 4.5 million tonnes, respectively, and the percentage of RAP
incorporated in hot/warm recycling is 90%, 64% and 76%, respectively. However, re-use and
hot/warm asphalt recycling practices struggle in Italy, wherel10 million tonnes of RAP are
available, but only 20% of RAP is used in hot/warm recycling processes. This means that
RAP is accumulating in stockpiles, used in non-bituminous applications or being dumped.
Many agencies and public administrations insert restrictions on RAP percentages ranging
from 10 to 30% in their regulations due to concerns for pavement performances and

13
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production technologies. Also most state Departments of Transportation (DOTs) allow the
use of RAP in preparing bituminous mixtures at low percentages ranging between 15 and
45%. The main reason of such low RAP contents used in new bituminous mixtures is the
uncertainty concerning the interaction between bitumen released from RAP and virgin
bitumen. Despite considerable efforts in characterising the interaction between virgin and
RAP bitumens (Navaro et al.,, 2012; Nguyen, 2009; Booshehrian et al., 2013) and
consequently the degree of blending the two constituent of the bituminous phase (Shirodkar
et al., 2010; Yousefi, 2013; Bressi et al., 2015) only few fundamental information on
physicochemical phenomena and mechanisms during a mixing phase of a new mixture with
RAP are available in literature. Moreover, the main obstacle to incorporate high RAP
contents into asphalt pavements is the aged RAP bitumen which causes premature distresses,
such as fatigue failure or low temperature cracking in pavement structure. To overcome this
problem, the use of specific additives is usually recommended to achieve adequate
workability and final mechanical performance (Chen et al, 2007; Shen et al., 2007; Yu et al.,
2014). The same rheological properties of the target virgin bitumen can be obtained by
mixing the aged RAP bitumen with a rejuvenator, but the chemical composition (e.g. the ratio
of asphaltenes to maltenes) of the rejuvenated bitumen is significantly different from that of
the virgin bitumen which may affect the long-term performance of the RAP mix (Asli et al.,
2012; Shen et al., 2007; Zargar et al., 2012). The performance of the rejuvenated bitumen is
obviously also high dependent on the type and dosage of the rejuvenator. Additives should
be non-hazardous and stable over a wide range of temperatures, from production to
application and must not experience any exudation or evaporation, in order to ensure a good
performance over asphalt pavement lifetime designed. Numerous studies have been
undertaken on the effect of recycling additives within aged bitumen, but the ageing process
of rejuvenated bitumen is still a challenge. For this reason, an overview of the knowledge
acquired about the proper rejuvenator to be used (type and dosage) as well as its effect on the
properties of aged bitumen and mixture will be widely discussed in the following sections.

3.1.1 Major issues related to the use of RAP

Reclaimed Asphalt Pavement (RAP), coming from the demolition and milling of old asphalt
pavements, can be incorporated in the production process of new bituminous mixtures
(Copeland, 2011), thus obtaining a recycled bituminous mixture that guarantees appropriate
characteristics if a proper design is planned. In particular, several studies highlighted the
necessity to address the following issues (Copeland, 2011; Ipavec et al., 2012):

— quality control of materials and production process adopted;

— characterisation of RAP in agreement with the European standard EN 13108-8;

— dosage and type of external materials eventually included in RAP;

— type and age of bituminous component;

— average bitumen content;

— type and grading distribution of original aggregates;
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— nominal maximum aggregate size;

— homogeneity;

— type and percentage of the virgin bitumen added.

The recycling technique chosen and the properties of RAP components are of fundamental

importance to obtain good recycled mixtures and consequently suitable field performance. In

particular, recycling techniques can be divided in two main categories: hot and cold
recycling. In this literature review, only the main experiences on hot recycling technique are
described in order to provide a comprehensive picture of the current state of the art.

Usually, with respect to hot recycling process, RAP constitutes a percentage of the total

amount of materials around 10 to 50% to be mixed with aggregates and bitumen preventively

heated at high temperature. Two different production methods can be adopted:

— in plant recycling: the milled material is moved from the old pavement location to the
plant site where it is processed through crushing and screening to discard foreign matters
and clumps too large. Then, it is usually sieved and divided in more fractions prior to
being re-used. Thanks to the higher possibility to monitor and control the milled material
prior to be re-introduced in the production process, this method avoids high variability of
RAP and guarantees a better quality and a more uniform homogeneity of the final mixture.
Moreover, it provides the advantage of having higher flexibility in the production
sequences that can be adapted according to several requirements and different types of
mixture. At the same time, this method has few drawbacks mainly related to the higher
costs due to the transport and the stocking of the milled material in the plant where it is
necessary to ensure a big amount of appropriate spaces;

— inplace recycling: in this case, all the production activities (milling, mixing, compaction)
are implemented directly in field using specific equipments. Lower control of the milled
materials and the quality of the production process have to be considered. However, these
drawbacks are balanced by higher economic benefits and shorter production time. The so
produced mixtures are usually employed to build binder or base layers, depending on type
and volume of traffic (Tebaldi et al., 2012).

The choice to adopt the in plant production process is mainly determined by the following

factors:

— type of application: the in plant recycling is usually taken into account when the recycled
material is used to build a new layer of the pavement;

— in site material: since high quality and good properties are required for surface layers,
when they are produced with milled material, the variability usually related to RAP can
justify a pre-treatment that can be fulfilled only in plant.

Another aspect to be mentioned, strongly associated to the production method adopted, is the

water content of RAP, namely its humidity that represents one of the most important

characteristic to check when RAP is re-used, since it can negatively affect the overall quality
of the mixture.

In fact, a pavement is subjected to maintenance and rehabilitation activities when its

distresses are already significant and compromise the integrity of the surface, hence allowing
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the access of the water inside the pavement structure. In particular, in the case of in place
recycling, RAP is used right after the milling in the exact conditions that it has in situ.
Therefore, it is necessary to control a priori that the water content in the old pavement is able
to guarantee the goodness of the re-building activity.

On the contrary, in the in plant production the initial water content of RAP is less important
since this parameter can be easily monitored over time and varied if needed. In fact, once
RAP is moved to the plant site, it can be managed and preserved as a traditional aggregate
fraction. However, it is necessary to remind that the milled material has the tendency to keep
the humidity without allowing the water to progressively drain as usually happens for the
virgin aggregates. Therefore, also in plant the water content of RAP must be regularly
monitored (Tebaldi et al., 2012b) and the contact between RAP and water should be avoided,
for example stoking the material in a covered space.

As initially highlighted, besides the production techniques, also the homogeneity of RAP,
especially in terms of type and dimension of the original aggregates and type of the original
bitumen, should be considered among the factors affecting the quality of a recycled
bituminous mixture.

The ideal production process should allow the use of RAP coming from only a single source
(intended as pavement layer). Such a precaution can be achieved by stocking the material
coming from different layers separately. This is particularly important since different layers
of a pavement are made with different materials in order to obtain specific characteristics.
For example, the surface layers are usually composed of bitumen with improved quality and
aggregates of smaller size (Al-Qadi et al., 2007; Copeland, 2011; de la Roche et al., 2012).
Since this practice requires several efforts in terms of logistic organisation and costs (time
and a lot of spaces for the stockpiles), it is difficulty fulfilled and often milled materials
coming from different locations and pavement layers are mixed together.

In any case, in the attempt to increase the homogeneity of the milled material, a previous
fractioning and sieving of RAP is fundamental. Obtaining several RAP sizes (e.g. 0/4 mm
and 4/11 mm or 0/8 mm and 8/16 mm) should be recommended also for the in plant
production, since it allows to meet more easily and effectively the aggregate grading curve
requirements (de la Roche et al., 2012). Moreover, such a precaution can encourage the use
of higher RAP content in new mixtures, since the fractioning in more sizes is believed to
enhance the integrity and the homogeneity of RAP with positive consequences on interaction
with the virgin aggregates (Copeland, 2011).

Among the aspects previously mentioned, also the aggregate gradation of the recycled
mixture and the type and quantity of the virgin bitumen added have a fundamental importance
in the production of optimum hot recycled mixtures. Consequently, before producing
recycled mixtures, specific investigations are needed about these two fundamental aspects.
In particular, with respect to the virgin bitumen, one of the major concern, not fully
investigated yet, is the degree of blending between the virgin bitumen and the aged bitumen
reactivated from RAP and the effects of the blending on the properties of the final bituminous
component of the recycled mixture. The performance of the bituminous mixture is
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significantly affected by the degree of blending which determines type and quantity of the
virgin bitumen to be used as well as the maximum amount of RAP to be included in a recycled
mixture. As suggested by the fundamental importance of this aspect, a specific paragraph of
the literature review hereby presented (§ 3.2.5) is completely dedicated on it.

3.1.2 Major issues related to the use of rejuvenators

Among recycling additives, a distinction can be made between rejuvenators and softening
agents (Wu et al, 2002; Pradyumna et al., 2013). The softening agents play the role of agents
reducing aged bitumen viscosity, whereas rejuvenators act as agents restoring the chemical
and rheological properties of aged bitumen (Grilli et al., 2017; Karlsson et al., 2006; Garcia
et al., 2010).

According to Carpenter et al. (1980), the diffusion process of a rejuvenator includes four
steps. In the first step, the rejuvenator forms a very low viscosity layer surrounding the
aggregate particles coated with aged bitumen. In the second step, it starts penetrating into the
aged bitumen and consequently softens the bitumen. In the third step, the rejuvenator
penetrates into the aged bitumen and viscosities of both inner and outer layers are gradually
decreased. Finally, by passing time, equilibrium is reached over the majority of the recycled
bituminous film. Different factors influence diffusion rate, as listed below (Cussler, 1997,
Karlsson et al., 2003):

— Size and shape of molecules or agglomerations;

— Intermolecular forces;

— Temperature;

— Structural rigidity of the diffusing molecules (restrictions on bending and twisting);

— Microscopic structure of a relatively stationary phase, if any.

In 2003, Karlsson and Isacsson investigated the influence of different parameters on diffusion
rate using Fourier Transform Infrared Spectroscopy by Attenuated Total Reflectance (FTIR-
ATR). These parameters included temperature, bituminous film thickness, type of bitumen,
and chemical properties of the bitumens. According to their results, temperature had the
highest influence on the diffusion rate (Karlsson et al., 2003). In long-term criteria, chemical
properties should be altered in addition to bitumen rheology to minimise fatigue and low
temperature cracking without negatively affecting rutting properties, as a consequence of a
softer bitumen. Additionally, the rejuvenated bitumen should provide sufficient adhesion and
cohesion between the aggregate particles to prevent moisture damage and ravelling
(Zaumanis et al., 2014). Another long-term issue is related to the ageing of the rejuvenated
bitumen. It was reported that ageing process is faster in a rejuvenated bitumen than in a virgin
bitumen. Therefore, performance of rejuvenated bituminous mixture should be accurately
evaluated (Ongel et al., 2015). Typical changes in chemical compositions for a typical aged
and rejuvenated bitumen are depicted in Figure 3.1.
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Figure 3.1. Alterations in chemical compositions of aged and rejuvenated bitumen.

Three rejuvenating methods are suggested by literature. The most common way to use
rejuvenators is mixing them with aged bituminous mixture at high temperature (140-150 °C)
or spraying them onto the surface of asphalt pavement (Lin et al., 2014; Garcia et al., 2011).
The second procedure is called Rejuvenator Seal Materials (RSM), which is typically used
after three to four years of pavement construction (Lin et al., 2014). Two factors are important
in the RSM procedure: (1) effective penetration depth of rejuvenator; (2) diffusion effect with
bitumen. RSM method can improve mixture properties against catastrophic effects caused by
the presence of moisture, gasoline, diesel and weathering, and can even enhance surface
cracking properties of road mixtures (Fwa, 2006; King et al., 2007). It can also prevent
bitumen oxidation by penetrating into the voids in bituminous mixture (Lin et al., 2012).
Although the advantages above-mentioned, RSM method presents some weak points. Firstly,
rejuvenator must penetrate into pavement surface to a required depth or it might reduce
surface skid resistance which can cause delay to open traffic after RSM application
(Prapaitrakul et al., 2005; Garcia et al., 2010; Su, 2012; Qureshi et al., 2013). Another
negative aspect about RSM is that it might harm the environment (Garcia et al., 2010). The
third concept of using rejuvenators is encapsulation process. In this method, a rejuvenator is
contained in capsules. Figure 3.2 shows the working mechanism of a capsule: under the
application of repeated traffic loads the capsule within the mixture starts degrading until it
breaks and rejuvenator comes out and diffuses through the bitumen (Garcia et al., 2011).
Recently, the microencapsulation process has been developed (Su et al., 2013). In the theory
of microcapsule, after the microcapsule cracks, the released rejuvenator will leak into the
micro-cracks which help with healing process. Shells in microcapsules are commonly
fabricated by polymeric materials that provide not only appropriate strength and toughness,
but also exhibit good thermal stability at high temperatures (Su et al., 2013; Pan et al., 2012).

18



Part 1
Chapter 3. Literature review

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

Figure 3.2. Capsules mechanism scheme (Garcia et al., 2011).

A crucial step is the selection of the appropriate type and dosage of rejuvenator. In particular,
rejuvenators come from different sources and include plant oils, waste-derived oils,
engineered products, as well as traditional and non-traditional refinery base oils (Zaumanis
et al., 2013). Good rejuvenators should properly react with aged bitumen and produce high
quality recycled bitumen. However, according to Ping-Sien Lin et al. (2011), there is the lack
of a complete knowledge about rejuvenating mechanism responsible of the improvement of
aged bitumen properties and consequently recycled mixture quality. In addition, concerns are
associated with rejuvenator ability to diffuse within RAP bitumen and to provide the long-
term performance required for another pavement service period (Zaumanis et al, 2015).
Moreover, overdosage of rejuvenator can create problems such as adhesion and stripping of
the bituminous film from the aggregate (Zaumanis et al., 2013).

However, introducing rejuvenators provides major benefits as compared to merely bumping
the virgin bitumen grade, as follows:

— Unrestricted RAP content using a single rejuvenator;

— Cheap storage, since in most cases rejuvenators do not require heating;

— Simple addition to the mixture using volumetric pump or existing liquid additive dosage
system;

— Ability to add the precise required dose based on the RAP bitumen properties.

These advantages would allow an increase in the average RAP content to be incorporated in
HMA asphalt pavements, if the rejuvenating mechanism were better understood.

3.1.3 Incorporation of high RAP contents and rejuvenators in asphalt
pavements

Both hot and cold in place recycling processes potentially allow the incorporation of RAP
percentages up to 80-100%. However, the common practices limit the use of RAP ranging to
10-30% by aggregate weight due to the extreme variability of RAP gradation. This aspect is
especially important when RAP is not appropriately processed and stocked, with previous
sieving and fractioning actions that avoid excessive variability and segregation. Additionally,
the milling process produces a recycled material with high fine aggregates content, RAP
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component rich in (aged) bitumen that, hence, could cause a significant increment in mixture
stiffness, with consequences in terms of both production process and lay down phase.

In order to soften the aged RAP bitumen and minimise the negative impact of ageing, a
rejuvenator should be used. From a chemical point of view, an ideal rejuvenator should
replenish the volatiles and light chemical fractions that have been lost during pavement
ageing (Nahar et al., 2014) by providing a homogeneous system where asphaltenes are well
dissolved and prevented from precipitation or flocculation, as suggested by some researchers
(Karlsson et al., 2006). Another study has demonstrated that high amounts of resin or
aromatic fractions provide a better rejuvenating effect (Roberts et al., 2009).

In any case, rejuvenators have the potential to significantly increase RAP content
incorporated in HMA mix design, and, perhaps even provide a chance for total (100%) hot-
mix recycling (Zaumanis et al., 2014). This would require ensuring homogeneous RAP
material with low fines content, adequate mix design and modified production plants. Despite
the economic and environmental benefits promised by higher RAP contents, some state
agencies are reluctant to allow the use of rejuvenators, mostly due to potential rutting damage
(Shen et al., 2007), which may result from ineffective blending of the rejuvenator with the
RAP bitumen and resultant low stiffness micro-layer on RAP surface (Zaumanis et al., 2015).
Hence, careful selection of the rejuvenator is required to guarantee the pavement the
necessary short-and long-term properties, as follows:

—  Short-term properties: rejuvenators should allow the production of high RAP content
mixture by rapidly diffusing into RAP bitumen and mobilising aged bitumen in order
to produce uniformly coated mixtures. Rejuvenator should soften bitumen in order to
produce a workable mixture that can be easily paved and compacted to the required
density without the hazard of producing harmful emissions. Major part of diffusion
process should be completed before traffic is allowed to avoid reduction of friction
and increased susceptibility to rutting;

— Long-term properties: rejuvenators should reconstitute chemical and physical
properties of the aged bitumen and maintain stability for another service period.
Bitumen rheology should be altered to reduce fatigue and low temperature cracking
potential without over softening the bitumen to cause rutting failure. In order to
prevent moisture damage and ravelling, a mix exhibiting sufficient adhesion and
cohesion have to be designed.

However, there is still the need to bridge the lack of a systematic approach aimed at exploring
how the rejuvenator modifies the chemical, microscopic and mechanical properties of the
aged bitumen.

20



Part 1
Chapter 3. Literature review

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

3.2 Effect of RAP on the bituminous phase of bituminous
mixtures

One of the main concerns for the use of RAP in the production of new bituminous mixtures
is related to the properties of the aged bitumen included in RAP and how it can affect the
quality of the final bitumen phase of the recycled mixture. In fact, the most critical issue is
related to the ageing process which affects physical and chemical characteristics of RAP
bitumen entailing a general hardening of the final bituminous blend. Moreover, the
phenomena of RAP bitumen mobilisation and its blending and interaction with the new virgin
bitumen during mix production represent uncertainties that are still under investigation
worldwide. Inaccurate assumptions on the effects of interaction could create problems both
in mix design and pavement performance, leading to a final mixture more susceptible to
cracking, ravelling, moisture damage and rutting (Zaumanis et al, 2015; Dondi et al., 2016;
Noferini et al., 2017).

In this regard, ageing effects on the chemical and rheological properties of the bitumen and
the current state of the art about the knowledge acquired on the interactions between virgin
and RAP bitumen are discussed in the following paragraphs.

3.2.1 Basic bitumen chemistry and structure

In order to have a better understanding about RAP bitumen and ageing phenomenon, an
exhaustive overview about bitumen chemistry and structure is first provided.

Bitumen is defined in the current European specifications (EN 12597) as a “virtually
involatile, adhesive and waterproofing material derived from crude petroleum, or present in
natural asphalt, which is completely or nearly completely soluble in toluene, and very viscous
or nearly solid at ambient temperatures”. The elemental composition of bitumen depends on
its crude source, which is composed of hydrocarbons. The chemical nature of the crude oil is
described as paraffinic, naphtenic or aromatic if a majority of saturate, cyclic or aromatic
structures, respectively, are present. Hydrocarbons are organic compound consisting entirely
of hydrogen and carbon, where carbon atom is the molecule skeleton. The complexity of
bitumen chemistry lies in the fact that many different chemicals are present. In fact, even if
bitumen mainly consists in carbon (typically 80+88 wt.%) and hydrogen atoms (8+12 wt.%),
which give a hydrocarbon content generally superior to 90 wt.%, heteroatoms, such as
sulphur (0+9 wt.%), nitrogen (0+2 wt.%) and oxygen (0+2 wt.%), and traces of metals, such
as vanadium, up to 2000 parts per million (ppm), and nickel (up to 200 ppm) are generally
present (Table 3.1) (Speight, 1999; Read, 2003; Jiménez-Mateos, 1996; Branthaver, 1994).
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Table 3.1. Elemental analysis for the core SHRP bitumens (Mortazavi et al., 1993).

Origin AAA-1 AAB-1 AAC AAD-1 AAE-1 AAG-1 AAK- AAM-1
Canada WA Canada UsA Usa Usa Venezuela USA
c Wix 839 823 865 816 845 856 837 868
H WEE 100 105 13 108 104 105 102 12
H+C WL 939 @29 978 924 949 96.1 939 98.0
HjC Molar 143 155 157 159 1.48 147 146 155
o WEE 0.6 08 09 09 11 1 08 05
N WS 0.5 05 07 0.8 0.6 1 07 06
s W% 55 a7 19 69 24 13 64 12
vV ppm 174 220 146 310 87 37 1480 58
Ni ppm 86 56 53 145 35 95 u2 G
Mn g/mol 790 840 870 700 840 710 860 1300

In particular, heteroatoms influence in saturated molecules: they combine with the carbon
atoms of some unsaturated molecules making them more active (polar). However, molecules
saturated by heteroatoms are joined by relatively weak chemical bonds that can be easily
broken by heating or applying tangential actions; this fact explains the viscoelastic and
thermoplastic nature of bitumen. It should be emphasised that, if the bonds are broken by
heating, they will be replaced after the bitumen cooling by a different structure, if compared
with the original one characterising the bond before undergoing heating (oxidation).

The presence of some compounds constituted by heteroatom provides useful indication on
bitumen behaviour. For example, the presence of ketones and sulphides is a marker of a
bitumen with a strong tendency to oxidation that is, conversely, inhibited by phenols, sulfides
do not react directly with oxygen, whereas the presence of amphoteres improves bitumen
viscosity.

Approaching bitumen chemistry on a global basis is not sufficient to fully understand its
properties, thus it is fundamental the knowledge of bitumen structures, or better its
homogeneous fractions, each one with peculiar characteristics, to which certain properties of
the bitumen are common. In fact, through different fractionation methods, it is possible to
separate bitumen molecules into different chemical families, depending on their size and
solubility in polar, aromatic or non-polar solvents. In particular, chromatographic method is
the main tool worldwide used for the evaluation of the bitumen structural constitution. It
identifies four separate fractions allowing the so-called SARA analysis to be performed:
Saturates, Aromatics, Resins and Asphaltenes (SARA). Bitumen must be thought as a
chemical continuum with a gradual increase of molar mass, aromatic content and polarity
from saturates to asphaltenes (Table 3.2.)

Table 3.2. Chemical properties of bitumen and the SARA fractions.

Chemical properties of bitumen and the SARA fractions:
typical H/C, elemental analysis, number average molar mass and solvent used in ASTM D-4124

H/IC Cc H o N S M, Solvent in ASTM D4124

= % % % % % g/mol
Bitumen 1.5 80-88 8-12 0-2 0-2 0-9 600-1500 -
Saturates 19 78-84 12-14 <0.1 <0.1 <0.1 470-880 n-heptane
Aromatics 1.5 80-86 9-13 0.2 0.4 0-4 570-980 toluene and toluene/methanol 50/50
Resins 1.4 67-88 9-12 0.3-2 0.2-1 0.4-5 780-1400 trichloroethylene
Asphaltenes 1.1 78-88 7-9 0.3-5 0.6-4 0.3-11 800-3500 n-heptane insoluble
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In details, saturates usually amount for 5+15 wt.% of a paving grade bitumen and form a
colourless or lightly coloured liquid at room temperature (Corbett, 1969). They are composed
of mainly aliphatic with different branching structures and some long aliphatic chains
(paraffins) and very few polar atoms or aromatic rings are present. They function as jelling
agent for bitumen components, as they favour asphaltene flocculation and therefore bitumen
solid-elastic phase.

Aromatics form a yellow to red liquid at room temperature and are the most abundant
constituents of a bitumen together with the resins, since they amount for 30+45 wt.% of the
total bitumen (Corbett, 1969). Their carbon skeleton is slightly aliphatic with lightly
condensed aromatic rings (Piéri, 1995). They are somewhat more viscous than saturates at
the same temperature and function as solvents for the peptised asphaltenes.

If saturates and aromatics are oily liquids at room temperature, resins form a black solid at
room temperature (Corbett, 1969) and can be numerous (30+45 wt.%) (Corbett, 1969). Their
composition is close to that of asphaltenes except a less complex aromatic structure content
(Koots et al., 1975). Piéri (1995) showed that they can sometimes be more polar than
asphaltenes, but again with less condensed aromatic rings. They typically contain fused
aromatic rings, with a most probable structure corresponding to 2—4 fused rings. They play a
crucial role in the stability of bitumen, since they act as flocculent agents for the asphaltenes.
Asphaltenes form a black powder at room temperature (Corbett, 1969) and are largely
responsible for the black colour of bitumen. They exhibit many condensed aromatic rings
and polar groups, some fused aromatic rings and pending aliphatic chain. They represent
generally between 5 and 20 wt.% of a paving grade bitumen (Corbett, 1969; Speight, 2004)
and are by far the more studied bitumen fractions because of their viscosity building role
(Branthaver, 1994). The higher the asphaltenes content, the higher the stiffness as well as the
viscosity of the associated bitumen. However, bitumen behaviour is determined by the
compatibility and the interactions among these homogeneous fractions rather than the relative
amount of the components.

Different models were proposed to link bitumen composition and rheological properties.
Early colloidal systems were proposed by Rosinger (1914)-Errera-Nellensteyn (1924) and
described bitumen as a dispersion of asphaltene micelles (solid) in an oily phase (fluid) thanks
to the presence of peptising agents, i.e. resins, adsorbed on their surface. Resins and oils are
called maltenes (Read and Whiteoak, 2003; Redelius 2004).

Resins, the polar components of the maltenes, are thought to stabilise the asphaltene micelles
that are very close in structure to free carbon. In particular, if resins keep asphaltenes highly
peptised (or dispersed) in the oily phase so that micelles are no interacting, the associated
bitumen is characterised by sol-model as defined by Pfeiffer and Saal (1940) and Labout
(1940). This model results in a newtonian liquid behaviour at high temperature and very
viscous (not elastic) behavior at low temperature. Whereas, if resins are not very effective in
peptising asphaltenes, which result fully interconnecting, gel-model is obtained for the
associated bitumen. This model results in a non newtonian fluid (viscoelastic) behaviour at
high temperature and elastic solid behaviour at low temperature. Also an excessive presence
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of paraffins (saturates) in relation to nitrogen bases tends to reduce solubility, leading to
increased gel characteristics, but, if the asphaltenes are very branched, it is higher their
interaction with the resins and lower destabilising effect of saturates. In practice, most of the
bitumens has intermediate characteristics between these two structures above-mentioned that
represent the limit cases. Coexistence of sol-type micelles and a gel structure as a function of
temperature and aggregation state of micelles (ratio among asphaltenes, resins, aromatics and
saturates) is defined as a gel-sol model. Modern colloidal models developed, but the only
difference between former sol and gel would be the amount of solid phase that is asphaltenes
plus stabilising resins. Moreover, the effective volume fraction must account for the solvent
entrapped inside the open asphaltene micelles and the possibility that asphaltene aggregation
and conformation change with temperature and concentration.

However, in each bitumen the molecules are subjected to an irreversible oxidative
phenomenon (i.e. ageing) that significantly alters chemical properties of the material over
time.

A Sol bitumen

- =
7 AT
Y O bl
@ Asphaltenes © Aromatic/naphthenic hydrocarbons
D High molecular weight ~~ Naphthenic/aliphatic hydrocarbons
aromatic hydrocarbon

D Low molecular weight - Saturated hydrocarbons
aromatic hydrocarbon

Figure 3.3. Internal structure of bitumen (Read and Whiteoak, 2003).

3.2.2 Ageing of bitumen

Chemical ageing is a sum of oxidation reactions and polymerisation and, to a lesser extent,
lighter components evaporation (Read and Whiteoak, 2003; Traxler, 1961; Bell, 1989). As a
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result, chemical ageing causes a global hardening of the material (Read and Whiteoak, 2003;
Wright, 1965) and consequently an increase in cracking probability (Isaccson et al., 2003).
In details, bitumen undergoes two different ageing phases: short- and long-term ageing. The
former occurs during production, transport and paving, when bitumen is exposed to high
temperatures, and is mainly linked to oxidation and evaporation leading to a doubling of the
viscosity due to the increase in asphaltenes (from 1 to 4% in weight) (Groupe National
Bitume, 1997). It is well simulated by means of Rolling Thin Film Oven Test (RTFOT)
(ASTM D2872 - EN 12607) which “cooks” the bitumen in 1.25-mm thick moving films at
163 °C for 85 minutes. The latter occurs for a much longer period of time, since service life
of the pavement can last several decades. It is most closely related to oxidation, physical
hardening, polymerisation and photo-oxidation for surface layers and depends on several
factors. Bitumen thickness and position inside the pavement, mix formulation and mix
porosity together with local climate represent important parameters involved and making
quite complicated to properly describe in-situ ageing. However, the Pressure Ageing Vessel
(PAV) Test (ASTM D6521 - EN 14769) preceded by Rolling Thin Film Oven Test (RTFOT)
(ASTM D2872 - EN 12607) represents a laboratory testing procedure widely used to
reproduce satisfyingly the in-situ ageing of bitumen in surface courses for approximately 4
to 8 years in locations such as Wyoming and Florida (Anderson, 1994).

3.2.3 Ageing effects on bitumen chemistry

Ageing process causes a progressive change within bitumen chemical composition. In
particular, it does not alter the molecules of saturates due to their poor reactivity neither those
of the asphaltenes, since they are the most stable components of bitumen. On the contrary,
the polar components are mostly subjected to oxidation (Rostler et al., 1970). In fact,
oxidation converts the aromatics into resins that, in turn, generate asphaltenes (Read and
Whiteoak, 2003; Wright, 1965; Moschopedis et al., 1978; Farcas, 1998), thus determining a
reduction of the ratio maltenes/asphaltenes and a consequent increase in bitumen viscosity
and stiffness. Another direct effect linked to chemical modifications caused by ageing
phenomenon is a slight increase in the glass transition temperature.

In the Sixties, Corbett and Swarbrick (1960) observed an increase in asphaltene molecular
weight after ageing, thus suggesting the existence of polymerisation reactions demonstrating
that the asphaltenes produced during ageing process are different than the initial ones. This
result was partially confirmed by Kats et al. (1976) who observed in one of the two bitumens
investigated the conversion of asphaltenes into carbenes and carboids, due to a photo-
oxidation. This latter is believed to generate polymerisation reactions, not only for
asphaltenes (Kats et al., 1976), but also for lower fractions down to the saturates (Huang,
1997).

Ageing leads to the formation of sulfoxides, ketones and then carboxylic acids (Farcas, 1998;
Petersen, 1993). Sulfoxides are rapidly formed, but are thermally unstable. Therefore, they
reach a steady-state level that depends on both initial sulphur content and oxygen diffusion
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within bitumen (Petersen, 1993). Ketones and carboxylic acids are more stable and do not
reach an asymptotic value in laboratory ageing experiments (Petersen, 1993). The in-situ
ageing seems to yield a steady-state level not only of sulfoxides, but also of carboxylic acids,
after 2 years of service life in Southern France (Lamontagne et al., 2002). As a result, after
ageing functional group content may rise up to more than 1 mol/l (Branthaver, 1994). Based
on oxygen up-take, the ageing kinetics is initially linear and tends to slow down as the
reaction proceeds (Wright, 1965; Petersen, 1993).

3.2.4 Ageing effects on bitumen rheology

Ageing has a great impact also on bitumen mechanical properties (e.g. hardening) and
consequently its importance is quantified using rheological indicators, such as viscosity (Bell,
1989; Groupe National Bitume, 1997). The latter undergoes alterations more or less evident
depending on ageing extent and bitumen structure. In fact, Traxler (1961) observed a linear
increase in room temperature viscosity as a function of ageing time up to 15 h in thin film
(3.2 mm) at 163 °C. The increments recorded varied between 5 and 20 times, depending on
the bitumen origin. The more structured the bitumen (“gel type”), the higher the viscosity
increase rate. On the contrary, for ageing time longer than 15 hours lower viscosity
increments were detected, allowing the viscosity to be modelled over time by a hyperbolic
interpolation line (Bell, 1989). In addition, Petersen (1993) demonstrated that at lower
temperatures (around 60 °C) bitumens with high asphaltene content can easily aggregate,
thus preventing oxygen from easily penetrating bitumen and, subsequently, ageing process
to take place. On the contrary, at high temperatures (around 130 °C) the higher dispersion of
the solid particles facilitates oxygen penetration within bitumen, thus determining a
consequent higher degree of ageing (Figure 3.4 B). Whereas, bitumens with low amounts of
asphaltenes show an ageing temperature-independent behaviour, since they always guarantee
particle dispersion (Figure 3.4 A).

Other fundamental parameters used to assess ageing effects on bitumen are the norm of the
complex modulus, |G*|, and the phase angle, 6. In particular, Bahia and Anderson (1995)
observed significant modification in the trends of |G*| and & values of some bitumens
subjected to oxidation in laboratory by applying different ageing durations and temperatures
in comparison with unaged bitumens (Figure 3.5). In general, experimental test carried out
within the typical frequency and temperature range of road applications pointed out an
increment in the norm of the complex modulus and a reduction in the phase angle, as a general
consequence of ageing.

The higher the |G*| values, the higher the stiffness and, hence, the lower the tendency to
accumulate permanent deformations under traffic loading. However, besides the advantages
in terms of rutting, a negative impact in terms of fatigue and thermal cracking could be
induced. On the contrary, phase angle reduction allows different analysis to be drawn. In fact,
the tangent of the phase angle represents the ratio between the dissipated modulus and the
storage modulus at each loading cycle, corresponding to the viscous component and the
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elastic component of the complex modulus, respectively. Hence, a decrease in such a
parameter indicates a dissipated energy lower than the storage one and consequently a
bitumen more resistant to fatigue and rutting, but more sensible to the effects induced by the
thermal strains. In fact, the decrease in the dissipated strains leads to an increase in the tensile
tension accumulated after each loading cycle (Bahia and Anderson, 1995).

A Ageing kinetics versus temperature for

two extreme bitumens
Oxidation Time at 113°C, hr (TFAAT)
24 48 72

c T T l
E
AAG-1, 113°C (TFAAT)
105 \
E

i
|

Viscosity, poise, 60°C

I 1 i
(] 'iaﬂ 200 300 400 500
Oxidation Time at §0°C, hr (POV)

B  The Petersen model of bitumen
oxidation kinetics

O [INITIAL GENERIC FRACTION
O

— (O Asphalianes
:Dn_ ~ "'O C Poler Aromatics
9 5 _O"' ~ Aromatics

~ O_ — Saturates
= ) * Danotes Oxidized
~ - Molecule
Low Tamparatura High Temperature
Cxidation Oxicalion
—~ o ~ ® ')
) —  Increase ~ e -»—@
Temparature (3 Dy -~ e
0w 00
%% -~ UL e
Decrease — o'. ooty
Temperature ~® e~ SO
oe@~0 @

Figure 3.4. Ageing model of bitumen (Petersen, 1993).
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Figure 3.5. Ageing effect on the complex modulus and phase angle master curve (Bahia
and Anderson, 1995).

3.2.5 Blending efficiency of RAP bitumen

Both industry and academia have a great interest in determining blending efficiency of
bitumen reactivated from Reclaimed Asphalt Pavement (RAP) in new pavement mixtures as
more and more RAP has been recycled in pavement construction to conserve natural
resources.

It is well known that RAP bitumen is stiffer than a new, virgin bitumen, as a consequence of
oxidation caused by thermal effects during mixing process and environmental effects during
pavements life cycle. Moreover, it is generally expected that, when a certain RAP content is
recycled into a new pavement mixture, RAP bitumen is completely blending with the new
virgin bitumen. This is a critical assumption considering the long-term performance of the
new pavement mixture. In fact, if RAP bitumen does not blend with the virgin bitumen, the
pavement performance could be compromised. At higher percentages of RAP (>15%) the
virgin bitumen grade is often decreased in order to account for the increased stiffness of the
mixture due to RAP bitumen (Kandhal et al., 1997). This creates an even more complicated
problem if the bitumens are not efficiently blending because there will potentially be pockets
of stiff, RAP bitumen and virgin bitumen which is too soft for the climatic region. Thus, it is
very important to establish blending efficiency and consequently to engineer the pavement
to serve its entire expected life span. Many studies have been conducted to investigate the
blending efficiency of RAP in bituminous mixtures. Soleymani et al. (2000) investigated this
aspect by creating three very different mixes for comparison: case A, B and C, at 10% and
40% RAP content. Case A is the ‘‘black rock’ scenario, meaning that RAP simply acts as
an aggregate and consequently RAP bitumen is not reactivated at all. Case B is a “‘true’’
mixing scenario where the RAP is simply added to the mixture as it would be in typical
mixing cases. Case C is the considered the ‘‘total blend’’ scenario because the recovered
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RAP bitumen from Case A was blended mechanically with the virgin bitumen before adding
it to the mixture. All the three mixtures were then tested using the Simple Shear Tester (SST).
After testing over 64 cases, it was found that for 40% RAP content, 45% of the samples
performed similar to the Case C, 100% blend. Only 5% of the mixtures performed close to
the ‘‘black rock’’ scenario, and the remaining samples were somewhere in between in terms
of performance. At 10% RAP content, little to no difference was detectable between Case A,
B and C. Another study was conducted by McDaniel et al. (2012) that evaluated field
mixtures with different RAP contents and similar gradations, and then defined their blending
based on the ‘‘Bonaquist Approach’’. This approach takes into account the fully recovered
bitumen from a mixture. In the case of a full recovery of a mixture, the bitumen is considered
to be completely blended. The recovered bitumen was tested using the Dynamic Shear
Rheometer (DSR) and the Bending Beam Rheometer (BBR). The Hirsch Model was applied
to estimate the mix master curve. The mixtures were then tested and compared to the
predicted master curve. If the master curves overlapped, the mixture was considered to be a
total blend. Twenty mixtures were considered with RAP contents ranging between 0% and
40% and two different performance grade virgin bitumens. Three of the mixtures that
included RAP were thought to exhibit poor blending, one had partial blending, and the
remaining 16 mixtures were considered to be well blended. Mogawer et al. (2012) used a
similar method to investigate the blending efficiency of plant produced mixtures. The
Christensen-Anderson (CA) model was used to develop the mixture master curve. An
important finding of this research is that the discharge temperature may have an impact on
the relative degree of blending. Additional studies for blending efficiency assessment were
conducted by Huang et al. (2005) and Bowers et al. (2014). In both studies a mixture was
created with two different sized materials. A virgin bitumen was mixed with large virgin
aggregate and a smaller RAP.

After mixing, the large and small aggregates were separated. The small (RAP) aggregate was
then subjected to a ‘‘staged extraction’’ method where the aggregate was washed four times
with solvent, removing ‘‘layers’’ of bitumen. In the study conducted by Huang et al. the
bitumen was recovered and characterised using the DSR and Finite Element Analysis. Huang
et al. found that a composite layer was formed between the virgin and RAP bitumens, but
effectively a three layer system was formed with the innermost layer being stiffer. Bowers et
al. (2014) also recovered the bitumen, but then tested it using the analytical chemistry
techniques Gel Permeation Chromatography (GPC) and Fourier Transform Infrared
Spectroscopy (FTIR). In the work of Bowers et al. it was determined that a partial blend
occurred in all four layers, with the outermost layer being the softest and gradually stiffening
when moving to the innermost layer.

Zhao et al. (2014) investigated the blending efficiency of Recycled Asphalt Shingles (RAS)
using DSR and GPC. Three different sized aggregates were used in this study and separated
after mixing. The fine particles were blended with the RAS before mixing with a medium
and large aggregate. Mixing scenario’s varied in this research from different mixing time and
temperature.
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The researchers concluded that aggregate size and mixing temperature did not play a role in
the blending efficiency of the RAS, but they did identify an effect of mixing time. It is also
worth noting that the RAS never completely blended with the virgin bitumen. Navaro et al.
(2012) studied the blending of RAP microscopically by using a virgin bitumen that is clear
under white light, but has polymers that fluoresce under UV light. The researchers created
mixtures at 110 °C, 130 °C, and 160 °C. The mixtures were then examined microscopically
and the researchers determined that at higher mixing temperatures the RAP particles were
less likely to cluster, implying that better blending occurs at higher temperatures. Shirodkar
etal. (2011) conducted a study with large virgin aggregates and small RAP aggregates. Virgin
aggregates were superheated and then RAP aggregates were added for 30 minutes before
mixing. RAP was then mixed with virgin aggregates and put in oven for 2.5 h. The mass loss
from RAP was then calculated and was considered to be the amount of bitumen that could
mobilise. At the conclusion of the research, it was found that 70% blending occurs in a 25%
RAP content with a PG 70-28. The researchers also found that up to 96% blending occurs
when 35% RAP is blended with a PG 58-28 bitumen. Both these findings were based on the
authors given gradation.

In the last decades, the use of Warm Mix Asphalt (WMA) is increasing, since it allows the
production of bituminous mixtures at temperatures between 10 and 38 °C lower than
traditional HMA temperatures and consequently economic and environmental benefits. The
use of WMA additionally limits the susceptibility of bitumen to oxidation during the mixing
process. Zhao et al. (2013) investigated the use of foamed bitumen and a surfactant based
WMA product with high RAP contents ranging from 0% to 40% and compared the rutting
resistance, fatigue resistance, and moisture susceptibility. Shu et al. (2012) investigated the
impact of RAP in both HMA and WMA mixtures and found that RAP is beneficial for
resistance to moisture damage. Further work studying the combination of WMA and RAP by
Zhao et al. (2012) found that foamed WMA actually had better resistance to rutting, moisture
damage and fatigue performance when compared to HMA equivalents. There are obviously
economic and environmental benefits to the use of RAP and WMA together; however, the
question still remains on how the use of WMA may affect the blending efficiency of RAP
considering the lower mixing temperatures.

3.3 Effect of rejuvenators on the bituminous phase of bituminous
mixtures

According to literature, the use of vegetable-based rejuvenators represents a good option, if
the asphaltene content is sufficient (Simonen et al., 2012) and for in-place or in-plant cold
mix recycling, since they can properly reactivate the aged bitumen wihin RAP (Hugener et
al., 2014). Zaumanis et al. (2014) compared the influence of six rejuvenators on the properties
of aged bitumen. The results obtained in their study showed the potential of waste vegetable
(WV) oil to rejuvenate aged bitumen by reducing the performance grade and fatigue
parameters to a higher degree as compared to other rejuvenators. However, it was noted that
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using adhesion promoting additive might be necessary to contend with the high moisture
susceptibility caused by using WV oil. The effects on the performance and microstructure of
aged bitumen when using light weight oil, with high aromatic content (common rejuvenator),
and composite oil, which is the blend of lightweight oil and chemical compounds containing
polar groups, were investigated. The conclusive results of this study demonstrated that
composite rejuvenator could be used for rejuvenating severely aged bitumen by more
effectively restoring the colloidal structure of aged bitumen through the composition
regulation and chemical reaction between asphaltenes and composite rejuvenator. The
common rejuvenator could restore bitumen rheological properties; however, its effect was
much lower than that of the composite rejuvenator (Kuang et al., 2014). Effects of using
rejuvenators and softer bitumen in bituminous mixtures containing different percentages of
RAP were investigated in another study. The moisture susceptibility test was performed using
indirect tensile strength ratio. An asphalt pavement analyser was also used to evaluate rutting
properties of mixtures. The results of this study indicated that mixtures fabricated with
rejuvenators had higher strength values and the lowest rut depth compared to mixtures
produced using softer bitumen. Tensile strength ratio results for these mixtures were slightly
different than those of fabricated with softer bitumen (Shen et al., 2007a). Shen et al. (2007b)
conducted a study to evaluate the effects of using a soft bitumen with low asphaltene content
(2 wt%) as a rejuvenator and with different percentages on aged bitumen and mixture
properties. The results achieved in this study demonstrated that rutting resistance parameter
(IG*|/sind) of aged bitumen decreased linearly as the rejuvenator percentage increased. The
linear trend was observed for the fatigue parameter, |G*|sind, that diminished with the
incremental increase in rejuvenator content, thus providing a better fatigue resistance.
Moreover, results in terms of Dynamic Stability (DS) of mixtures showed a considerable
decrease in DS values in the case of rejuvenated mixture compared to the control mixture
(mixture without rejuvenator). In particular, the lower the DS value, the lower the mixture
performance at high temperature which could be of concern for the rejuvenated mixture.
However, according to Thermal Stress Restrained Specimen Test (TSRST) result, the
rejuvenated mixture performed better at low temperature when the fracture temperature
decreased from 22.0 to 29.5 °C and fracture strength increased by 0.5 MPa by adding a higher
rejuvenator content from 0% to 7.4% (Shen et al.,, 2007a). The effects of using three
rejuvenators have been evaluated on the properties of bitumen and mixtures containing high
RAP content. These rejuvenators are BituTech RAP, SonneWarmix RJT and SonneWarmix
RJ. As authors mentioned, bitumen non-recoverable creep compliance was enhanced by the
addition of rejuvenators. Fatigue properties of the rejuvenated bitumen improved, as
suggested by Linear Amplitude Sweep (LAS) test results in comparison with virgin bitumen.
A decrease in mixture air voids was detected thanks to the presence of rejuvenators and their
diffusing effect in hard bitumen. Additionally, using rejuvenator could mitigate mixture
cracking properties, whereas rutting and moisture susceptibility were adversely affected
(Mogaver et al., 2013). In 2014, a comprehensive study was carried out by Zaumanis et al.
to evaluate the use of different recycling agents on the properties of rejuvenated bitumens
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and mixtures. Effects of six recycling agents were investigated with similar dosages (12%).
Waste vegetable oil (WV oil), waste vegetable grease (WV grease), organic oil, distilled tall
oil, aromatic extract and waste engine oil (WEO) were designated in this study. The
properties of the agents are listed in Table 3.3.

Table 3.3. Recycling agent properties and description (Zaumanis et al., 2015).

SPECIFIC MOLECULAR
RECYCLING AGENT GRAVITY STRUCTURE POLARITY
WV OIL 0.924 Ring and strand Non®
WV GREASE 0.924 Ring and strand Mild
ORGANIC OIL 0.947 Ring and strand Very®
DISTILLED TALL OIL 0.950 Ring and strand Mild
WASTE ENGINE OIL 0.872 Aliphatic Slight
AROMATIC EXTRACT 0.995 Aromatic ring Very
VIRGIN BINDER 1.020 Ring and strand Mixed©

@ Products with very few if any polar compounds.
® Products with high percentage of polar compounds.
© reference to the mixture of oil fractions with different degrees of polarity comprising bitumen.

Results of this study revealed that at an intermediate temperature (25 °C) all agents could
reduce bitumen viscosity to the level of virgin bitumen; however, bitumen viscosity was
higher than that of virgin bitumen at higher temperature. Lower dosages of organic oils were
required in comparison to the petroleum additives in order to provide similar softening
effects. The application of 12% recycling agents improved workability of RAP bitumen,
without reaching workability of the virgin bitumen. In details, the addition of organic agents
led to an improvement in fatigue performance of aged bitumen, as suggested by LAS test
results. The best effect was detected when vegetable oil products were added that guaranteed
a comparable fatigue performance with virgin bitumen, whereas the petroleum products did
not affect aged bitumen performance in terms of fatigue. Among all the agents selected, using
12% of organic oil determined the best overall performance, followed by WV grease and
distilled tall oil. Conversely, WEO was considered as the worst agent. However, Zaumanis
et al. (2015) suggested the quantification of the optimum dosage, according to each
rejuvenator selected, as a fundamental task for future works. Using similar recycling agents,
a complementary study was carried out on recycled mixtures. Results obtained and compared
to virgin mixture showed positive rutting and fatigue resistance for recycled mixtures with
the exception of the WEO-rejuvenated mixture. The workability of the mixtures was
improved through the application of recycling agents, though in some cases using
antistripping additive was deemed to be necessary (Zaumanis et al., 2014) . It is worth noting
that polar aromatic ring structure is carcinogenic and therefore using polar aromatic oils, such
as aromatic extract, in bitumen rejuvenation is being limited (Zaumanis et al., 2013). Another
comparative study was performed using three rejuvenated bitumens. A rejuvenator, waste
cooking oil and cotton seed oil were used with different percentages (0%, 5% and 10% by
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rejuvenated bitumen weight). Results of this study showed a reduction in rutting resistance
factors for rejuvenated bitumens, |G*|/sind, due to the presence of rejuvenator. In general, the
bitumens blended with rejuvenator performed better than the bitumens containing waste
cooking oil or cotton seed oil, in terms of elastic recovery and resistance to flow deformation.
Chen et al. (2014) assessed 5% of waste cooking oil and cotton seed oil as the optimum
dosage to produce a bitumen exhibiting a superior PG equal to 64. Effects of nine
rejuvenators were examined on bitumen and mixture properties, when RAP contents were
involved. The rejuvenators were distilled tall oil, WEO, WEO bottoms, WEO + FT wax,
naphthenic flux oil, aromatic extract, paraffinic base oil, refined tallow and organic blend.
Among these, the refined tallow resulted to be the most effective agent at lowering the
viscosity of aged bitumen, whereas the presence of WEO bottoms determined a considerably
higher viscosity value as a likely consequence of higher mixing and compaction
temperatures. Indirect tensile creep compliance and strength tests were performed to evaluate
mixture performance at lower temperatures. In most cases, results obtained showed an
improvement in low temperature properties of a mixture by adding rejuvenator (Zaumanis et
al., 2013). Im et al. (2014) investigated impact of three commercial rejuvenators (R1, R2 and
R3) on performance and engineering properties of HMA mixtures containing 19% RAP. In
this study, rejuvenators R1 and R2 were directly added to virgin bitumen, whereas R3 was
blended with recycled materials. Results achieved showed an improvement in terms of
cracking, deformation and moisture susceptibility of mixtures containing a rejuvenator.
Waste cooking oil was used in different percentages (1+5% by bitumen weight) as a potential
rejuvenator for aged bitumen. Physical properties of aged and rejuvenated bitumens were
then evaluated by performing penetration, softening point and viscosity tests. As a result, it
was concluded that for rejuvenated aged-bitumen group of 40/50, aged bitumen containing
3-4% of WCO could approximate the physical properties of virgin 80/100 bitumen (Asli et
al., 2012). Additionally, the chemical analysis showed a decrease in Asphaltenes/Maltenes
ratio for WCO-rejuvenated bitumen compared to the aged bitumen (Zargar et al., 2012).
Aromatic oil (AO), vegetable oil (VO) and soft bitumen (SB) (160/220 penetration grade)
were used as rejuvenating agents for RAP and added in percentage equal to 40% by total
bitumen weight. All the bitumens were subjected to a laboratory ageing by means of Rolling
Thin Film Oven Test (RTFOT) and Pressure Ageing Vessel (PAV) procedures. Results in
terms of fatigue showed a better response for rejuvenated bitumen than for pure bitumen
(Dony et al., 2013). Another study evaluated the effects of emulsion, maltene and vegetable-
oil based rejuvenators on physical and rheological properties of three bitumens coded as
AAA-1, AAD-1 and AAM-1. The result of this study showed that the flow property of highly
aged bitumen was improved similarly for both vegetable-oil based and maltene based
rejuvenators. A faster enhancement in fatigue resistance of bitumen type AAD-1 was
detected using vegetable-oil based rejuvenator rather than the other rejuvenator types;
however, comparing bitumen type AAM-1 to the other two types, the presence of emulsion
based rejuvenator guaranteed a faster improvement in fatigue resistance of highly oxidised
bitumen. In addition, aged bitumens containing vegetable-oil based rejuvenator exhibited the
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best thermal behaviour (Huang et al., 2015). In another study, composite castor oil (30% coke
oven gas condensate and 70% castor oil) and pongamia oil were selected thanks to their
ability to increase maltene fraction and dissolve asphaltenes in rejuvenated bitumen, thus
allowing the recovery of laboratory aged bitumen properties. Overall, three dosages (5%,
10% and 15%) of rejuvenators were used and thermal and rheological properties of the
bitumens were investigated. The results revealed a similar rutting resistance for bitumens
containing 10% of rejuvenator and virgin bitumen. Moreover, the bitumen rejuvenated by
pongamia oil showed the best fatigue response, even if fatigue life of all the rejuvenated
bitumens was quantified to be longer than that of the virgin bitumen, whatever the rejuvenator
dosage considered. Overall, 5% of both oil types was found to be the optimum value to reach
the desired fatigue and rutting performance (Nayak et al., 2015). Recently, effects of using
paraffinic oil, aromatic oil and organic blend rejuvenators with 9% dosage by bitumen weight
were investigated on mixtures including 50% RAP. The flexural beam fatigue test results
revealed that all types of rejuvenators improved fatigue resistance of bituminous mixtures
even more than the control mixtures fabricated to PG 58-28 and PG 64-28 specifications.
Mixtures rejuvenated by paraffinic oil displayed the highest fatigue life among the mixtures.
However, it should be highlighted that fatigue improvement in rejuvenated mixtures is
generally a consequence of lower strength and stiffness, and higher creep rate (Mogawer et
al., 2015).
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Chapter 4.

Rheological investigation of bitumens:
background

4.1 Viscoelastic properties

Bitumen is a viscoelastic and time-temperature dependent material. Therefore, its properties
modify according to temperature and loading frequency applied. For a proper
characterisation, fundamental parameters mainly related to the material rheological
behaviour should be introduced. In particular, the main parameters depend on the stiffness
properties of the material that are in turn associated with the viscous and elastic behaviour of
bitumens. Thus, the norm of the complex shear modulus |G*| and the phase angle 6 are often
used to identify the material behaviour. |G*| is a measure of the total resistance of a material
to deforming when repeatedly sheared. It consists of two components: an elastic recoverable
component and a viscous unrecoverable component. The phase angle & is an indicator of the
relative amounts of recoverable and unrecoverable deformation (Figure 4.1).
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Figure 4.1. Complex modulus and phase angle representation.

The Strategic Highway Research Program (SHRP) developed detailed specifications,
providing bitumen classification based on its performance measured through different
rheological tests (Performance Grade). In particular, the Dynamic Shear Rheometer (DSR)
is a reliable device used to determine rheological properties and thus identify the viscous and
elastic behaviour of bituminous materials over a wide range of conditions. In particular, it
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allows the application of oscillatory or continuous shear sinusoidal loading stress or strain,
characterised by a given amplitude and frequency.

In details, the sinusoidal loads should simulate the effect induced by the intermittent passage
of traffic in road pavement. The different vehicles speed can be reproduced by adopting
different loading frequencies. Usually, the frequency is set equal to 1.59 Hz (i.e. 10 rad/s),
since this value corresponds to a loading time of 0.1 s that represents a reference value in
laboratory for all the tests aimed at simulating the effects caused by traffic on pavements
(Christensen and Anderson, 1992). Therefore, in order to define a parameter that can allow
the comparison between different types of bitumen, it must be always taken into account that
external loads applied to a pavement are not static forces, but dynamic forces, schematically
assumed as sinusoidal and periodic for laboratory purposes.

The main geometric configuration used by the DSR is the plate-plate configuration. The
bitumen sample is sandwiched between two metal parallel plates. The bottom is fixed,
whereas the upper can rotate and is able to apply sinusoidal loading waves described as
follows:

T =1, sen(wt) 4.1

where 7 is the shear stress, 7 is the amplitude of the stress, w is the angular frequency and ¢
is the time.

As a consequence of this loading action, the material reacts with a response that is sinusoidal
itself and characterised by the same frequency of loading wave, but with a time lag equal to
o

Y =Y, sen(wt —§) 4.2)

In this way, it is possible to characterise the material behaviour through its stiffness
properties. In particular, the complex shear modulus G* can be determined in accordance
with the following relationship:

(@) =73 43)

where  T*(t) = 1, * [cos(wt) + i - sin(wt)]
Y*(t) =y, - [cos(wt — &) + i - sin(wt — §)]

By substituting these expressions (periodic sinusoidal loads) into the previous equation, the
following form can be obtained:

G'(w) = 2e® (4.4)

This equation represents a complex number with an absolute value equal to the ratio between
the maximum amplitude of the stress applied and the maximum amplitude of the
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corresponding strain. The vector direction is rotated respect to the horizontal axis of a
quantity equal to the phase angle 6 (Figure 4.1). Based on what introduced so far, it is worth
noting that the complex modulus G* is independent on the loading time, but is function of
temperature, frequency and stress/strain level (if the linear viscoelastic limit of the material
is exceeded).

As previously mentioned, the complex modulus can be divided in two components:

e G;,=|G"|-cos(8) = storage modulus, used as indicator of the elastic
behaviour of the material;
e G, =|G"|-sen(8) = loss modulus, used as indicator of the dissipated energy

when a load is applied to the material and, hence, represents the viscous component
of the material behaviour.

Therefore, the phase angle 6 concurs to identify material behaviour: when the phase angle
tends to O °, bitumen mainly behaves as an elastic material, whereas phase angle values close
to 90 ° denotes a mainly viscous behaviour. These two components, storage and loss
modulus, are used especially to characterise material behaviour at high and intermediate
temperatures to directly address two main pavement distress modes: rutting caused by
permanent deformation of the paving mix and fatigue cracking related to energy absorbed
during repeated loading applications to the pavement. The first one occurs at high
temperature, whereas fatigue is more likely at low-intermediate temperature. In particular,
rutting resistance is mainly associated with creep behaviour of a viscoelastic material such
as bitumen. While a constant load is applied, the material creeps. The initial response is
elastic, but it tends to becomes viscous after a certain time of loading application. The stress
is proportional to the load applied and the strain is the deformation response. The creep
compliance in shear (J(t), reciprocal of the shear modulus G*) can be calculated as the ratio
between strain and stress. After removing the load, the material relaxes, but only part of the
strain accumulated is recovered. The reciprocal of the creep compliance (express in terms of
shear modulus as |G*|/sind, rutting resistance parameter in the Superpave specification) can
be assumed as a measure of the permanent strain resulting after the application of a unit stress,
which simulates the effect of a single wheel load to the development of rutting on a flexible
pavement. With respect to the fatigue resistance, bitumen stiffness represents an important
parameter in determining the level of stress at the bottom of the bound layers where the crack
initiates. When one deals with thick pavements, a stiff mixture is preferable, since it limits
the stress at the bottom by distributing it over a wider area. On the contrary, thin pavements
should require low stiff mixtures in order to limit the stress caused by large deflection of the
subgrade. In particular, the fatigue phenomenon is mainly linked to energy dissipation.
Therefore, the fatigue parameter introduced by Superpave specification to control the fatigue
damage is |G*|-sind, which directly measures the energy dissipation during cyclic loading.

Finally, it can be stated that the complex modulus G* (and hence |G*| and the phase angle 9)
provides fundamental information in the performance analysis of a bitumen. However, as
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often mentioned, their value depends on the temperature, the loading frequency and the
stress/strain applied. Anyway, it is possible to eliminate the stress/strain dependency by
verifying that the loads applied (stress or strain) is lower than a limit value, referred as Linear
Viscoelastic limit (LVE). Below this value, the material behaviour is independent on the
loading magnitude. Such a value can be experimentally determined by applying several
stress/strain values at a given temperature and frequency. Then, the stress/strain value
corresponding to a reduction of the initial complex modulus |G*| equal to 5% is calculated
and constitutes the LVE threshold. This type of test is usually named as strain sweep test.
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5.1 Materials

5.1.1 Bitumens

The binders selected were both 50/70 pen bitumens, but manufactured through different
technologies. In details, the first bitumen selected was obtained as the residue from a
visbreaking process and coded as VB. Visbreaking (i.e. viscosity breaking) is a relatively
mild thermal cracking process operated at 455+510 °C and 0.3+2 MPa (i.e. 3+20 bars) for a
short residence time (1+3 min), which allows to reduce the viscosity of residua without
attempting coke formation and significant conversion to distillates (Mazzoni et al., 2017a).
The main limitation of the visbreaking process is that the products can be unstable. In fact,
thermal cracking at low pressure gives olefins that, in turn, produce a very unstable material
tending to undergo secondary reactions (oxidation) to form intractable residua (Speight,
1999). The second bitumen selected was obtained as the vacuum residue from a typical
distillation process and coded as PB.

The basic properties of the bitumens used in this study are summarised in Table 5.1.

Table 5.1. Basic properties of the bitumens selected.

Code Penetration Softening

atT=25°C point

[dmm] [°C]
Visbreaking Bitumen VB 62 46-54
Primary Bitumen PB 63 44-52

5.1.2 Rejuvenators

In the present research, three commercial rejuvenators, commonly used for hot recycling,
have been chosen. The first (Rejuvenator type A) is a miscible crude tall oil derived from the
processing of pine wood in paper industry and contains fatty acids, resin acids and
unsaponifiables. The second (Rejuvenator type B) is a mix of different chemicals and consists
of modified polyamines and vegetal oils. The third (Rejuvenator type C) is an organic refined
additive consisting of alkylates and fatty acids (Mazzoni et al., 2017a). The physical
characteristics of the three rejuvenators are shown in Table 5.2.
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Table 5.2. Basic properties of the rejuvenators (Mazzoni et al., 2017a).

Rejuvenator Density at T =20 °C  Kinematic viscosity at T =20 °C

[g/cm3] [mmzls]
A 0.93 98
0.80 45
0.88 47

5.2 Bituminous blends preparation

Starting from each one of the two bitumens and the three rejuvenators above-mentioned,
fifteen bituminous blends were artificially manufactured in laboratory to simulate the overall
service life of each bitumen selected (i.e. ageing of a bitumen within a new Hot Mix Asphalt
(HMA), rejuvenation of bituminous blends within a new HMA containing a high RAP
content by means of three different additives and ageing of rejuvenated bitumens).

The first service life of each bitumen selected was simulated by subjecting it to a short- and
long-term ageing, by means of Rolling Thin Film Oven Test (RTFOT) and Pressure Ageing
Vessel (PAV) testing procedures, in accordance with European Standards EN 12607-1 and
EN 14769, as summarised in a following paragraph (§5.3.1). It should be highlighted that the
same aged bitumen obtained with the procedure above-mentioned was also used to reproduce
the RAP bitumen. Hot recycling was simulated by blending 50% of the virgin bitumen, 50%
of RAP bitumen and, in case, one of the three additives selected. The dosage of each additive
complied with manufacturer instructions and previous experimental results as well (6% by
RAP bitumen weight for both additives A and B and 3% by total bitumen weight for additive
O).

A total of thirty bituminous blends was investigated in this study as summarised in Table 5.3.
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Table 5.3. Bituminous blends investigated.

a) First step of testing

Bituminous blend

Bituminous sample preparation

Code Name
VB Visbreaking virgin bitumen The first reference bitumen selected
. Visbreaking virgin bitumen subjected to
STAGvs Short-term aged bitumen a short-term ageing by means of RTFOT
Visbreaking virgin bitumen subjected to
LTAGvs Long-term aged a long-term ageing by means of RTFOT
bitumen/RAP bitumen + PAV and simulating bitumen
reactivated from RAP
LTAGv+VB Unrejuvenated bitumen ;ﬁ;zﬁﬂﬁiﬁ;;gﬁfgs ;Vol/t? 0V1rg1n
RAP bitumen blended with 6% of
LTAGvs+VB+A | Rejuvenated bitumen type A | rejuvenator A and virgin bitumen in
proportion 50/50
RAP bitumen blended with 6% of
LTAGvs+VB+B | Rejuvenated bitumen type B | rejuvenator B and virgin bitumen in
proportion 50/50
RAP bitumen blended with virgin
LTAGvp+VB+C | Rejuvenated bitumen type C | bitumen in proportion 50/50 and 3% of

rejuvenator C

LTAGyvs+VB_STAG

Short-term aged
unrejuvenated bitumen

Unrejuvenated bitumen subjected to a
short-term ageing by means of RTFOT

LTAGyp+VB+A_STAG

Short-term aged rejuvenated
bitumen type A

Rejuvenated bitumen type A subjected
to a short-term ageing by means of
RTFOT

LTAGvs+VB+B_STAG

Short-term aged rejuvenated
bitumen type B

Rejuvenated bitumen type B subjected
to a short-term ageing by means of
RTFOT

LTAGyp+VB+C_STAG

Short-term aged rejuvenated
bitumen type C

Rejuvenated bitumen type C subjected
to a short-term ageing by means of
RTFOT

LTAGvs+VB_LTAG

Long-term aged
unrejuvenated bitumen

Unrejuvenated bitumen subjected to a
long-term ageing by means of RTFOT +
PAV

LTAGyp+VB+A_LTAG

Long-term aged rejuvenated
bitumen type A

Rejuvenated bitumen type A subjected
to a long-term ageing by means of
RTFOT + PAV

LTAGvs+VB+B_LTAG

Long-term aged rejuvenated
bitumen type B

Rejuvenated bitumen type B subjected
to a long-term ageing by means of
RTFOT + PAV

LTAGvs+VB+C_LTAG

Long-term aged rejuvenated
bitumen type C

Rejuvenated bitumen type C subjected
to a long-term ageing by means of
RTFOT + PAV
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b) Second step of testing

Bituminous blend

Bituminous sample preparation

Code Name
PB Primary virgin bitumen The second reference bitumen selected
. Primary virgin bitumen subjected to a
STAGrs Short-term aged bitumen short—tgrm fgeing by meansJ of RTFOT
Primary virgin bitumen subjected to a
LTAGps Long-term aged long-term ageing by means of RTFOT +
bitumen/RAP bitumen PAYV and simulating bitumen reactivated
from RAP
LTAGps+PB Unrejuvenated bitumen &ﬁlfnzgulﬁlg?:;};ﬁ?:s ;Vol/t;lowrgm
RAP bitumen blended with 6% of
LTAGps+PB+A | Rejuvenated bitumen type A | rejuvenator A and virgin bitumen in
proportion 50/50
RAP bitumen blended with 6% of
LTAGps+PB+B | Rejuvenated bitumen type B | rejuvenator B and virgin bitumen in
proportion 50/50
RAP bitumen blended with virgin
LTAGps+PB+C | Rejuvenated bitumen type C | bitumen in proportion 50/50 and 3% of

rejuvenator C

LTAGps+PB_STAG

Short-term aged
unrejuvenated bitumen

Unrejuvenated bitumen subjected to a
short-term ageing by means of RTFOT

LTAGps+PB+A_STAG

Short-term aged rejuvenated
bitumen type A

Rejuvenated bitumen type A subjected
to a short-term ageing by means of
RTFOT

LTAGps+PB+B_STAG

Short-term aged rejuvenated
bitumen type B

Rejuvenated bitumen type B subjected
to a short-term ageing by means of
RTFOT

LTAGps+PB+C_STAG

Short-term aged rejuvenated
bitumen type C

Rejuvenated bitumen type C subjected
to a short-term ageing by means of
RTFOT

LTAGps+PB_LTAG

Long-term aged
unrejuvenated bitumen

Unrejuvenated bitumen subjected to a
long-term ageing by means of RTFOT +
PAV

LTAGps+PB+A_LTAG

Long-term aged rejuvenated
bitumen type A

Rejuvenated bitumen type A subjected
to a long-term ageing by means of
RTFOT + PAV

LTAGps+PB+B_LTAG

Long-term aged rejuvenated
bitumen type B

Rejuvenated bitumen type B subjected
to a long-term ageing by means of
RTFOT + PAV

LTAGps+PB+C_LTAG

Long-term aged rejuvenated
bitumen type C

Rejuvenated bitumen type C subjected
to a long-term ageing by means of
RTFOT + PAV
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5.3 Test program

5.3.1 Rheological investigation

As bitumen is a viscoelastic material, it exhibits both elastic and viscous components of
response and its stress-strain relationship is both temperature- and time- dependent. Bitumen
rheology is consequently defined by its strain-stress-time-temperature response. However,
within the linear viscoelastic (LVE) region, the interrelation between strain and stress is
influenced by temperature and time alone and not by the strain magnitude (Van der Poel,
1954). Based on the above-mentioned bitumen properties, a rheological characterisation of
each bitumen selected was carried out running tests, under different conditions, that allowed
two main parameters to be determined: the LVE strain limit (yim) and the complex modulus
(G*). To this aim, both strain and frequency sweep tests were performed by means of a
Dynamic Shear Rheometer (DSR). The tests were set up in plate-plate configuration
(diameter of 8 mm and gap of 2 mm for low and intermediate temperatures; diameter of
25 mm and gap of 1 mm for high temperatures) and the sinusoidal load was applied in
control-strain mode.

More details of each test are provided in the following section together with the
corresponding experimental procedures. Table 5.4 shows a summary of the overall
experimental plan in terms of number of replicates for each test implemented.
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Table 5.4. Experimental program.

Number of replicates for each test condition

Bituminous blend Strain sweep Frequency sweep

PP08 PP08 PP25
VB - 2 2
STAGvs - 2 2
LTAGvs - 2 2
LTAGvs+VB - 2 2
LTAGvs+VB+A - 2 2
LTAGvs+VB+B - 2 2
LTAGvs+VB+C - 2 2
LTAGve+VB_STAG - 2 2
LTAGvs+VB+A_STAG - 2 2
LTAGvs+VB+B_STAG - 2 2
LTAGvs+VB+C_STAG - 2 2
LTAGvs+VB_LTAG 2 2 2
LTAGvs+VB+A_LTAG - 2 2
LTAGvs+VB+B_LTAG - 2 2
LTAGvs+VB+C_LTAG - 2 2
PB - 2 2
STAGres - 2 2
LTAGes - 2 2
LTAGps+PB - 2 2
LTAGprs+PB+A - 2 2
LTAGprs+PB+B - 2 2
LTAGprs+PB+C - 2 2
LTAGrs+PB_STAG - 2 2
LTAGps+PB+A_STAG - 2 2
LTAGps+PB+B_STAG - 2 2
LTAGps+PB+C_STAG - 2 2
LTAGes+PB_LTAG 2 2 2
LTAGps+PB+A_LTAG - 2 2
LTAGps+PB+B_LTAG - 2 2
LTAGprs+PB+C_LTAG - 2 2

(=)
<
(=)
<

TOTAL 4

5.4 Laboratory equipments, test methods and data analysis

In the following paragraphs, the equipments used in laboratory and their main operation
principles are first described. Subsequently, the test protocols and the basic theory behind the
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analysis methods applied to elaborate the test data are discussed for a better understanding of
the results obtained through the laboratory investigation.

5.4.1 Ageing procedures

Short-term ageing

As mentioned in a previous paragraph (§ 3.2.2), short-term ageing occurs during production,
transport and paving, when bitumen is exposed to high temperatures, and is mainly linked to
oxidation and evaporation. In this study, it was simulated by means of the Rolling Thin Film
Oven Test (RTFOT) (Figure 5.1), in accordance with the European standard EN 12607-1.
The RTFOT procedure requires an electrical heated convection oven at 163 °C that contains
a vertical circular carriage to accommodate eight sample bottles covered by a film of bitumen
for 85 minutes. The oven is also equipped with an air jet that blows air in each bottle while
the carriage circulates.

Thanks to this test procedure, a short-term aged bitumen can be easily and quickly obtained
and thus used for further testing.

Figure 5.1. RTFOT equipments.

Long-term ageing

As previously mentioned (§ 3.2.2), long-term ageing occurs during the whole service life of
an asphalt pavement and is most closely related to oxidation, physical hardening,
polymerisation and photo-oxidation for surface layers. In this study, it was simulated by
means of the Pressure Ageing Vessel (PAV) used in combination with RTFOT and in
agreement with the European standard EN 14769. The equipment consists of a vessel
including a cylindrical chamber with a top lid secured through a shear ring assembly
composed of an aluminum lock ring and bronze shear ring segments. The chamber can
accommodate ten sample pans placed in a sample rack (Figure 5.2). The combined action of
temperature and pressure should be able to reproduce in only 20 hours the same effects
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caused by the climate agents on the pavements over a service period from 5 to 10 years. In
particular, in this study, the test is conducted at 100 °C and 2.1 MPa.

Figure 5.2. PAV equipments.

5.4.2 Viscoelastic properties

Dynamic Shear Rheometer (DSR)

The Dynamic Shear Rheometer is an instrument that allows the concurrent evaluation of time
and temperature effects on bitumen samples (see § 4.1 for the theoretical background). In this
research study, all the bituminous blends investigated were rheologically characterised by
means of an Anton Paar Modular Compactor Rheometer (MCR 302) (Figure 5.3). In
particular, the DSR measures the rheological properties (e.g. norm of the complex shear
modulus and phase angle) in a wide range of temperatures and loading conditions. Oscillatory
or rotational tests can be performed in control strain or control stress mode and in plate-plate
or cone-plate configuration depending on the type of measurements required.

For the purposes of this study, only oscillatory tests in plate-plate configuration and control
strain mode were carried out. Bituminous blend samples were prepared following the
procedure summarised in the next section and, when testing, sandwiched between a fixed
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plate and a moving plate that oscillates back and forth. The distance between the two plates
is maintained constant and is referred as gap. The dimension of the plates to be used varies
depending on the bitumen stiffness measured and the temperature selected. In this study
plates with a diameter of 8 (PP08) and 25 mm (PP25) and a corresponding gap of 2 and
1 mm, respectively, were used.

Figure 5.3. Anton Paar Modular Compactor Rheometer MCR 302.

Specimens preparation

Bitumen specimens are little disks of bitumen with a diameter equal to the oscillating plates
and a height equal to the gap. They are prepared by heating bitumen until fluid enough to
pour into a rubber mould of appropriate dimensions (slightly larger and higher than the space
and the gap, respectively, between the parallel plates). Heating temperature may vary
depending on bitumen consistency (stiffness). Afterwards, each disk must be stored at room
temperature for a minimum of 2 hours (or 12 hours for modified bitumens) and a maximum
of 3 days, according to UNI EN 14770. Then, after removal from the mould, the specimen to
be tested is placed between DSR plates (Figure 5.4+5.6). Before running the test, trimming
of the edge specimen through a spatulas is needed in order to remove the bitumen in excess
and obtain a specimen with the dimensions required.

Test configuration, loading steps and equipment setting can be controlled through the
software associated to the instrument. In particular, all the tests carried out with the DSR
provide two fundamental steps:

e a conditioning phase at the test temperature to allow the specimen to reach the
desired temperature homogeneously (i.e. thermal equilibrium). In this step, no loads
are applied;

® aloading phase where the different loading conditions are applied, depending on
the specific test performed.
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Figure 5.4. Schematic representation of the plate-plate configuration.

Figure 5.5. DSR plate-plate configuration: 8 mm (left) and 25 mm (right).

Figure 5.6. Rubber moulds with trimming spatulas (left) and bitumen samples (right).

5.4.3 Data analysis

Strain sweep test

Strain sweep tests were performed in order to determine the LVE region of the bitumens, i.e.
where the norm of the complex modulus |[G*| is not influenced by the strain magnitude. In
particular, bitumen response was studied at a constant frequency (f = 1.59 Hz) by applying a
range of strains (y = 0.003-3%) for each temperature selected (T = 4, 16 and 28 °C) in order
to monitor |G*| and thus determine the threshold of LVE region, yim (defined as the strain
corresponding to a |[G*| deviation equal to 5% referred to its initial value |G*;,|) (Figure 5.7).
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Figure 5.7. Strain sweep test result and yiim identification.

Frequency sweep test

Frequency sweep tests conducted under different temperatures and loading conditions
represent a useful tool for a complete characterisation of bitumen viscoelastic properties. In
addition, these tests implemented for thermo-rheologically simple bitumens at a strain within
LVE region (i.e. y < yim) enable experimental data to be shifted between different frequencies
and temperatures by applying the time-temperature superposition principle (TTSP) and thus
master curve construction. In particular, frequency sweep tests were carried out at a constant
strain (y = 0.5% < yim) over a range of frequencies (from 0.159 to 15.9 Hz) and temperatures
(from 4 to 82 °C, with 6 °C intervals) (using a PPO8 for testing low and intermediate
temperatures and PP25 for high temperatures) (Figure 5.8). Besides the construction of the
master curves, Black and Cole-Cole diagrams were plotted as useful representations of raw
data obtained from frequency sweep tests for all the bitumens investigated.
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Figure 5.8. Frequency sweep test result.
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Black Diagram

The Black diagram is the graph of the norm of the complex modulus, |G*|, versus the phase
angle, 8. A smooth curve in Black diagram is a useful indicator of time-temperature
equivalency and thermo-rheologically simplicity for the bitumens tested (Lesueur et al, 1996)
as well as no discrepancies in experimental results (Airey, 2002); moreover, through this plot
the magnitude of the glassy asymptote can be reasonably estimated and used in the master
curve construction.

Cole-Cole Diagram

The Cole-Cole diagram is the graph of the loss modulus, G> as a function of the storage
modulus Gy; it allows immediately appreciating the ratio between the two complex modulus
components and thus estimating the preponderance of the viscous or elastic behaviour at the
different temperatures investigated.

Master curve construction

Master curves provide a fundamental rheological understanding of viscoelastic materials and
allow an estimation of mechanical properties at wide ranges of temperature and frequency
that could be achieved in field, but that are not practical to directly simulate in laboratory.
Since the bitumens studied can be considered as linear viscoelastic under the conditions
considered and characterised as thermo-rheologically simple thanks to smooth curves in
Black diagrams, TTSP was applied to generate complex modulus master curves and shift
factor relationship. A reference temperature equal to 34 °C was selected and the rheological
data at all the other temperatures were shifted with respect to time until the curves merge into
a single smooth function. The modified Christensen-Anderson-Marasteanu (CAM) Model
was adopted to relate the complex modulus norm to the reduced frequency, following a shift
factor variation based on the William-Landel-Ferry (WLF) law. In details, according to the
modified CAM model, the equation for complex modulus norm is given by:

G'=Go+ —2Ce (5.1)

()"
Where:

G*.=G*(f—0), equilibrium complex modulus, G*.=0 for bitumens and G*.>0 for mixtures
in shear;

G*,=G*(f—w), glass complex modulus;

fc, location parameter with dimension of frequency (i.e. crossover frequency);

f’, reduced frequency, function of both temperature and strain;

k, m¢, shape parameters, dimensionless.

Figure 5.9(a) illustrates the complex modulus master curve in Equation 5.1. It can be seen
that G*, is the horizontal asymptote at f—co, and G¥*. is the horizontal asymptote at f—0.
The G*. asymptote is zero for bitumens. The third asymptote is the one with a slope of m.
and represents the viscous asymptote.

50



Part 1
Chapter 5. Rheological experimental investigation

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

The G*, and m. asymptotes intercept at f., whereas the G*. and m. asymptotes intercept at:
1

, Gi\me
f=f. <<;_g> (5.2)
For bitumens, f’.=0
The distance between G*(f;) and G*, for bitumens is given by:

R = LOg — s (5.3)
1+<2 K —1>G—§
For bitumens, G*;=0 and R = % Log2.
The distance between G*(f’c) and G*. for bitumens is given by:
Gy Gy mLe ¢
R’ = Log 1+(G—§—1) 1+(G—§) l (5.4)

For bitumens, G*,=0 and R" = Log2.
The William-Landel-Ferry formulation is then used in the modified CAM model to express

the temperature-shift factor in this study:

ar(M _ _ Cu(T-To)
at(To) C2+(T-To)

(5.9

Where:

ar, temperature-shift factor;
To, reference temperature;
C,, constant;

C,, temperature constant.
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Figure 5.9. Model for complex modulus master curve (Bahia et al., 2001).
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6.1 Strain sweep test

6.1.1 Identification of LVE region

Before running the frequency sweep tests, strain sweep tests were carried out on the long-
term aged unrejuvenated bitumens (LTAGvp+VB_LTAG and LTAGpg+PB_LTAG in the
first and second step of testing, respectively), which exhibit the worst condition in terms of
brittleness, as a consequence of oxidative hardening linked to ageing. In fact, the more
severe the oxidation subjected by the bitumen considered, the higher the |G*| values
measured and the lower the yiim value calculated (Grilli et al., 2017).

Results summarised in Table 6.1 and depicted in Figures 6.1 and 6.2 allow the threshold of
LVE region, vyiim, to be identified and consequently a proper strain value within LVE region
to be selected for frequency sweep test implementation.

Table 6.1. Strain sweep test data for the long-term aged unrejuvenated bitumens
investigated in the first and second phase of testing.

1% step of testing

Temperature
Bitumen Repetition
28 °C 16 °C 4°C
N. IG*|[Pa] 7V, [%] |G*[Pa] v, [%] |G¥[Pa] v, [%]
LTAGvs+VB_LTAG 1 1.21E+07 1.53 3.33E+07 1.44 7.85E+07 1.40
2 1.21E+07 1.68 3.35E+07 1.51 7.84E+07 1.47
2™ step of testing
Temperature
Bitumen Repetition
28 °C 16 °C 4°C
N. IG*| [Pa] 7, [%] |G*[Pa] 7, [%] |G¥[Pa] 7, [%]
LTAGp+PB_LTAG 1 5.44E+06 2.15 1.87E+07 1.83 5.72E+07 1.94
2 5.38E+06 2.15 1.85E+07 1.75 5.48E+07 1.87
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Figure 6.1. Strain sweep test isotherms for the long-term aged unrejuvenated bitumen,
LTAGve+VB_LTAG, investigated in the first step of testing (Mazzoni et al., 2017a).
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Figure 6.2. Strain sweep test isotherms for the long-term aged unrejuvenated bitumen,
LTAGpe+PB_LTAG, investigated in the second step of testing.
6.2 Frequency sweep test

6.2.1 Effects of ageing on virgin bitumen

First step of testing

All the curves plotted in Figure 6.3 and data summarised in Table 6.2 clearly show an increase
in |G*| values, indicating a marked bitumen hardening, and a reduction in phase angles, 9.
Hence, the results denote a prevalence of the elastic component G; on the viscous component
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G,, as a consequence of the ageing subjected by the reference virgin bitumen investigated in
the first step of testing (Mazzoni et al., 2017a). Moreover, considering the CAM model
parameters summarised in Table 6.3, oxidation phenomena determine the following effects
on the reference bitumen (Mazzoni et al., 2017a):
- lower shape index S, as an evidence of a higher sensitivity to frequency changes, generally
higher |G*| values and lower phase angles within the intermediate range of frequency;

- lower crossover frequency f., suggesting lower phase angles and thus a greater overall
elastic component in the behaviour;
- higher C; and C; values, according to the reduction in fractional free volume (i.e. reduction
of molecular mobility) (Mazzoni et al., 2016).

Table 6.2. Rheological data obtained for the reference bitumen investigated at different
stages of ageing (virgin, short- and long-term aged bitumen) for f = 1.59 Hz in the first

step of testing (Mazzoni et al., 2017a).

T=4°C T =58 °C
Bitumen
|G*|[Pa] G, [Pa] G, [Pa] 3[°1 | IG¥[[Pa] G, [Pa] G, [Pa] d[°]
VB 2.09E+07 149E+07 1.46E+07 44.3 | 3.60E+03 2.58E+02 3.59E+03 85.9
STAGvg 3.74E+07 3.12E+07 2.06E+07 33.5 | 1.63E+04 3.03E+03 1.61E+04 79.3
LTAGvz 6.79E+07 6.18E+07 2.81E+07 24.4 | 1.19E+05 4.97E+04 1.08E+05 65.1

Table 6.3. Calibrated parameters of the modified CAM model and WLF law for the
reference bitumen investigated at different stages of ageing (virgin, short- and long-term
aged bitumen) in the first step of testing (Mazzoni et al., 2017a).

. . G'-G'
G=G+——
k &k
CAM +(%) 1
modified e
model 2k
G* [Pa]  G* [Pa] f[Hz] & m =~ S=log—w—& R
¢ 1+@% -1
g
VB 0 IE+09 360 016  L.12 2.107 0.996
STAGys 0 IE+09 290  0.16  0.96 1.797 0.995
LTAGys 0 IE+09 280 014  0.70 1.479 0.987
Cy(T-Ty)
Log(a)=-c——~
WLF law ™1y
C, C, T,[°Cl]
VB| 15 168 34
STAGys | 21 210 34
LTAGys | 26 210 34

55



Part 1
Chapter 6. Rheological experimental findings

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

a) b)

uVB eSTAG =2LTAG BVB @STAG ALTAG
VB VB VB VB

1.E+09
1.E+08 .y 4E+07
1E+07
1E+06

LE+0S

|G*|[Pa]
G, [Pa]

1LE+04 2.E+07
1.E+03

1.E+02

1E101
1E+00 0.E+00 r T
0 10 20 30 40 50 60 70 80 90 0.0E+00 4.0E+07 $.0E+07 1.2E+08

s [0 Gy [Pa]

c)

EVB @ STAG ALTAG
VB VB

1.E+09

1.E+08 -

508

407 4 v
1E+07 e

s

1.E+06

1.E+05 -

|G*| [Pa]

LE+04 - &

1.E+03

1.E+02 K3

1.E+01 - |

1LE+00 += 5 : : T T T
1.E-07 1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07

f; [Hz]

Figure 6.3. Rheological characterisation of the reference bitumen investigated at different

stages of ageing (virgin, short- and long-term aged bitumen) in the first step of testing: a)

Black Diagram; b) Cole-Cole Diagram; c) Master curves of |G*| at 34 °C (Mazzoni et al.,
2017a).

Second step of testing
Oxidation causes the same above-mentioned effects as for the virgin reference bitumen
investigated in the first step of testing:
e A curve contraction in Black Diagram, as a consequence of an increase in |G*|
values and a decrease in d values (Figure 6.4a);
¢ Elastic domain predominance pointed out in Cole-Cole Diagram. Setting a G value,
an increase in G; value with ageing evolution is observed (Figure 6.4b);
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e A general increase in |G*| values, indicating a material stiffening (Table 6.4). The
master curve of the virgin bitumen seems upward shifted, even if at the highest
frequencies it tends to the same asymptotic value G, equal to 1 GPa (Figure 6.4c).
Analysing the master curve parameters, a decrease in the crossover frequency fc,
suggesting a stiff behaviour, is detected, besides a decrease in the shape index S,
indicating a high energy level storage during deformation (Table 6.5).

Table 6.4. Rheological data obtained for the reference bitumen investigated at different
stages of ageing (virgin, short- and long-term aged bitumen) for f = 1.59 Hz in the

second step of testing.

T=4°C T=58°C
Bitumen
IG*|[Pa] G,[Pa]l G,[Pal 5[] | |G*|[Pa] G,[Pa]l G,[Pa] §[°]
PB 1.92E+07 1.29E+07 143E+07 48.1 |3.10E+03 2.31E+02 3.09E+03 85.8
STAG,, 298E+07 2.30E+07 1.91E+07 39.8 |9.66E+03 1.63E+03 9.53E+03 80.3
LTAG,, 4.92E+07 4.17E+07 2.62E+07 32.1 | 3.88E+04 126E+04 3.67E+04 712

Table 6.5. Calibrated parameters of the modified CAM model and WLF law for the
reference bitumen investigated at different stages of ageing (virgin, short- and long-term
aged bitumen) in the second step of testing.

i . G'-G'
G =Gl —
k k
CAM [1+ (fT) ]
modified e
model 2k
G* [Pa]  G* [Pa] f[Hz &k m, =~ S=log—Hf—F g
¢ 1+@% -1
g
PB 0 1E+09 418  0.165 1.162 2.120 0.998
STAG,,, 0 IE+09 340  0.161  1.028 1.927 1.000
LTAG,, 0 1E+09 290  0.160 0910 1.710 0.997
C(T-Ty)
Log(a)=-~——rs
WLF law CoH(T-Ty)
C, C, T,I°C]
PB | 13.00 153.00 34
STAG,, | 16.78 18325 34
LTAG,, | 21.80 22000 34
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Figure 6.4. Rheological characterisation of the reference bitumen investigated at different
stages of ageing (virgin, short- and long-term aged bitumen) in the second step of testing: a)
Black Diagram; b) Cole-Cole Diagram; c) Master curves of |G*| at 34 °C.

6.2.2 Effects of bitumen rejuvenation

First step of testing

Rejuvenators modify bitumen chemistry and, consequently, rheology by enhancing the
viscous response of the bitumen (Nahar et al, 2014, Xu et al., 2014). This behaviour results
in a decrease in |G*| values, denoting a bitumen softening, and a rise of phase angles, 9,
corresponding to a lower Gi/G ratio, as shown in Figure 6.5 and Table 6.6, comparing the
rejuvenated bitumens to the associated composite bitumen without additive

58



Part 1
Chapter 6. Rheological experimental findings

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

(LTAGys+VB+A/B/C versus LTAGyp+VB) (Mazzoni et al., 2017a). In addition, with
respect to the CAM model parameters summarised in Table 6.7, the presence of each
rejuvenator leads to the following effects on the corresponding composite bituminous blend
(LTAGys+VB+A/B/C versus LTAGyg+VB) (Mazzoni et al., 2017a):

- higher shape index S, as an indication of a more gradual transition from the elastic to the
viscous behaviour;

- higher crossover frequency f. and thus a remarkable retrieval of viscous component in the
behaviour;

- lower C; and C; values, as a consequence of higher molecule mobility.

On the overall, the additives used are even approaching to restore the rheological properties
of the virgin bitumen contained in each composite bituminous blend where they are
implemented (LTAGvg+VB+A/B/C versus VB). This result is confirmed by the comparable
values of the calibrated parameters summarised in Table 6.7 and the nearing of the
rheological data and curves shown in Table 6.6 and Figure 6.5 (LTAGvs+VB+A/B/C versus
VB) (Mazzoni et al., 2017a).

Table 6.6. Rheological data obtained for the bitumens rejuvenated or not compared to the
associated virgin and long-term aged bitumens investigated in the first step of testing at
f=1.59 Hz (Mazzoni et al., 2017a).

T=4°C T=58°C

Bitumen
IG*|[Pa] G, [Pal G,[Pal &[] | [G*|[Pa] G, [Pal G,[Pal &[]

VB 2.09E+07 149E+07 1.46E+07 44.3 | 3.60E+03 2.58E+02 3.59E+03 85.9
LTAGvet+VB+A 1.98E+07 1.59E+07 1.19E+07 36.8 | 7.45E+03 1.04E+03 7.39E+03  82.0
LTAGvs+VB+B 2.66E+07 2.11E+07 1.62E+07 37.6 | 7.62E+03 9.48E+02 7.56E+03 829
LTAGv+VB+C 220E+07 1.77E+07 1.30E+07 36.4 | 1.08E+04 1.71E+03 1.07E+04 80.9

LTAGvs+VB 4.47E+07 3.84E+07 2.30E+07 31.0 | 1.64E+04 3.09E+03 1.61E+04 79.1
LTAGvs 6.79E+07 6.18E+07 2.81E+07 244 | 1.19E+05 4.97E+04 1.08E+05 65.1
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Table 6.7. Calibrated parameters of the modified CAM model and WLF law for the
bitumens rejuvenated or not compared to the associated virgin and long-term aged
bitumens investigated in the first step of testing (Mazzoni et al., 2017a).

G.-G.
* * g e
G =Get———;
AL
CAM modified [1+ (T“) ]
model Me
% # 2k
oG gk m SSle—m— R
[Pa] [Pa] 1+@F —1)-g¢
g
VB| 0 1E+09 360 0.16 1.12 2.107 0.996
LTAGws+VB+A | 0 1E+09 360 0.16 1.06 1.994 0.993
LTAGys+VB+B | 0 1E+09 400 0.16 1.03 1.938 0.994
LTAGw+VB+C | 0 1E+09 400 0.16 101 1.900 0.991
LTAGvs+VB | 0 1E+09 380 0.16 092 1.731 0.969
LTAGvs | 0 1E+09 280 0.14 0.70 1.479 0.987
—_ Cu(T-Ty)
Log(a,)= Ty
WLF law
c, €, T,[°C]
VB | 150 168 34
LTAGys+VB+A | 185 190 34
LTAGvz+VB+B | 17.0 180 34
LTAGvz+VB+C | 155 165 34
LTAGws+VB | 225 200 34
LTAGvs | 260 210 34
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Figure 6.5. Comparison among the bitumens rejuvenated or not and the associated virgin
and long-term aged bitumens investigated in the first step of testing: a) Black Diagram; b)
Cole-Cole Diagram; c) Master curves of |[G*| at 34 °C.

Second step of testing
Rejuvenation determines the same effects above-mentioned for the bitumens investigated in
the first step of testing:
e A more flat curve in Black Diagram, as a consequence of a decrease in |G*| values
and an increase in § values (LTAGpp+PB+A/B/C versus LTAGpg or LTAGpp+PB)
(Figure 6.6a);

61



Part 1
Chapter 6. Rheological experimental findings

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

e Viscous response enhancement pointed out in Cole-Cole Diagram. Setting a G
value, an increase in G value is detected in the rejuvenated bitumens compared to
the associated unrejuvenated aged bitumens (LTAGpg+PB+A/B/C versus
LTAGps/LTAGps+PB) (Figure 6.6b);

e A general decrease in |G*| values, denoting a material softening (Table 6.8). With
respect to the associated aged bitumen or hot recycled bituminous blend without
additives, the master curve of the rejuvenated bitumens are downward shifted, even
if at the highest frequencies it tends to the same asymptotic value G, equal to 1 GPa
(LTAGpe+PB+A/B/C versus LTAGpg or LTAGpg+PB) (Figure 6.6c). Analysing the
master curve parameters, it can be observed an increase in the crossover frequency
f., suggesting a soft behaviour, besides an increase in the shape index S, indicating
a high energy dissipation in form of deformation (Table 6.9).

On the overall, the additives used are even approaching to restore the rheological properties
of the virgin bitumen contained in each composite bituminous blend where they are
implemented (LTAGpg+PB+A/B/C versus PB). This result is confirmed by the comparable
values of the calibrated parameters summarised in Table 6.9 and the nearing of the
rheological data and curves shown in Table 6.8 and Figure 6.6 (LTAGpp+PB+A/B/C versus
PB). In particular, the rejuvenator C provides a greater softening effect to the corresponding
hot recycled bituminous blend, as confirmed by the comparable or even lower |G*| values of
the rejuvenated bitumen type C compared to the associated virgin bitumen alone at high
temperatures (low frequencies) or low temperatures (high frequencies), respectively
(LTAGpp+PB+C versus PB) (Table 6.8 and Figure 6.6). In particular, the related master
curves are almost superimposed, denoting a great restoring potentiality of the rejuvenator C.

Table 6.8. Rheological data obtained for the bitumens rejuvenated or not compared to the
associated virgin and long-term aged bitumens investigated at f = 1.59 Hz in the second
step of testing.

T=4°C T=58°C

Bitumen
|G*|[Pa] G, [Pa] G, [Pa] 3[°] | IG¥|[Pa] G, [Pa] G,[Pa] ][]

PB 1.92E+07 1.29E+07 143E+07 48.1 | 3.10E+03 2.31E+02 3.09E+03 85.8

LTAG, +PB+A 175E+07 1.27E+07 1.21E+07 43.6 | 6.27E+03 9.88E+02 6.20E+03 81.0
LTAG, +PB+B 2.07E+07 1.50E+07 1.42E+07 43.4 |5.55E+03 6.99E+02 5.50E+03 82.8
LTAG, +PB+C [.05E+07 6.89E+06 7.90E+06 48.9 | 3.65E+03 4.32E+02 3.62E+03 83.2
LTAG_,+PB 3 60E+07 2.83E+07 2.22E+07 38.1 | 1.30E+04 2.55E+03 1.27E+04 78.7
LTAG,, 4.92E+07 4.17B+07 2.62E+07 32.1 | 3.88E+04 1.26E+04 3.67E+04 71.2

62



Part 1
Chapter 6. Rheological experimental findings

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

Table 6.9. Calibrated parameters of the modified CAM model and WLF law for the
bitumen rejuvenated or not compared to the associated virgin and long-term aged

bitumens investigated in the second step of testing.

G.-G.
G*=G:+g—eme
£\< K
+ —_
CAM modified 1 (f ) ]
model S
* * e
G %% g ok om 2K g
[Pa] [Pa] ¢ ¢ = Log me G
1+ (2% —1)-g¢
g
PB| 0 1E+09 418 0.165 1.162 2.12 0.998
LTAG, +PB+A | 0 1E+09 400  0.150 1.060 2.12 0.997
LTAG, +PB+B | 0 1E+09 400  0.150 1.070 2.14 0.997
LTAG,+PB+C | 0 1E+09 400 0158 1.160 221 0.999
LTAG,+PB | 0 1E+09 370 0.146  0.955 1.97 0.995
LTAG,, | o© 1E+09 200 0160 0910 1.71 0.997
—_ Cu(T-Ty)
Log(a))= C+(T-Ty)
WLF law
T
C 0
: P rc
PB | 13.00 1500 34
LTAG, +PB+A | 1650 182.5 34
LTAG,+PB+B | 17.00 1840 34
LTAG, +PB+C | 1470 1850 34
LTAG, +PB | 18,75 187.0 34
LTAG,, | 21.80 2200 34
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Figure 6.6. Comparison among the bitumens rejuvenated or not and the associated virgin
and long-term aged bitumens investigated in the second step of testing: a) Black Diagram;
b) Cole-Cole Diagram; c¢) Master curves of |G*| at 34 °C.

6.2.3 Effects of ageing on hot recycled bituminous blends

First step of testing

The results from the bituminous blends, including 50% of RAP bitumen and 50% of virgin
bitumen, with or without rejuvenator (LTAGve+VB and LTAGvg+VB+A/B/C versus
LTAGve+VB_LTAG and LTAGyg+VB+A/B/C_LTAG) and referring to different oxidative
levels, are shown in Tables 6.10 and 6.11 and the corresponding master curves are plotted in
Figure 6.7 (Mazzoni et al., 2017a). For these bitumens, ageing causes the same above-
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mentioned effects as for the reference virgin bitumen (Figure 6.3 and Tables 6.2 and 6.3).
However, since the hot recycled bituminous blends (rejuvenated or not) are composed of
50% RAP bitumen, oxidation is less detrimental on them than on the virgin bitumen, as
confirmed by a lower variation of the parameter values with ageing (Mazzoni et al., 2017a).
Moreover, it should be highlighted that the addition of a rejuvenator in hot recycling leads to
a composite bituminous blend which can be even less stiff (lower |G*| values) than the
associated virgin bitumen alone at the end of service life, suggesting significant benefits when
dealing with high RAP contents (Figure 6.8) (LTAGvp+VB+A/B/C_LTAG versus LTAGyg)
(Mazzoni et al., 2017a). In details, with respect to the associated reference bitumen alone, the
rejuvenated bitumens type B or A guarantee lower ageing effects at T <58 °C and a
comparable or slightly higher hardening at T >58°C, respectively (Figure 6.9)
(LTAGve+VB+B/A_LTAG versus LTAGyg). Whereas the long-term aged rejuvenated
bitumen type C exhibits similar stiffness values at temperatures lower than 58 °C and a
doubling in stiffness values at higher temperatures (T > 58 °C), if compared to the associated
reference bitumen alone (Figure 6.9) (LTAGyg+VB+C_LTAG versus LTAGyg) (Mazzoni
et al., 2017a).

In particular, regarding the associated reference bitumen alone, the additive A provides a
lower consistency to the corresponding rejuvenated bitumen also when it is unaged or short-
term aged, especially at T < 58 °C, as shown by the rheological data in Tables 6.11 and 6.2
(LTAGy+VB+A and LTAGvs+VB+A_STAG versus VB and STAGvyg). Whereas the
presence of additives B in the bituminous blends allows obtaining optimum performance
during all the service life, as confirmed by the positive rheological values in Table 6.11
compared to those from the associated reference bitumen in Table 6.2 (LTAGyg+VB+B pre-
and post-ageing versus VB/LTAG). This positive behaviour results in a slightly higher
stiffness for this rejuvenated bitumen, when it is unaged or short-term aged
(LTAGve+VB+B, LTAGys+VB+B_STAG), and lower stiffness after long-term ageing
process (LTAGys+VB+B_LTAG), suggesting a likely higher resistance to rutting, fatigue
and thermal cracking, respectively. As concerns the rejuvenated bitumen type C, its
mechanical response is quite comparable to that of the associated reference bitumen alone at
the different stages of ageing, except for T > 58 °C when doubled stiffness values occur, as
suggested by the comparison of the rheological data in Tables 6.11 with Table 6.2
(LTAGvye+VB+C pre and post ageing versus VB/LTAGvg) (Mazzoni et al., 2017a).
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Table 6.10. Calibrated parameters of the modified CAM model and WLF law for the hot
recycled bitumens (rejuvenated or not) investigated at different ageing stages in the first
step of testing (Mazzoni et al., 2017a).

G*=G:+—Gg- : e
k
CAM modified model [+ (f_t?) ] o
G* G* f 2k
P om0 ™ CTLGE G R
g
LTAGw+VB | 0 IE+09 380 0.16 090 1.693 0.970
LTAGyg+VB_STAG | 0 IE+09 260 0.15 0.78 1.565 0.982
LTAGvws+VB_LTAG | 0 IE+09 225  0.15 0.65 1.339 0.983
LTAGys+VB+A | 0 IE+09 360 0.16 1.06 1.994 0.993
LTAGvs+VB+A_STAG | 0 IE+09 350 0.16 0.89 1728 0.990
LTAGvs+VB+A_LTAG | 0 IE+09 240 0.16 0.75 1.457 0.988
LTAGvw+VB+B | 0 IE+09 400 0.16 1.03 1938 0.994
LTAGvws+VB+B_STAG | 0 IE+09 340 0.5 086 1.726 0.990
LTAGv;+VB+B_LTAG | 0 IE+09 260 0.15 0.75 1.495 0.988
LTAGw+VB+C | 0 IE+09 400 0.16 1.0l 1.900 0.991
LTAGyg+VB+C_STAG | 0 IE+09 340 0.5 086 1.726 0.992
LTAGy;+VB+C_LTAG | 0 IE+09 250 0.17 0.73 1.332 0.990
Cy(T-Ty)
WLF law LS (T
C, c, T,[°C]
LTAGvs+VB 195 175 34
LTAGys+VB_STAG | 220 185 34
LTAGvw+VB_LTAG | 270 215 34
LTAGvs+VB+A 185 190 34
LTAGws+VB+A_STAG | 220 220 34
LTAGvws+VB+A_LTAG | 27.5 240 34
LTAGyy+VB+B 170 180 34
LTAGy;+VB+B_STAG | 220 200 34
LTAGvw+VB+B_LTAG | 27.5 230 34
LTAGyy+VB+C 155 165 34
LTAGys+VB+C_STAG | 21.5 200 34
LTAGvws+VB+C_LTAG | 240 220 34
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Table 6.11. Rheological data obtained for the hot recycled bitumens (rejuvenated or not) at
f=1.59 Hz investigated at different ageing stages in the first step of testing (Mazzoni et
al., 2017a).

T=4°C T=58°C

Bitumen
IG*|[Pa] G,[Pal G,[Pal 5[] | [G*[Pa] G,[Pa]l G,[Pal &[]

LTAGvs+VB 447E+07 3.84E+07 230E+07 31.0 | 1.64E+04 3.09E+03 1.61E+04 79.1
LTAGvs+VB_STAG 5.88E+07 5.28E+07 2.59E+07 26.2 | 8.75E+04 3.45E+04 8.04E+04 66.8
LTAGvs+VB_LTAG 836E+07 7.78E+07 3.05E+07 214 | 3.47E+05 2.01E+05 2.83E+05 54.6

LTAGv+VB+A 1.98E+07 1.59E+07 1.19E+07 36.8 | 7.45E+03 1.04E+03 7.39E+03 82.0
LTAGys+VB+A_STAG 3.25E+07 2.77E+07 1.70E+07 31.5 | 3.38E+04 1.05E+04 3.21E+04 719
LTAGvs+VB+A_LTAG 5.39E+07 4.91E+07 223E+07 24.5 | 1.42E+05 7.10E+04 1.23E+05 60.0

LTAGv+VB+B 2.66E+07 2.11E+07 1.62E+07  37.6 | 7.62E+03 9.48E+02 7.56E+03 82.9
LTAGvs+VB+B_STAG 4.01E+07 3.46E+07 2.02E+07  30.2 | 3.13E+04 8.84E+03 3.00E+04 73.6
LTAGvs+VB+B_LTAG 5.90E+07 5.36E+07 245E+07 24.6 | 1.14E+05 5.04E+04 1.02E+05 63.7

LTAGv+VB+C 220E+07 1.77E+07 1.30E+07 364 | 1.08E+04 1.71E+03 1.07E+04 80.9
LTAGy+VB+C_STAG 3.87E+07 3.32E+07 1.99E+07 309 | 3.13E+04 8.78E+03 3.00E+04 73.7
LTAGvs+VB+C_LTAG 6.57E+07 6.02E +07 2.64E +07  23.7 | 1.99E+05 1.02E+05 1.71E+05 59.2
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Figure 6.7. Master curves of |G*| at 34 °C for the hot recycled bitumens (rejuvenated or
not) investigated at different ageing stages in the first step of testing.
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Figure 6.8. Comparison among all the long-term aged bitumens investigated in the first
step of testing: a) Black Diagram; b) Cole-Cole Diagram; ¢) Master curves of |G*| at 34 °C.
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Figure 6.9. Comparison in terms of |G*| at f = 1.59 Hz among all the long-term aged
bitumens investigated in the first step of testing (Mazzoni et al., 2017a).
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Second step of testing

A comparison among all the long-term aged bitumens investigated in the second step of
testing is shown in Tables 6.12 and 6.13 and in Figures 6.10 and 6.11 in terms of rheological
data and parameters. It should be noted that the addition of a rejuvenator in hot recycling
leads to a composite bituminous blend which can be even less stiff (lower |G*| values) than
the associated virgin bitumen alone at the end of service life, suggesting significant benefits
when dealing with high RAP contents (Figures 6.10 and 6.11) (LTAGp+PB+A/B/C_LTAG
versus LTAGpg). In details, with respect to the associated reference bitumen alone, the
rejuvenated bitumens type A or C guarantee lower ageing effects at T < 34 °C and a similar
or slightly higher hardening at T > 34 °C (Figure 6.11 and Tables 6.12)
(LTAGpe+PB+A/C_LTAG versus LTAGpp). Whereas response of the long-term aged
rejuvenated bitumen type B is comparable to that of the long-term aged associated bitumen
alone, except for high temperatures (low frequencies) when a slight increase in stiffness
occurs (Figures 6.10 and 6.11 and Tables 6.12) (LTAGpg+PB+B_LTAG versus LTAGpg).
However, it is worth noting that the long-term aged rejuvenated bitumen type B is less
susceptible to temperature changes than the other long-term aged rejuvenated bitumen
(LTAGpe+PB+B_LTAG versus LTAGpp+PB+A/C_LTAG), showing a behaviour more
similar to the associated bitumen alone and the unrejuvenated bitumen when long-term aged
(Figure 6.11).

Table 6.12. Rheological data obtained for all the long-term aged bitumens at f = 1.59 Hz
investigated in the second step of testing.

T=4°C T=58°C

Bitumen
IG*|[Pa] G,[Pal G,[Pal &[] | [G¥|[Pa] G,[Pal G,[Pal &[]

LTAG,, 4.92BE+07 4.17E+07 2.62E+07 32.10 | 3.88E+04 1.26E+04 3.67E+04 71.15
LTAG,+PB+A_LTAG 3.73E+07 3.17E+07 197E+07 31.80 [ 525E+04 2.18E+04 4.78E+04 65.55
LTAG, +PB+B_LTAG 506E+07 4.34E+07 2.61E+07 31.00 | 4.89E+04 1.86E+04 4.52E+04 67.65
LTAG,,+PB+C_LTAG 345E+07 2.88E+07 1.89E+07 33.25 | 5.19E+04 2.11E+04 4.74E+04 66.00

LTAG+PB_LTAG 6.15E+07 5.42E+07 291E+07 28.20 | 1.08E+05 5.08E+04 9.49E+04 61.85
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Table 6.13. Calibrated parameters of the modified CAM model and WLF law for all the
long-term aged bitumens investigated in the second step of testing.

G'=G.+ GyCe =
k k&
CAM modified model o (f_t?) ] The
G*, G*g f, X m S = LOnge—kG* R
[Pa]  [Pa]  [Hz] ¢ 1+@¥ - 1)g
LTAG, 0 IE+09 290  0.160 0.910 1.71 0.997
LTAG,+PB_LTAG| 0 IE+09 280  0.180 0.869 1.45 0.994
LTAG, +PB+A_LTAG| 0 1IE+09 360  0.154 0.877 1.71 0.996
LTAG,+PB+B_LTAG| 0 1IE+09 350 0.140 0.820 1.76 0.996
LTAG_ +PB+C_LTAG| 0 IE+09 365 0.158  0.90 1.71 0.996
Cy(T-T)
WLF law LGy
c, G T,IC
LTAG,, | 21.8 2200 34
LTAG,,+PB_LTAG| 21.0 2390 34
LTAG,,+PB+A_LTAG| 21.0 2250 34
LTAG,,+PB+B_LTAG| 245 2275 34
LTAG,,+PB+C_LTAG| 200 2230 34
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Figure 6.10. Comparison among all the long-term aged bitumens investigated in the second
step of testing: a) Black Diagram; b) Cole-Cole Diagram; c) Master curves of |[G*| at 34 °C.
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Figure 6.11. Comparison in terms of |G*| at f = 1.59 Hz among all the long-term aged
bitumens investigated in the second step of testing.
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6.2.4 Influence of the base bitumen on hot recycling

Bitumen ageing

A comparison between the two reference bitumens, before and after ageing, is presented in
Tables 6.14 and 6.15 and in Figure 6.12 in terms of rheological data and parameters. In
particular, when unaged, their related master curves are almost superimposed, suggesting a
comparable rheological response (PB versus VB) (Figure 6.12a). This result is confirmed by
an almost perfect agreement between their rheological data and also parameters, as
summarised in Tables 6.14 and 6.15. However, a marked difference in stiffness is detected
between the two reference bitumens, after ageing. In details, the different manufacturing
process makes the first bitumen selected (VB) more unstable and consequently subjected to
a more severe oxidation. As a consequence of oxidation, a higher hardening (higher |G¥|
values and consequently lower 6 values) occurs (LTAGvs versus LTAGpg) (Tables 6.14 and
6.15 and Figure 6.12b).
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Figure 6.12. Comparison between the two reference bitumens, before and after ageing, in
terms of |G*| master curves at 34 °C.
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Table 6.14. Rheological data obtained for the two reference bitumens investigated before
and after ageing at f = 1.59 Hz.

T=4°C T =58 °C
Bitumen
|G*|[Pa] G, [Pa] G, [Pa] 3[°1 | IG¥[[Pa] G, [Pa] G, [Pa] d[°]
PB 1.92E+07 1.29E+07 1.43E+07 48.1 | 3.10E+03 2.31E+02 3.09E+03 85.8
VB 2.09E+07 1.49E+07 146E+07 44.3 | 3.60E+03 2.58E+02 3.59E+03 85.9
LTAG,, 4.92E+07 4.17E+07 2.62E+07 32.1 | 3.88E+04 126E+04 3.67E+04 71.2
LTAG, 6.79E+07 6.18E+07 2.81E+07 24.4 | 1.19E+05 4.97E+04 1.08E+05 65.1

Table 6.15. Calibrated parameters of the modified CAM model and WLF law for the two
reference bitumens investigated before and after ageing.

TS
G=Ge+g—eme
AN
CAM +(3) 1
modified e
model 2k
G* [Pa]  G* [Pa] f[Hzl k m  S=Log T G R
¢ 1+@F% -1
g
PB 0 IE+09 418 017  1.16 2.120 0.998
VB 0 1IE+09 360 016  1.12 2.107 0.996
LTAG,, 0 IE+09 290 016 091 1.710 0.997
LTAG,, 0 1IE+09 280 0.4  0.70 1.479 0.987
C(T-Ty)
Log(a)=-~———
WLF law G+ (T-Ty)
C, C, T,[°C]
PB| 130 153 34
VB| 150 168 34
LTAG,, | 21.8 220 34
LTAG, | 260 210 34

Hot recycling with or without rejuvenators

A comparison among all the hot recycled bitumens (rejuvenated or not) obtained from the
two different reference bitumens is presented in Tables 6.16 and 6.17 and in Figure 6.13 in
terms of rheological data and parameters. Since the unrejuvenated bitumens are composed of
50% RAP bitumen (LTAGvg or LTAGps) and 50% virgin bitumen (VB or PB), their
rheological response is obviously included between that of their components, as confirmed
comparing rheological data and curves shown in Figure 6.12 versus Figure 6.13 and Table
6.16 versus Table 6.14 (LTAGys+VB versus LTAGys/VB and LTAGps+PB versus
LTAGpg/PB). In addition, a nearing of the rheological data, parameters and curves is detected
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comparing the two unrejuvenated bitumens obtained from the two different reference
bitumens (Tables 6.16 and 6.17 and Figure 6.13) (LTAGvg+VB versus LTAGpg+PB). With
respect to the rejuvenated bitumens, the presence of the additive type A or B determines
comparable behaviour, whatever the reference base bitumen, as suggested by the similar
values of the calibrated parameters in Table 6.17 and the further nearing of the rheological
data and curves in Table 6.16 and Figure 6.13 (LTAGvs+VB+A/B versus LTAGpg+PB+A/B
and LTAGvgrs+VB/PB+A/B versus LTAGvgpe+VB/PB). Whereas using the rejuvenator
type C with a different base bitumen strongly changes the performance likely due to
compatibility. In fact, the rejuvenator type C allows a more than doubling restoring
potentiality if blended with the primary bitumen rather than with the visbreaking bitumen
(LTAGpp+PB+C versus LTAGyg+VB+C) (Table 6.16). Consequently, the distance between
the related master curves get larger than that between the associated unrejuvenated bitumens
(LTAGve+VB+C versus LTAGpg+PB+C compared to LTAGyg+VB versus LTAGpg+PB).
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Figure 6.13. Comparison among the hot recycled bitumens (rejuvenated or not) obtained
from the two different reference bitumens, in terms of |G*| master curves at 34 °C.
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Table 6.16. Comparison among the hot recycled bitumens (rejuvenated or not) obtained
from the two different reference bitumens and investigated in terms of |G*| at

f=1.59 Hz.
T=4°C T =58°C
Bitumen
|G*|[Pa] AGvgps[%] | IG*|[Pa] AGys.ps [%]
LTAG,,+PB 3 60E+07 1.30E+04
19.5 20.7
LTAGys+VB  4.47E+07 1.64E+04
LTAG, +PB+A  1.75E+07 e 6.27E+03 s
LTAGvs+VB+A  1.98E+07 ' 7.45E+03 '
LTAG, +PB+B  2.07E+07 5.55E+03
226 272
LTAGvs+VB+B  2.66E+07 7.62E+03
LTAG, +PB+C 1 05E+07 3.65E+03
523 66.2
LTAGyp+VB+C  2.20E+07 1.08E+04

Table 6.17. Comparison among the modified CAM model and WLF law parameters for the

hot recycled bitumens (rejuvenated or not) obtained from the two different reference

bitumens.
G,-G,
* * g e
G =G+ T
£\< K
+ —_
CAM modified 1 f ) ]
model S
* * me
T T A1 B S N 2k R
[Pa] [Pa] ¢ e = Log m G
1+ (2K —1)-¢¢
g
LTAG,+PB | 0 IE+09 370 015 096 1.97 0.995
LTAGv+VB 0 1E+09 380 0.16 0.92 1.73 0.969
LTAGPB+PB+A 0 1E+09 400 0.15 1.06 2.12 0.997
LTAG +VB+A | 0 IE+09 360 0.6 1.06 1.99 0.993
LTAGPB+PB+B 0 1E+09 400 0.15 1.07 2.14 0.997
LTAGv3+VB+B 0 1E+09 400 0.16 1.03 1.94 0.994
LTAG,+PB+C | 0 1E+09 400 0.16  1.16 221 0.999
LTAGv+VB+C 0 1E+09 400 0.16 1.01 1.90 0.991
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—_ Cu(T-Ty)
Log(a)=-c
WLF law
C, C, T,[°C]

LTAG, +PB | 1875 1870 34
LTAGys+VB | 2250 2000 34

LTAG,,+PB+A | 165 1825 34

LTAGvs+VB+A | 185 190.0 34

LTAG,+PB+B | 170 1840 34

LTAGv+VB+B | 17.0  180.0 34

LTAG,+PB+C | 147 1850 34

LTAGv+VB+C | 155 165.0 34

Hot recycled bituminous blend ageing

All the hot recycled bitumens (rejuvenated or not), obtained from the two different reference
bitumens and investigated after a long-term ageing, are compared in terms of rtheological data
and parameters in Tables 6.18+6.20 and in Figure 6.14. The comparison between each hot
recycled bitumen (rejuvenated or not) contained the primary bitumen with the corresponding
blend including the visbreaking bitumen shows a further increase in gap between the related
rheological data and curves moving from the unaged condition to the aged one, particularly
at high temperatures (LTAGpg+PB+(A/B/C) versus LTAGvg+VB+(A/B/C) compared to
LTAGpp+PB+(A/B/C)_LTAG versus LTAGys+VB+(A/B/C)_LTAG) (Table 6.16 versus
Table 6.20 and Figure 6.13 versus Figure 6.14). This behaviour is attributed to a more severe
oxidation subjected by each hot recycled bitumen (rejuvenated or not) containing the
visbreaking bitumen rather than the corresponding blend including the primary bitumen, as
a consequence of the manufacturing process (LTAGpg+PB+(A/B/C) versus
LTAGpp+PB+(A/B/C)_LTAG compared to LTAGvs+VB+(A/B/C) versus
LTAGve+VB+(A/B/C)_LTAG) (Table 6.20). Moreover, regardless of the presence or not of
rejuvenators within the blends considered, the primary bitumen guarantees the corresponding
bituminous blends a lower hardening effect than the visbreaking bitumen, whatever the
ageing level (LTAGpg+PB+(A/B/C) versus LTAGpg+PB+(A/B/C)_LTAG compared to
LTAGve+VB+(A/B/C) versus LTAGyg+VB+(A/B/C)_LTAG) (Table 6.19).
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Figure 6.14. Comparison among the long-term aged hot recycled bitumens (rejuvenated or
not), obtained from the two different reference bitumens in terms of |G*| master curves at
34 °C.
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Table 6.18. Comparison among the modified CAM model and WLF law parameters for the
long-term aged hot recycled bitumens (rejuvenated or not), obtained from the two

different reference bitumens.

* *
* * g~ Ve
G =G+ T
AL
1+ (F) |
CAM modified model S
G+ G f 2% :
e g c k m —
[Pa]  [Pa]  [Hz] ¢ =Llog [ G: R
1+ @K —1)-¢¢
g
LTAG,+PB_LTAG | 0  [1E+09 280 0.180 0.87 1.450 0.994
LTAGw+VB_LTAG | 0  1E+09 225 0.5 065 1.339 0.983
LTAG,+PB+A_LTAG | 0  1E+09 360 0154 0.88 1710 0.996
LTAGy+VB+A_LTAG | 0  1E+09 240  0.16 0.75 1.457 0.988
LTAG,+PB+B_LTAG | 0  1E+09 350 0.140 0.82 1.760 0.996
LTAGy+VB+B_LTAG | 0  1E+09 260 0.150 0.75 1.495 0.988
LTAG, +PB+C_LTAG | 0  1E+09 365 0158 0.0 1710 0.996
LTAGy+VB+C_LTAG | 0  1E+09 250  0.17 073 1332 0.990
C1(T-Ty)
Log(0=¢,
WLF law
C, C, T,[°C]
LTAG,+PB_LTAG | 21.0 2390 34
LTAGw+VB_LTAG | 27.0 2150 34
LTAG, +PB+A_LTAG | 210 2250 34
LTAGvws+VB+A_LTAG | 27.5 2400 34
LTAG, +PB+B_LTAG | 245 2275 34
LTAGys+VB+B_LTAG | 27.5 2300 34
LTAG,+PB+C_LTAG | 200 2230 34
LTAGys+VB+C_LTAG | 240 2200 34
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Table 6.19. Comparison among the hot recycled bitumens (rejuvenated or not), obtained

from the two different reference bitumens and investigated in terms of |G*| values at

f = 1.59 Hz before and after ageing.

T=4°C T =58°C
Bitumen
IG*|[Pa] AG[%] | IG*|[Pa] AG [%]
LTAG,+PB  3.60E+07 1.30E+04 480
LTAG,,+PB_LTAG 6.15E+07 1.08E+05 '
LTAG_,+PB+A | 75E+07 . 6.27E+03 .
LTAG, +PB+A_LTAG 3.73E+07 ’ 5.25E+04 ’
LTAG,,+PB+B 2 07E+07 o1 5.55E+03 487
LTAG, +PB+B_LTAG 5 06E+07 ’ 4.89E+04 i
LTAG, +PB+C 1 (05E+07 3.65E+03 03.0
LTAG,,+PB+C_LTAG 3 45E+07 5.19E+04 '
T=4°C T =58 °C
Bitumen
IG*|[Pa] AG[%] | IG*|[Pa] AG [%]
LTAGvyp+VB  4.47E+07 o 1.64E+04 053
LTAGys+VB_LTAG 8.36E+07 ’ 3.47E+05 ’
LTAGvs+VB+A  1.98E+07 23 7.45E+03 04s
LTAGys+VB+A_LTAG 5.39E+07 ’ 1.42E+05 ’
LTAGys+VB+B  2.66E+07 4o 7.62E+03 033
LTAGvs+VB+B_LTAG 5.90E+07 ' 1.14E+05 '
LTAGvg+VB+C 2.20E+07 o 1.08E+04 ous
LTAGv+VB+C_LTAG 6.57E+07 ‘ 1.99E+05 ’
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Table 6.20. Comparison among the long-term aged hot recycled bitumens (rejuvenated or
not) obtained from the two different reference bitumens and investigated in terms of |G*|

at f=1.59 Hz.
T=4°C T =58 °C
Bitumen
IG*|[Pa] AGvp.ps[%] | |G*[[Pa] AGvg.ps [%]

LTAG, +PB_LTAG 6.15E+07 1.08E+05
26.4 68.9

LTAGv+VB_LTAG 8.36E+07 3.47E+05

LTAG,,+PB+A_LTAG 3.73E+07 5.25E+04
30.8 63.0

LTAGv+VB+A_LTAG 5.39E+07 1.42E+05

LTAG, +PB+B_LTAG 506E+07 4.89E+04
13.7 57.1

LTAGv+VB+B_LTAG 5.90E+07 1.14E+05

LTAG, +PB+C_LTAG 3 45E+07 5.19E+04
47.5 73.9

LTAGyp+VB+C_LTAG 6.57E+07 1.99E+05

6.3 Summary

The experimental investigation described in the first phase of Ph.D investigation focused on
the assessment of the rheological properties of two reference bitumens considered during
their overall service life that includes their reuse in hot recycling by adopting different
rejuvenators.

Based on the results obtained, the following conclusions can be drawn:

1. Although a comparable rheological behaviour of the two reference bitumens when
unaged, these latter exhibit a different oxidative level because of the different
manufacturing process that makes the visbreaking bitumen more unstable and
consequently subjected to a more severe ageing;

2. Regardless of the reference bitumen considered, ageing entails an increase in |G*|
values, indicating a bitumen hardening, and a reduction in phase angles 9,
corresponding to a prevalence of the elastic component G; over the viscous
component G. In addition, the analysis of the master curve parameters shows a
decrease in shape index S, as an evidence of a higher sensitivity to frequency changes,
and in crossover frequency f., suggesting a greater overall elastic behaviour.
Moreover, higher C; and C; values are a further consequence of oxidation according
to the reduction in fractional free volume (i.e. reduction of molecular mobility);

3. Whatever the reference bitumen considered, rejuvenators modify bitumen chemistry
and consequently rheology by enhancing the viscous response of the bitumen, as
confirmed by a decrease in |G*| values and a rise of phase angles 3, corresponding to
a lower Gi/G; ratio. In terms of master curve parameters, compared to the
corresponding unrejuvenated bitumen, bitumens including any rejuvenator exhibit
higher shape index S, as an indication of a more gradual transition from the elastic to
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the viscous behaviour, and crossover frequency f. and thus a remarkable retrieval of
viscous component in the behaviour. Moreover, all the additives used are even
approaching to restore the rheological properties of the virgin bitumen, because of the
comparable values obtained for both model and rheological parameters;

4. Ageing has a similar effect on virgin bitumen and bituminous blends including RAP
bitumen, independently of the reference bitumen considered. However, as confirmed
by a lower variation of parameter values pre and post ageing, oxidation is less
detrimental on the hot recycled bitumens (rejuvenated or not) than on the virgin
bitumen, since the former include 50% of aged RAP bitumen;

5. The addition of a rejuvenator in hot recycling leads to a corresponding composite
bituminous blend which can be even less stiff than the associated virgin bitumen alone
at the end of service life, suggesting significant benefits when dealing with high RAP
contents.

In conclusion, this experimental study provides an important contribution to understand the
effect of ageing on the rheological properties of the bituminous blends containing virgin and
RAP bitumens.

Based on the above-described findings, it is reasonable to expect that recycled bituminous
mixtures prepared with virgin bitumens, rejuvenators and high amounts of RAP (which
releases a percentage of the same aged bitumen) suffer less ageing phenomena and could also
be less stiff than virgin mixtures. However, great importance should be given to the choice
of the most suitable components of the mixture due to compatibility. In particular, type and
dosage of rejuvenator and bitumen should be properly selected, since their interaction
strongly affects the final mixture performance.
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Chapter 7.

Literature review

A fundamental aspect in asphalt pavements is the correct understanding of cracking
performance of bituminous materials, which is strictly linked to the properties of mastic phase
and its components (i.e. filler and bitumen) (Jakarni, 2012; Kim, 2008).

These materials are subjected to a wide range of thermo-mechanical stresses that cause
premature failure if not properly addressed during their entire service life. Fatigue is one of
the main failure modes for flexible pavements. It consists in the formation of micro-cracks
due to repeated loading cycles which leads to the appearance of macro-cracks by coalescence.
Nevertheless, once a crack is opened in the pavement, it starts healing and, if there is enough
time for the process to be completed, it may even close (Garcia, 2012). In particular,
researchers believe that an asphalt pavement with extended service life is an achievable aim,
since healing process is able to counter the development of micro-cracks (Karki et al., 2014;
Roque et al., 2012). Nowadays, investigations regarding healing phenomenon in asphalt
pavements have been classified within environmentally sustainable strategies in the
construction engineering domain. In fact, when asphalt pavements have the ability to repair
small cracks, it will considerably decrease maintenance costs, extend service life and
eventually reduce greenhouse gas emission (Chung et al., 2015). Recently, preventive
maintenance approaches via the promotion of the healing capability of bituminous materials,
such as induction heating technology, are considered as a new way of increasing durability
and service life of road pavements (Liu et al., 2012a; Menozzi et al., 2015) and it also
potentially guarantees economic and environmental benefits. In addition, healing property
becomes even more important when materials are engineered for long-term service like road
pavements and where repair and maintenance are not easy (Joseph et al., 2009; Wool, 2008).
As akey issue which has not been highlighted in the majority of studies, healing phenomenon
in bituminous materials refers to diminishing micro-cracks and eventually partial recovery
of properties. Subsequently, all types of recovery of the properties in bituminous materials
should not be considered as a healing process. In general, healing is related to the recovery
of structural damages (microcracks), whereas recoverable phenomena, such as thixotropy,
can be observed when there are no microcracks and can permanently restore material
properties (Ashouri, 2014; Moreno-Navarro et al., 2015). Therefore, in order to avoid
misleading-analyses, it is important to distinguish between real recovery due to self-healing
and recovery due to intrinsic viscoelastic responses (Ayar, 2015), especially with respect to
thixotropy, since the latter does not contribute to fatigue life.
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7.1 Fatigue phenomenon

Each time a vehicle passes, bituminous materials in road pavement are subjected to short-
term loading that can result in a loss of rigidity of the material, if sufficiently high, or even
lead to failure, by accumulation in the long-term. Consequently, in pavement construction
the correct understanding of fatigue deterioration process is fundamental for a proper
structural design.

Two main phases of the degradation process are usually considered during fatigue cracking.
The first phase corresponds to degradation, resulting from damage that is uniformly spread
in the material. Hence, this phase is manifested by the initiation and propagation of a "micro-
crack” network (in a diffuse way), which results in a decrease in the macroscopic rigidity
(modulus). In the second phase, as a consequence of the micro-cracks coalescence, a "macro-
crack" appears and propagates within the material. The coalescence appears at a certain value
of micro-cracking (or level of damage, or level of fatigue). The two phases may be governed
by quite different physical evolution laws and consequently are usually modelled within
different theoretical frameworks. In details, damage mechanics (DM) and linear elastic
fracture mechanics (LEFM), respectively, are examples of frameworks used for the
deterioration phases. At present, it is theoretically challenging to model both phases jointly
in a unified approach. During experimental fatigue testing of bituminous materials, the two
phases can be considered as appearing successively or, for some test geometries, parallel in
time. Besides deterioration related to damage initiation and propagation, other phenomena
can contribute to stiffness reduction during fatigue testing, but they are not interpreted as
fatigue. One of these artefact phenomena is self-heating caused by dissipated energy
generation, resulting from the tested material's inherent viscous property (de La Roche et al.,
1996a; de La Roche et al., 1996b; Di Benedetto et al., 1996; Di Benedetto et al., 1997a).
Another phenomenon which may determine a pronounced stiffness decrease during
mechanical excitation seems to be bitumen thixotropy (Di Benedetto et al., 1997b; de La
Roche, 1996; Soltani, 1998). Fatigue response is very sensitive to boundary and loading
conditions (Di Benedetto et al., 2014) and this behaviour induces a scatter of the results,
which makes more complex the general interpretation of the tests. As previously mentioned,
fatigue damage affects material stiffness and consequently implies a reduction of the modulus
recorded. However, fatigue should not be mistaken for permanent deformation. When only
compressive excitation (or tensile) is applied, the irreversible accumulated strain can become
substantial, which may hide the effect associated with fatigue.

7.2 Damage accumulation

Damage analysis is often based on the concept of effective stress (Lemaitre and Desmarat,
2005). Damage is assumed to cause a decrease in the surface area over which stresses are
applied. This reduction of effective area occurs because the surface area which is stressed
decreases due to the formation and growth of defects and voids. This is the basic concept
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used in continuum damage modelling. In fatigue testing of bituminous mixtures, it is
reasonable to assume that repeated loading leads to the formation of micro-voids and defects.
Whereas the cause for changes in material response during DSR fatigue testing of bitumens
are less clear.

7.3 Thixotropic contribution

Mewis and Wagner (2009) defined thixotropy as "the continuous decrease of viscosity with
time when flow is applied to a sample that has been previously at rest and the subsequent
recovery of viscosity in time when flow is discontinued". Thixotropy is a form of structural
nonlinearity and, thus, not a form of damage. Structural nonlinearity is associated with
reversible micro-structural changes (Malkin, 1995). Structural changes can include changes
in "regular" structure or configuration and "rupture" of inner micro-structure. Structural
nonlinearity is possible even if the material is being loaded outside the linear viscoelastic
regime or when continuous, reversible changes evolve over time (i.e. thixotropy).

The changes in microstructure leading to thixotropic behaviour are not well understood.
Generally, thixotropy is thought to be associated with relatively weak attractive forces. There
are two competing mechanisms during flow: break-down due to stresses and build-up due to
random collisions between particles and Brownian motion (Barnes, 1997). Brownian motion
is the random thermal motion of molecules. When molecules collide due to this random
motion, they can attach to each other, given the necessary attractive forces, forming flocs.
During loading, stresses can cause flocs to break apart over time, leading to thixotropic
behaviour. When loading is ceased, Brownian motion dominates and molecules will collide
and flocs will be formed. Recovery/formation of flocs can take significantly longer than
break-down (Barnes, 1997). Both increased shear rate and loading time increase breakage
(Mewis and Wagner, 2009). With respect to bituminous materials, Shan et al. (2011)
demonstrated that thixotropy affects the entire performance of the bitumen, especially in
terms of fatigue and healing response at high temperatures. In fact, thixotropy is associated
with the colloidal nature of bitumen, which forms by the source of bitumen, the degree of
processing and the temperatures (Qiu, 2012). Previous experiment shows that during
repetitive loadings thixotropy causes a progressive change from a gel to a sol structure,
whereas during rest periods the gel structure starts to reform (Gaskin, 2013).

7.4 Self-healing capability

“Self-healing materials are inspired in nature. They are artificial counterparts of a tree,
which can recover damage to its trunk by itself, or a cut in a finger, which seemingly
spontaneously stops bleeding” (NL Agency, 2010). Materials that possess healing capability
are able to (partially) recover themselves when suffering mechanically or thermally induced
damage and thus restore their original set of properties (Liu, 2012; Wool, 2008). Self-healing
materials generally include polymers, metals, ceramics (Wool, 2008), glass, concrete,
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bitumen (Qiu, 2012; Shen and Carpenter, 2007) and their composites. Few materials,
however, have the ability to heal as an intrinsic property (Wool, 2008) and the majority of
studies have focused on the use of novel self-healing systems, particularly the case of
polymers for the repair of cracks (Liu, 2012). Some of these systems have a shell structure
with an embedded liquid (such as microcapsules, hollow fibers, microvascular networks, etc.)
and, when a crack passes through it, the shell will tear and the embedded liquid flows to fill
and repair the crack (Joseph et al., 2009; Qiu, 2012). Since the mechanisms thought to
underlie healing remain unclear (Qiu, 2012), there is no exact definition of healing capability
in asphalt pavements. Nevertheless, healing capability is generally regarded as the intrinsic
response of bitumen to diminish the generated cracks within the bituminous body and
consequently initiate the partial recovery of its original properties (Canestrari et al., 2015;
Shen and Carpenter, 2007).

Usually material properties degrade over time due to the initiation of damage (like micro-
cracking) on a microscopic scale that tends to grow and will ultimately lead to failure of the
material. In this respect, the self-healing capability of asphalt pavements is limited to the
repair of microcracks, since macrocracks do not close unless external forces are applied to
press the cracked surfaces together (Jones and Dutta, 2010) and self-healing cannot recover
the damage due to permanent deformations (Menozzi et al., 2015).

Two main types of healing exist in bituminous mixtures: adhesive healing at the bitumen-
aggregate interface and cohesive healing within the bituminous phase. More in details, the
healing process of bituminous materials consists of a three-step-mechanism: (1) surface
approach due to the consolidation of stresses and flow of bitumen; (2) wetting (adhesion of
two crack surfaces driven together by surface energy); (3) the complete recovery of
mechanical properties due to diffusion and randomisation of asphaltene structures (Phillips,
1998). According to Phillips (1998), during pavement service life there is competition
between fatigue and healing. Figure 7.1 shows a schematic diagram of this mechanism. Of
these steps, the first is the fastest one, whereas the other two steps are much slower. Further,
the first step almost leads to recovery of modulus (stiffness) and the other two steps determine
an improvement of both modulus and strength. Wetting ability is related to the type of
bitumen, such that bitumen with a higher surface energy has a higher wetting ability (Ashouri,
2014). Additionally, the capability of diffusion is directly linked to mobility potential of the
molecules in the bitumen and a bitumen containing more molecules with longer chains and
fewer branches has a higher molecular mobility (Kim et al., 1990).
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Figure 7.1. A schematic diagram of the three step healing mechanism in bitumen (Qiu,
2012).

7.4.1 Characterisation of bituminous material self-healing

Since the 1960s, healing phenomenon or recovery capability in bituminous materials have
been a focus of research in both laboratory and field (Bazin and Saunier, 1967; Raithby and
Sterling, 1970). In particular, studies focused on different levels, dependent on the subject.
They include bitumen, bituminous mastic, bituminous mixture and the asphalt pavement
itself characterised using fatigue, fracture or non-destructive tests. Fatigue tests with the
insertion of rest periods represent the main method for self-healing capability evaluation in
laboratory. This test method was performed on bituminous mixtures by means of Four Point
Bending Test (4PBT) or Indirect Tensile Test (ITT) (Qiu, 2012; Shen and Caerpenter, 2007)
and diffusely on bitumens, especially by means of Dynamic Shear Rheometer (DSR) (Lu et
al., 2003; Bodin et al., 2004; Stimilli et al., 2012; Stimilli et al., 2014; Canestrari et al., 2015;
Santagata et al., 2015) and seldom by means of Binder Bond Strength (BBS) (Huang et al,
2016; Lv et al., 2017). Besides, fatigue tests with rest periods were carried out on mastics on
limited scale by means of Three Point Bending Test (3PBT) or DSR (Garcia, 2012;
Underwood, 2016; Mazzoni et al., 2016, 2017b and 2017c). With respect to non-destructive
tests, Atomic Force Microscopy (AFM) (Das Kumar et al., 2012; Nazzal, 2012) and Scanning
Electron Microscopy (SEM) (Lu, 2013, Qiu, 2012) were used to evaluate bitumen self-
healing capability. Moreover, non-destructive methods were also employed to measure field
healing potential by means of Falling Weight Deflectometer (FWD) or Stress Waves
(Groenedijk, 1998; Williams et al., 2001).
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7.4.2 Influence factors on bituminous material self-healing

Internal factors

Bitumen properties strongly affect asphalt pavement self-healing capability (Liu, 2012, Qiu,
2012), since the latter is mainly related to the interdiffusion of bitumen components (Wool,
1981). However, it is clear that self-healing potential of bitumen allows the corresponding
bituminous mixture to recover. In the following paragraphs, bitumen and bituminous mixture
characteristics as well as modifiers are presented as internal factor influencing self-healing
capability.

Physical properties

Many researchers demonstrated that a soft bitumen with a high penetration grade and a low
softening point exhibits a higher self-healing capability than a hard bitumen (Van Dijk et al.,
1972; Bonnaure et al., 1982). Moreover, low viscosity is considered as a positive factor for
healing process occurrence in bitumen (Garcia et al., 2014; Kim et al., 2003).

Chemical composition

Previous researches concluded that bitumens with low amphoteric and high aromatic contents
(low molecular weight fractions) possess a higher healing capability (Little et al., 1999;
Schmets et al., 2010). Indeed, there is a direct relationship between aromatic content in terms
of the acid-base component of surface energy and long-term healing rate (Little et al., 1999).
The surface free energy can be divided into two parts, including the Lifshitz-Van der Waals
and the Lewis acid-base components. The Lewis acid-base component positively affect long-
term healing, whereas the Lifshitz-Van der Waals component can have a detrimental effect
on short-term healing (Lytton, 2000; Williams et al., 2001). Additionally, a high amount of
heteroatoms favours healing process, since sulfur, oxygen, and nitrogen promote bitumen
polarity. A high presence of waxes is also helpful for healing due to the Van der Waals force
of the interactions between long chains of hydrocarbons and aliphatic molecules within the
wax (Schmets et al., 2010; Williams et al., 2001). Since it is recognised that a higher diffusion
capability in a bitumen is linked to a higher molecular mobility, Kim et al. (1990) introduced
two parameters to quantify this aspect: MMHC ratio and CH»/CHj ratio. The former stands
for methylene and methylene hydrogen atoms to methyl and methylene carbon atoms and is
related to the amount of the branching in chains, whereas the latter means methylene to
methyl and is associated with the length of chains. Thanks to their research, Kim et al. (1990)
demonstrated that the diffusivity and rate of healing increases with the decrease in MMHC
ratio (the amount of branching).

Ageing

In literature, there are discordant opinions about ageing effect on self-healing capability in
bituminous materials. According to Little et al (1999), ageing negatively affects the self-
healing capability of a laboratory aged sand mixture specimen, even if he also indicated the
addition of hydrated lime as an enhancement for self-healing potential of an aged specimen.
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On the opposite, Canestrari et al. (2015) found a positive effect in term of healing capability
in Styrene Butadiene Styrene (SBS) modified bitumens including a certain amount of the
same long-term aged bitumen (up to 45%), suggesting a beneficial interaction between the
shorter polymer chains caused by ageing process and the unaged chains of virgin bitumen.

Volumetric properties

For a bituminous mixture, a high self-healing potential is found to be related to a high
bitumen content (Molenaar, 2007, Van Gooswiligen et al., 1994). In addition, an
improvement in self-healing is also favoured by high voids filled with bitumen (VFA), low
voids in mineral aggregate skeleton (VMA) as well as a low air void content (VA) (Qiu,
2012; Van den Bergh, 2011). Further researchers concluded that the healing properties of
bituminous mixtures are more affected by composition characteristics (which in turn affect
the aggregate interlock, the film thickness, etc.) than by polymer modifications (Kim and
Roque, 2006; Grant 2001). In particular, self-healing process within coarse-graded
bituminous mixture is much faster than fine-graded mixture. A coarse gradation with a lower
surface area can provide a thicker bitumen film and fewer transition zones between aggregate
and bitumen. This condition is therefore favourable for improving crack healing (Abo-Qudais
and Suleiman, 2005; Grant, 2001). Moreover, Lee found that Stone Matrix Asphalt (SMA)
shows the highest healing capacity compared to other types of bituminous mixtures (Lee et
al., 1995 and 2000).

Modifiers

As reported in literature, the influence of modifiers on self-healing capability of bituminous
materials is not clear. In particular, many researchers indicated that the presence of
elastomers (e.g. SBS) improved self-healing capability of the corresponding bitumen and
also bituminous mixtures (Lee et al, 2000; Shen and Carpenter, 2007; Canestrari et al, 2015).
In contrast, Little et al. (1999) concluded that the addition of SBS polymer modifier acts as
a filler interrupting the ability of pure bitumen to recover and thus causing detrimental effect
in terms of self-healing occurrence. Moreover, Kim and Roque found that SBS modification
has a relatively small effect on healing rate of bituminous mixtures. Qiu (2012) stated to
assess effects of SBS modification according to the related damage level present in the
corresponding bituminous material. In particular, SBS polymer modification negatively
affects on the healing capability of bituminous mastic when considering the healing of an
open crack, whereas it positively acts at a lower damage level where micro-cracks develop
thanks to the confinement effect of the undamaged SBS polymer network.

With respect to other modifiers, using rejuvenators is a well-known technique not only for
the recovery of aged bitumen properties, but also for enhancing self-healing capability of
asphalt pavements (Menozzi et al., 2015; Su et al., 2013a).
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External factors

Besides the internal factors above-mentioned, some important boundary conditions favour
self-healing detection in bituminous material. In the following paragraphs, the major external
factors influencing self-healing capability are discussed.

Rest periods

Many researchers accepted the beneficial effect of rest periods on self-healing capability in
bituminous materials under different loading conditions (Stimilli et al, 2012; Van Dijk et al.,
1972; Bazin et al., 1967; Kim et al., 2002; Bahia et al., 1999). In particular, the longer the
rest period, the higher the damage recovery (Kim et al., 2002; Van Dijk et al., 1972).
However, rest period duration required for healing occurrence in laboratory depends on both
loading condition (Qiu, 2012) and type of bituminous mixture (Castro and Sanchez, 2006).

Temperature

Temperatures play a fundamental role as self-healing influencer. It is well-established that at
high enough temperatures healing rapidly occurs (Daniel and Kim, 2001; Kim and Roque,
2006; Grant, 2001), whereas low temperature values inhibit molecular mobility, preventing
the restoration of the original chemical structure and initial physicomechanical properties.

Loading condition and damage level

Loading amplitude is considered as one of the most important factors influencing asphalt
pavement self-healing capability. Various studies have shown that a high tensile stress/strain
level has detrimental effects on self-healing capability (Van Dijk et al., 1972; Castro and
Sanchez, 2006). The lower the damage level, the higher the healing capability (Song et al.,
2005; Zhang et al., 2001). In fact, when macro-cracks occur, it becomes difficult to recover
material properties through healing phenomena (Molenaar, 2007; Zhang, 2000).

Moisture

Previous studies demonstrated that moisture negatively affects self-healing of adhesive
bonds, since it has a higher affinity for the aggregates than bitumen and therefore could
prevent self-healing occurrence (Hefer and Little, 2005).

7.4.3 Modelling of bituminous material self-healing

As previously mentioned, most of the relevant studies concerning healing evaluation were
carried out in laboratory. Consequently, there is the need to bridge the lack of a proper
understanding of healing process, at a field scale, and the quantification of its contribution in
pavement durability improvement and service life extension. The best method for analysing
healing mechanisms in bituminous materials is the simultaneous investigation of the
mechanical and chemical characteristics through healing experiments. With respect to self-
healing detection in bituminous material, two main models can be found in literature:
physical-chemical based healing model and mechanical based healing model. The former is
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a somewhat conceptual model to explain healing phenomenon using physical-chemical
theories, whereas the latter is basically a regression model to pattern healing phenomenon in
a macroscopic continuum damage state. Details of these two models can be found hereafter.

Physical-chemical based healing model

Multi-step healing model

In the 1980s, an extensive research dealt with crack healing of thermoplastic polymers. It
was noticed that, when two pieces of the same polymer are brought into contact at a
temperature above its glass transition temperature (T,), the interface gradually disappears and
the mechanical strength at the polymer—polymer interface increases as the crack heals across
the interface. As shown in Figure 7.2, Wool and his colleagues suggested a five stages model
to explain the crack healing process in terms of surface rearrangement, surface approach,
wetting, diffusion and randomisation (Kim et al., 1983; Wool et al., 1981; Wool et al., 1982).
They concluded that the stages of wetting and diffusion are responsible for the majority of
mechanical property recovery or healing, and control the intrinsic healing function Ry, (t).
The observed macroscopic recovery R is a convolution product as shown in Equation (7.1):

R=[' Ryt —0)=Cdr (1.1)

where,

Ry (t) is an intrinsic healing function of time #;
@(t) is a wetting distribution function of time
T is a time variable.

Intrinsic healing functions for strength, elongation at break, impact energy and fracture
parameters were obtained as a function of time, molecular weight, temperature, pressure and
processing conditions, in perfect agreement with the theory.

Because of the similarity between healing process of bituminous materials and healing
process of thermoplastic polymers above-mentioned, Phillips (1998) adopted this five stages
model to describe fatigue and healing capability of bituminous materials.

Figure 7.1 depicted in paragraph § 7.4 shows that not only fatigue can be described using a
three-step model (namely crack initiation, crack propagation and failure), but also self-
healing process of bituminous material is believed to be a three-step process. This three-step
healing process consists of: (1) closure of macro-cracks due to consolidating stresses and
flow; (2) closure of micro-cracks linked to wetting (adhesion of two crack surfaces driven
together by surface energy); (3) complete recovery of mechanical properties related to
diffusion. Step (1) is believed to be the fastest one and implies only a stiffness recovery,
whereas steps (2) and (3) are thought to occur much slower, but to improve both stiffness and
strength of the material that consequently exhibits mechanical properties comparable with
the virgin condition.
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Figure 7.2. Schematic diagram showing the five steps of crack healing (Wool et al., 1982;
Wu et al., 2008).

Thixotropy model

As previously described in paragraph § 3.2.1, bitumen is traditionally considered as a
colloidal system where high molecular weight asphaltene micelles are dispersed or dissolved
in a lower molecular weight oily medium (maltenes) (Figure 7.3) (Read and Whiteoak, 2003).
The micelles are considered to be asphaltene clusters covered by an absorbed layer of high
molecular weight aromatic resins which act as a stabilising solvating medium. Away from
the centre of the micelle there is a gradual transition to less polar aromatic resin layers which
extend outwards to the less aromatic oily dispersion medium. According to the colloidal
nature of bitumen, the latter can be divided into three categories: sol bitumen, gel bitumen
and sol-gel bitumen. The sol bitumen has a sufficient amount of resins and aromatics, with
enough solvating power to fully peptise the asphaltenes. Therefore, the resulting micelles
have a good mobility within bitumen. The gel bitumen has not enough aromatic/resin
fractions to peptise the micelles. The asphaltenes can associate further in a gel type bitumen.
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This can lead to an irregular open packed structure of linked micelles. The rest of the space
is filled with an intermicellar fluid of mixed constitution. In practice, most bitumens show an
intermediate colloidal character, called sol-gel bitumen.

@ Asphaltenes 1) Aromatic/naphthenic

hydrocarbons
O High molecular weight /V Naphthenic/aliphatic
aromatic hydrocaton hydrocarbons
O Low molecular weight - Saturated hydrocarbons

aromatic hydrocarbon

Figure 7.3. Schematic representation of sol (left) and gel (right) type bitumen (Read and
Whiteoak, 2003).

Since 1930s bitumen was found to exhibit a so-called thixotropic behaviour (Saal et al., 1940;
Traxler et al., 1935; Mouillet et al., 2012) which is also widely observed in many colloidal
systems. Thixotropy is defined as the tendency of a material’s viscosity to decrease with time
when subjected to flow/stress, and to recover with time when the flow/stress is stopped (Tan
et al., 2011). Thixotropy is demonstrated to be an inherent material property of bitumen and
to have a significant effect on bitumen rheological properties (Traxler et al., 1935). In
addition, thixotropy is strictly linked to the colloidal nature of bitumen, which depends on
the source of bitumen, the degree of processing and the temperatures. Thixotropy is also
thought to be related to the changes in a material’s microstructure (Tan et al., 2011). The
microstructure of the material breaks down and its viscosity decreases by applying
stress/flow. After a period of rest, the material regains the broken-down structure and its
viscosity increases to the initial value thanks to molecular movement. Verstraeten (1991)
related the thixotropic effect to the stiffness decrease during fatigue tests and its recovery
during rest periods (Castro and Sanchez, 2006). Based on fatigue test results performed on
bituminous mixtures at the Belgium Road Research Centre, he proposed that at temperatures
higher than 15 °C fatigue of bituminous mixtures is mainly caused by thixotropic effect in
the bitumen. During load repetitions, bitumen changes progressively from a gel to a sol type
structure. Whereas during rest periods bitumen returns from a sol to a gel structure. If rest
time is sufficiently long, recovery would be almost total. However, at low temperatures (less
than 5 °C), fatigue is determined by structural damage because of load repetitions and
recovery of the structural damage at low temperatures would be only partial. This proposition
has been proven by many researchers. Soltani and Anderson (2005) concluded that the loss
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in modulus during a fatigue test and the gain in modulus during rest periods are the result of
thixotropy. Di Benedetto et al. (2011) considered thixotropy as one of the artefacts which
influences the real fatigue performance of bituminous mixtures and it can be modelled using
an equivalent temperature increase. Shan and her colleagues (2012) introduced the Cox-Merz
relationship of the thixotropy model to characterise fatigue and healing behaviour using the
break-down and build-up coefficients of the microstructure. It is observed that thixotropy
plays a role in fatigue and healing characteristics of bituminous binders. When comparing
the thixotropic model with the multi-step healing model, both models explain the recovery
process during rest periods. However, the multistep healing model illustrates the healing
process in case of damage (micro-cracks, macro-cracks), whereas the thixotropy model
interprets the recovery process in case of molecular motion and the rebuilt of the
microstructure, which is not necessarily related to a crack.

Mechanical based healing model
VECD model

The theory that fatigue in bitumen and mastic is the result of the combined effects of linear
viscoelasticity (LVE), non-linear viscoelasticity (NLVE) and damage represents the basis for
the modelling approach developed by Underwood (2016). For each of the three mechanisms,
separate material models are proposed and then integrated into the final formulation. A key
component for fatigue response is damage, which is supposed to exist in the form of micro-
cracks that upon continued loading coalesce to form a localised macro-crack that then
dominates the behaviour. This hypothesis stems from studies that have examined the
morphology of failure surfaces in time-sweep fatigue tests on bituminous binders and shown
the presence of radial cracks (Wen et al., 2009; Asphalt Research Correspondent, 2013). This
model is able to describe material response between the intact and localisation stages. Linear
viscoelastic materials exhibit time-temperature dependent behaviours, which can be
modelled through a convolution integral representation:

0 () = fotr Cijia(tr — &) ddi?ds( (7.2)

ga(ty) = fotr Siij (& — §) ddL;j ds§ (7.3)
d

r= (74)

where Cju(t,;) and Sk;i(t,) are the relaxation moduli and creep compliances, respectively; ¢ is
the time; ¢, is the reduced time; ar is the time—temperature shift factor; ¢ is an integration
variable; oy is stress; and &y is strain.

If temperature is constant for a prescribed period, Equation (7.4) simplifies to a more
common form t; = t/ar. The experimental configuration in this study involved oscillatory
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loading and thus the constitutive equations are further specialised according to Equations
(7.5) and (7.6).

() = [ Gt — ) ¢ (75)

v(t) = JyT I~ ) 5 dE (7.6)

where G is the relaxation modulus in shear, J is the creep compliance in shear, o is shear
stress, and y is shear strain. As common practice, Prony series represent the relaxation and
compliance functions:

—ty

G(ty) = X, Gie Pi (1.7)

1) = Jg + L+ 3y (1- o) 79)

where G; are relaxation modulus Prony terms, p; are relaxation times, J; are compliance Prony
terms, 7 is the steady-state viscosity, /; is the retardation times, and J, represents the glassy
compliance. These formulations are used because of their computational efficiency and
because they allow relatively easy manipulation between time and frequency domains. This
aspect is particularly important in fatigue modelling applications with viscoelastic materials
as it can simplify the characterisation process without sacrificing the predictive capabilities
in the time domain. Fourier transformation is used to derive these relationships, see Equations
(7.9) and (7.10), where R’ is the real component of the response function in the frequency
domain (the in-phase component) and R’’ is the imaginary or out of phase component of this
function. By first substituting Equations (7.7) or (7.8) and then simplifying the relaxation and
creep functions are given in the frequency domain by Equations (7.11) and (7.12).

R' = Re{jw [” R(t)e /" dt} (7.9)
R" = Imfjw [° R()e /** dt} (7.10)
o =3, 2 @
G = ?illcﬂf—zzz (7.11)
J' =] +2’}=11+i# (7.12)
J" = e T 1’::};:2 (7.12)
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Bitumen and mastic can be considered as purely LVE materials only within a limited range
of strain levels and thus consideration for nonlinear behaviours is necessary for a proper
fatigue process modelling (Tan et al., 2012; Motamed et al., 2012; Motamed et al., 2013;
Masad et al., 2009; Rajagopal et al., 1998; Narayan et al., 2013). These behaviours are
thought to be distinct from damage, but they can occur simultaneously. A technique has been
devised (RSS test) and a model developed to separate and account for these behaviours
(Underwood et al., 2015). The resulting formulation, shown in Equation (7.13), is based on
the single-integral nonlinear function proposed by Schapery.

a(

() = by [ Gt — )

t, = — (7.14)

aray

hay)
pr: dé (7.13)

where #’, is the strain dependent reduced time, a, is the strain shift factor, and %; and A are
the nonlinearity coefficients. These coefficients are found to express higher order strain
dependency in the Helmholtz free energy, whereas a, is noted to relate to the influence of
strain on free energy and entropy production (Schapery, 1966; Schapery, 1969). In the
strictest sense, Equation (7.13) may not represent a fully NLVE model, since it lacks certain
aspects linked to frame invariance of stresses and strains and it is inherently 1-D (it does not
predict normal stresses due to shear). However, the model provides a rational and
thermodynamically admissible solution to the issue of strain dependent deformation response
independent of permanent changes in the materials structure, such as damage. In addition,
although it is not shown here, these coefficients can be generalised to 3-D so as to provide
an accurate representation of nonlinearity (Levesque et al., 2008). In the case of steady-state
sinusoidal loading (approximately true for the time sweep experiments performed by
Underwood) Equation (13) can be further simplified, as follows:

(@) = hy x G*(w)[ve (w;)] (7.15)

where ). is the effective strain during the cycle (h; multiplied strains) and o’ is dependent
upon the actual frequency, w (rad/s), and is referred to as the strain dependent reduced
frequency, Equation (7.16).

wy =w.xa,=(wxar)xa, (7.16)

A continuum damage model motivated by Schapery’s work-potential theory is adopted to
explain the damage process (Schapery, 1990). The extended -elastic—viscoelastic
correspondence principle is first used to cast an elastically derived damage potential function
to an equivalent viscoelastic form by replacing the physical strains with pseudo strains, y%,
(Schapery, 1984). Pseudo strains shown in Equation (7.17) are represented as the linear
viscoelastic stresses occurring from an applied strain multiplied by a reference modulus that
ensures dimensional compatibility. This reference modulus could take on any value, but is
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usually chosen to be either one or a value equal to the initial apparent elastic modulus of a
test. Since this decision is arbitrary and ultimately does not impact the modelling effort, it is
assumed to have a value of one in Underwood’s study. The importance of the pseudo strain
concept is that it removes all of the time dependency associated with the deformation process
as long as these processes are wholly described via the single relaxation function and the
nonlinear related parameters.

d(h

R_h_l t?" r_ _21’)
vR=o 6 = =—d¢ (7.17)

The calculation of pseudo strain in the time domain is facilitated by the use of a state variable
based solution to Equation (7.17). Starting with this function and recognising that the
relaxation modulus can be expressed as shown in Equation (7.7), the pseudo strain value at a
time-step, n can be determined from the following expression:

oo =2, 6 [0 el )0 1.18)

From which the following internal state variable associated with the relaxation function is
defined, as follows:

)" ()" €] ¢ ;

m =6 el g @ag 1> 0 (7.19)
Thus, the total pseudo strain can be determined using the following equation:

h
)" = B Gl (7.20)
To determine the updating procedure for each of the ', their value at time step, tn+1, can be
written as;

(t,)n+1
NN+l .

it = f el e gy

0

= [ AN s g 4+ (G A 0 g2

Gl

On the right hand side, the first integral can be separated trough a proper manipulation of the

exponential and the second integral can be simplified by assuming that the input, f, varies
n+i_.n
linearly between successive data points with a slope of C; = %. With these two

adjustments, the updating rule becomes:
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—A

met=ea [ O g ag v prx [N A a a

"

It should be noticed that the first integral simply represents the state variable from the
previous time step and the second integral can be analytically solved leading to the following
result:

—Aty —Aty
Nttt =e A gl 4+ CL [1 —e ] (7.23)

With respect to fatigue, such time step dependent quantities may not be necessary. In this
case, a primary interest is the magnitude of the pseudo strain response to a sinusoidal
variation in strain input. By letting the pseudo strain response reach a steady state condition,
Equation (7.17) can also be simplified, as follows:

(0, = Z_; [(VO.pp)i] 1G*[(wr) (7.24)

where the subscript pp refers to the peak-to-peak value of strain and the subscript 7 indicates
the cycle number. As with other continuum damage models the approach here considers a
damaged body to have a spatial distribution of stiffness, but treats this body as an undamaged
one with a homogeneous, but reduced stiffness. Hence, macro-scale observations are used to
characterise a material rather than micro-scale behaviours. On the macro-scale, the most
convenient method to evaluate the effective stiffness is the instantaneous secant modulus
defined for the continuum damage model in the stress—pseudo strain space and normalised
for specimen-to-specimen variability using the DMR:

T
C = m (7.25)

Where the variable C denotes the pseudo secant modulus. Damage is quantified by analogy
to Schapery’s work potential theory originally derived for axial loading conditions and then
further generalised for complete three dimensional representations (Schapery, 1990). The
basic equations necessary for the damage theory are summarised below:

e Pseudo strain energy density function:
Wh =2 cH™? (7.26)

e  Stress-pseudo strain relationship:

9 R
L= 6V:R (7.27)

e Damage evolution law:
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In Equations (7.26) and (7.28), S is the internal state variable and quantifies microstructural
changes that result in the stiffness reduction, and « is the damage evolution rate. For bitumen
and mastic under oscillatory shear, S is related primarily to radial micro-cracking from anti-
plane shearing. The relationship between S and the pseudo secant modulus, C, is known as
the damage characteristic relationship and is the primary function in this model. The
parameter a is introduced to consider that, although the time dependency of deformation is
accounted for through pseudo strain, an additional time dependence associated with damage
growth is not. It has been shown that its value is related to the inherent viscoelastic time-
dependence, as expressed in the log—log slope of the relaxation modulus, m (Park, 1994). In
the case of a single macro-crack if the material’s fracture energy and failure stress are

1 . .
constant, then a=1 + but, if the fracture process zone size and fracture energy are

constant, then a= % In the case of distributed micro-cracks, there are no such theoretical
relationships, but it is considered advantageous to relate o to the inherent LVE. Damage can
be characterised via the method outlined in (Underwood et al., 2010) wherein the damage
evolution law is rearranged to yield a discrete form by first substituting the pseudo strain
energy density function, Equation (7.26), into Equation (7.28). Since only pseudo stiffness is
a function of damage, this substitution yields;

as _ (1 . g2 dC a
m—( R ) (7.29)

Then the chain rule is applied to the right hand side derivative to yield;

as (1 Rry2 4C dty )“
dt;( > ) atl. ds (7.30)
which can be subsequently rearranged and cast into a discrete form for finding damage at
each time step, j;

2 . L
S = 5+ =3 08 (G = )7 (69 — P (7.31)

Equation (7.31) is applicable to any loading history, but to use it with cyclic fatigue data can
be cumbersome due to the large number of time steps. For example, a fatigue test that
captures 100 points per data cycle and lasts for 100000 cycles includes 10000000 time steps.
The calculation can be simplified by casting the function in a cycle-wise manner and
observing that an approximate state of steady-state is detected after only few cycles
(Underwood et al., 2010). Applying this technique requires a return to the damage rate
function, Equation (7.29), and a calculation for the amount of damage occurring during a
load cycle, Equation (7.32).
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_ ctrfinal 1. py2 4\ L,
as = ft;,initial( 2 o as ) dtr (7.32)

The reduce interval, t; ing; — trinitar» is the interval during which damage occurs and for
fatigue loading y® is given by Equation (7.33) where v, is the peak-to-peak pseudo strain
magnitude.

YR =y, SOt - pR f(er) (7.33)

2

Since damage occurs during both the forward and reverse loading, t;. rina; — trinita is €qual
to the reduced period of loading, t;,, or the inverse of reduced frequency. Next, a cycle-wise
damage function is proposed, Equation (7.34), where pseudo stiffness is defined according
to the slope of the stress—pseudo strain relationship in the entire loading cycle and
differentiated from the time dependent pseudo strain by denoting it as C*:

a
= (__ ( PP)Z - ) ( r.final tr,inital) x By (7.34)
* _ __ 'pp
C _y{}prMR (7.35)

Fatigue progresses by steady accumulation of damage under repeated loading, thus the
incremental damage developing during a single cycle is relatively small and the C* parameter
closely approximates the time varying C value throughout the entire cycle. It cannot be
assumed that the damage growth during the cycle is absolutely zero or else the model would
be incapable of predicting damage growth during the experiment. Instead, a more realistic
cycle-wise approximation is that the rate of pseudo stiffness change with respect to damage
during a single cycle is constant. With this approximation, Equation (7.32) simplifies to:

[f rflnal (yR)2 )a dt}] (7.36)

r mztlal

Setting Equation (7.36) equal to Equation (7.34), substituting Equation (7.33) for the pseudo
strain history and setting C* equal to C produce the following equality:

trl’,final
1 a
s=(-308)) | e
ty imitial
a
= (_% (Yfp)z ) (t‘;,final - tv,’,inital) X Bl (7.37)

which can be rearranged and solved for B;.
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t’

By = [ (@) ey = £ [ (Fe) e 739)
r.final” r,inital rinitial r,initial

In the preceding derivations, two separate assumptions were made: (1) constant damage rate
during a loading cycle; (2) steady-state deformation existence. Analytical study of fatigue
data loading conditions suggests that these two assumptions are valid for bitumens and
mastics except during the first few loading cycles. Changes to the material state can develop
quite rapidly in the first loading cycle and thus the more rigorous time-step based damage
formulation must be used during this portion of the test. Therefore, the damage model should
be represented in the piecewise form shown in Equations (7.39) and (7.41) depending on the
portion of the test examined. In Equation (7.41) the variable N refers to cycle number and is

. dc . .
included to represent the fact that, as long as 25 1s constant, calculations can be performed
over groups of cycles, which can further reduce the necessary computational time.

T

C= ¢= ¥R x DMR tr < trp 239)
- *—__wp ’ l .
¢ = &, x DMR tr > trp
hi rtr , d(hay) , ,
Yi=nf 6 - )T ERdE st
vt = “ (7.40)
(), = 2= () | 1671 (0D t> el
a 1
=2 0F) (G = T (50 = P) <t
r T r = br
as=q- 2T b (7.41)

Tra L
[—%(Vﬁp)z(cmv - Ci)]”“ (trp x N)™*« x B; t) >t

Once the incremental values of damage are known, they can be cumulated to find the total S
at any cycle and then subsequently used to characterise the relationship between S and C.
This relationship can be fitted to a convenient analytical function, which can be then
substituted into either Equation (7.29) or (7.34) to predict the damage growth for any known
loading history. Note that the piecewise formulations are only important during the
characterisation phase. For predicting the modulus evolution during repetitive loading, the
steady-state assumptions can be used from the beginning of the simulation and the initial
cycle damage can be ignored, as long as the strain levels being evaluated result in a fatigue
life that is substantially greater than one cycle.

PH model

Pronk et al. (2009; 2000) proposed the so-called partial healing (PH) model to describe the
evolution of the complex stiffness modulus (loss and storage modulus) due to irreversible
and reversible damage in a fatigue (bending) test, assuming that damage is related to the
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dissipated energy per cycle and that bituminous mixture self-healing happens not only during
rest periods, but also during loading periods. The PH model is mainly based on two equations:

e Loss modulus:
Smix sin(p) = F{t} = Fo — [, [F{t}(a1e PE +y,)] dr (7.42)
e  Storage modulus:

Smix €08(9) = G{t} = Gy — [, [F{t}(aze PE +,)] dr (7.43)

The parameters ay, &, ¥1,¥. and [ are the products of material constants times the
occurring strain squared (£2). The values a and y also depend on the frequency applied. Since
no energy will be dissipated during a rest period, the function F{t} in the integral equals zero
during the rest period. When no loading is applied after a time #; (rest period), the loss
modulus can be described by the following equation.

F{t} = Fy — e Pt [ 2 a,F{t}e*F dr — [ 'y, F{t}dr (7.44)

The second term on the right hand represents the reversible damage and the third term the
non recoverable (irreversible) damage Pr;, which is equal to the accumulation of the
permanent damage in the loading period. The reversible damage is subjected to the
exponential time function at the end of the load period, which will vanish in time. The
evolution of the loss modulus during the rest period is given by Equation (7.45). Similarly,
we can obtain the development of the storage modulus during healing time given in Equation
(7.46).

F{t}=Fy— R e Pttt —p . fort>t, (7.45)
G{t} = Gy — Rg;e Pt —p  fort>t, (7.46)

After the first rest period a second loading period starts att=t; and willend att=to + t; =
+ Atr. The equations (7.47) and (7.48) are valid for the evolutions of the loss modulus and
the storage modulus.

F{t} = F{t,} — ffz [F{t}(a,e PED 4 y)]dt fort, <t<t,+A4t, (7.47)
G{t} = G{t,} — ffz [F{t}(a,e P +y,)|dt fort, <t <t, +A4t, (7.48)

By moving the origin of the time scale to t = t,, the same equations are obtained as for the
first load period (t* =t — t») as indicated by equations (7.49) and (7.50).

F(t'} = Fy — [ [F{i} (@ e P9 1 y)ldr for 0< t* < Aty(= t,) (7.49)
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G{t*} =G — fot*[F{‘r}(aze_ﬁ(t*_T) +yy)]ldT for0<t* <At (7.50)

The only differences between the first loading and the loading after healing are the start
values for the loss modulus F{t} and the storage modulus Gf{t#} at the beginning of the
(second) load period. Therefore, the same solutions with shifted time scales can be used for
all the load and rest periods.

Examples of the simulation of a continuous fatigue test and a fatigue related healing with
storage periods (FHS) test are depicted in Figures 7.4 and 7.5, respectively. It should be noted
that for the FHS simulation the material parameters were chosen by fitting the first two cycles
of loading rather than only one cycle of loading. Pronk stated that this could be related to the
real healing, which cannot be fully explained by the current PH model based on stiffness
modulus development. He believes that there is a distinction between the stiffness recovery
and the fatigue strength recovery (fatigue life recovery) (Pronk et al., 2009).
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= = = = =
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Figure 7.4. Simulation of stiffness and phase lag development for a continuous fatigue test
using the PH model (Pronk, 2009).
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Figure 7.5. Simulation of stiffness development for a FHS test using the parameters
determined from: (a) the first load period only; (b) the first two load periods (Pronk et al.,
20009).

DER approach

As previously mentioned, cohesive healing is considered as the result of several mechanisms
which develop at crack interfaces, such as wetting (which depends on surface energy of the
material), interfacial cohesion and interdiffusion and randomisation of molecules between
wetted surfaces (Little et al., 2007; Bhasin et al., 2009; Bommavaram et al., 2009). Such
processes within a bitumen contribute to crack repair and original internal structure
restoration. Moving from the assumption that any change in material internal structure due
to damage reflects in a change in their energy dissipation processes, Santagata et al. (2017)
introduce a methodology based on the comparison of dissipated energy measured under
continuous oscillatory shear loading without rest periods (fatigue tests) and after single long
rest periods introduced at fixed values of complex modulus loss (healing tests). In such a
context, the Dissipated Energy Ratio (DER) concept originally proposed by Pronk and
Hopman (1991) is used to analyse fatigue and healing test data. The DER parameter after N
loading cycles is calculated through the following expression:
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N .
DER = Z=Wi (7.51)
w

N
where W; and Wy are the energy dissipated per unit volume in the generic i-th and N-th cycle,

respectively, and are calculated pre the following general expression:
W; = to,¥0,; sin(6;) (7.52)

where 79, and yo; are respectively the stress and strain amplitudes, whereas J; is the phase
angle value. In Figure 7.6. a typical plot of DER as a function of the number of loading cycles
N in the case of stress-controlled tests is depicted. It can be observed that after an initial phase
of testing with no damage accumulation, the experimental data points gradually deviate from
the equality line (with 45 ° horizontal slope). A peak value is reached, after which DER
values decrease until complete failure of the specimen. Several fatigue life indicators can be
derived from the DER function obtained from continuous oscillatory loading test data (Bahia
et al., 2001; Santagata et al., 2008):

e N,, which identifies the onset of crack propagation and corresponds to the
intersection between the equality line and the horizontal line passing through the
maximum DER value;

® N2, which is associated with 20% deviation of DER from the equality line;

®  Nmax, Which corresponds to DER peak.

4000

3000
& 2000
a
1000 {
. Nk 4N
0 1000 2000 3000

Number of cycles

Figure 7.6. Example of a typical DER function obtained from a stress-controlled fatigue
test (Santagata et al., 2017).

Figure 7.7 show a comparison between the DER functions derived from fatigue tests and

those obtained from the reloading phases in healing tests carried out on the three bitumens
investigated at two stress levels and three values of complex modulus loss.
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Figure 7.7. Comparison of DER functions obtained from fatigue and healing tests
(Santagata et al., 2017).

In particular, the DER function obtained from fatigue tests is considered as a reference point
for healing evaluation, since it represents material response in its original state. Its
comparison with the DER function obtained after a certain amount of damage induced in
bitumen may provide information on material healing capability.

In order to quantify the magnitude of healing occurring during rest time, a Healing Ratio
(HR) was defined as follows:
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HR = Ymax-rp (7.53)

Nmax

where Nax-rp 1S the number of loading cycles at peak DER determined from the reloading
phase of healing tests and N, is the number of loading cycles at peak DER determined from
the corresponding fatigue tests.

By definition, HR can vary in the interval comprised between 0 and 1. The lower limit is
obtained when Nmaxrp << Nmax and refers to an ideal material which exhibits a negligible
fatigue resistance after being subjected to a first loading phase. The upper limit is achieved
when Nimaxcrp = Nmax and is related to a material which attains a full recovery of its original
fatigue resistance after rest time.

Healing index

In order to assess bitumen healing capability and study healing factors, Tan et al. (2012)
introduce two healing indices symbolised as HI' and HI? and described by Equations (7.54)
and (7.55), respectively.

HIt = IS aster y 109 (7.54)
|G* linitial

where HI' is the healing index calculated by the ratio of the initial modulus value after rest
to the initial modulus value before rest; |G*|inia is the initial modulus value before rest;
|G *|qfier 1s the initial modulus value after rest.

* Before rest

4 24 hours rest
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Figure 7.8. Schematic of the fatigue indices (Tan et al., 2012).

Taking Figure 7.8 as an example, all the modulus values are normalised by |G*| to eliminate
the differences between the replicates. The solid diamond series represent the normalised
modulus change curve before rest and the triangle series denotes the normalised modulus
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change curve after 24 h of rest. The rest periods are not shown in Figure 7.8. The normalised
|G*[initial 1s the value at the beginning of the Before rest curve and normalised |G*|afeer is the
value at the beginning of the 24 h rest curve. HI' can show only the degree of healing of the
initial modulus and not the degree of healing that is needed to resist loading. To fix this
deficiency, another healing index, symbolised as HI?, is introduced here, as shown in the
following equation:

HIZ — (|G*|terminal> (Nafter_Nbefore) %100 (755)

|G*linitial Nbefore

where HP is the healing index calculated by the ratio of cycle numbers, and |G*|sermina is the
dynamic modulus value when the loading stops.
“|terminal -

In the example shown in Figure 7.8, IGT is the modulus value at the end of the Before
0

rest curve and Niefore 1s the number of cycles when the loading stops before a rest period.
. . .6 inal :
Natier represents the number of cycles when the loading stops after a rest period. Ilclflew is
initial
the decrease in the percentage of the dynamic modulus when the loading stops. If
(Nafter_Nbefore)

" equals 1, bitumen ability to resist loading allows a totally healing.
before
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Chapter 8.

Advanced investigation of binders:
background

The rheological properties of the bituminous components of bituminous mixtures contribute
significantly to the major distresses of flexible pavements. In particular, bitumen and fillers
create a blend known as bituminous mastic that, depending on its nature and composition,
strongly affects the durability of pavement asphalt layers. The main effect of filler is to stiffen
bitumen, therefore, when a mix includes also Reclaimed Asphalt Pavement (RAP) that
release aged bitumen, the final mastic constituted by virgin and aged RAP bitumen together
with filler exhibits a high stiffening capacity that influences the ability to resist permanent
deformation at high temperatures, fatigue life at intermediate temperatures and cracking
resistance at low temperatures.

In this study, three fillers (limestone, basalt and Portland cement) and a high polymer
modified bitumen (3.8% of Styrene Butadiene Styrene, SBS) were selected. The latter was
first blended with various percentages of an aged bitumen (itself polymer modified), long-
term aged in laboratory, and then analysed. Subsequently, mastics composed of the same
bituminous phase above-mentioned and different types and amounts of filler were
investigated. Classical and advanced rheological tests besides a basic morphological analysis
were performed. The materials used, the test methods with the associated data analysis
applied and the corresponding results are presented in the following paragraphs. First, an
overview to describe the background of the topic is provided. Then the morphological
characterisation is described and afterwards the rheological investigation is addressed. In
particular, the analysis of the rheological data was carried out by means of a Dynamic Shear
Rheometer (DSR) and was based on a classical approach along with innovative test methods
previously implemented for bitumens and then found suitable also for mastics. Moreover, the
influence of morphological properties of filler on filler-bitumen interactions was assessed by
means of a Scanning Electron Microscope (SEM).

8.1 Binder response in terms of fatigue, self-healing and
thixotropy

Asphalt pavement performance is strictly linked to the properties of mastic phase and its
components (i.e. filler and bitumen) (Jakarni, 2012; Kim, 2008). Filler is a key element in
mastic behaviour, from mixture production to pavement layer construction. Several
researches have demonstrated that, besides aggregate blend gradation adjustment, filler
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particles are able to accomplish important tasks within bituminous mixtures, reducing
thermal susceptibility and fixing the thickness and mechanical properties of the mastic film
covering stone particles (Harris et al., 1995; Puzinauskas, 1983). The filler fraction passing
No. 200 (63 um) sieve, be it natural (i.e. dust of mineral aggregates) or manufactured (e.g.
Portland cement), causes, primarily, an increase in binder stiffness.

Although the mastic-to-bitumen relative stiffness is mainly related to the filler/bitumen ratio
(f/b), many researches carried out over the last years have highlighted the dependence of
mastic stiffness on the properties of both materials (i.e. filler and bitumen) and their specific
interactions (Cardone et al., 2015; Antunes et al., 2016). Great importance should be given
to filler physicochemical nature, particle density, size and shape, surface area and, in
particular, fractional voids (i.e. Rigden voids, RV) (Antunes et al., 2015; Faheem and Bahia,
2010; Grabowsky and Wilanowicz, 2008; Rigden, 1947). The volume of voids in the dry
compacted filler sample (i.e. Rigden voids, RV) corresponds to the volume fraction of
bitumen that is fixed and only the fraction in excess of this volume is able to lubricate the
filler matrix (Kandhal et al., 1998). The higher the Rigden voids (RV) of a certain filler, the
higher the amount of bitumen needed to make the mixture fluid as well as the stiffness of the
corresponding mastic.

Buttlar et al. (1999) identified mastic behaviour as the result of a three-step-reinforcement
mechanism: (1) volume-filling reinforcement (i.e. the presence of a rigid inclusion in a less
rigid matrix causes stiffening effects); (2) physicochemical reinforcement (i.e. stiffening is
caused by interfacial effects between bitumen components and filler particles); (3) particle
interaction reinforcement (i.e. particles interlocking inside the lytic skeleton). The latter
mechanism is usually considered negligible because of its limited role in filler stiffening
effect (Shashidhar et al., 1998).

Mastic stiffness affects the ability to resist permanent deformation at high temperatures,
fatigue life at intermediate temperatures and cracking resistance at low temperatures (Airey
et al., 2006; Wang et al., 2011). Fatigue cracking represents the major cause of failure for
asphalt pavements. Hence, it is fundamental to identify reliable fatigue parameters in order
to estimate pavement service life under traffic loading conditions.

Nowadays, pavement-engineering strategies aim at performance improvement, resources
conservation (e.g. recycling techniques) and environment protection (e.g. reduction of
harmful emissions). In this sense, it should be emphasised that fatigue resistance is the result
of several mechanisms, such as self-healing which can be classified among environmentally
sustainable strategies designed to decrease maintenance costs, extend service life and reduce
greenhouse gas emission as well (Chung et al., 2015). In fact, when exposed to damage, some
materials (e.g. metals, polymers, concrete or bituminous mixtures) have the intrinsic ability
to repair small cracks and partial restore their original properties through thermo-mechanical
or induced mechanisms. However, other recoverable phenomena of viscoelastic materials,
such as thixotropy and heating, can permanently recover material properties. In order to avoid
misleading-analyses, it is important to distinguish between recovery due to real healing and
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recovery due to intrinsic responses, especially with respect to thixotropy, since the latter does
not contribute to fatigue life.

Over the last years, many studies focused on the determination of bituminous mixture self-
healing capability, since this property can constitute an important future for the development
of long-lasting asphalt pavements (Liu et al., 2012; Wool et al., 2012). Healing process of
bituminous materials consists of a three-step-mechanism: (1) surface approach due to the
consolidation of stresses and flow of bitumen; (2) wetting (adhesion of two crack surfaces
driven together by surface energy); (3) complete recovery of mechanical properties due to
diffusion and randomisation of asphaltene structures (Phillips, 1998).

Although previous researches demonstrated that self-healing is mainly related to the
interdiffusion of bitumen components (Wool, 1981) and, consequently, the majority of
experimental studies mainly focused on bitumen analyses, mastic is the real binder phase in
bituminous mixtures, which should be considered as mastic-coated aggregates rather than
pure bitumen-coated aggregates (Wang et al., 2011).

Mastic self-healing response differs from the associated pure bitumen behaviour because of
the presence of filler which determines a discontinuity within the material, as result of volume
filling and physicochemical interactions with bitumen (Delaporte et al., 2007; Frigio et al.,
2016). In fact, fatigue process of mastics involves chemical and mechanical phenomena due
to the interaction between the bituminous phase and the lytic component (i.e. filler). In
particular, the presence of filler particles within the continuous bituminous phase further
complicates crack propagation by altering the overall cohesive potential of the real binder
component of a mixture (i.e. mastic) (Mazzoni et al., 2016).

Because of the combination of two main mechanisms (adhesive healing at the bitumen-
aggregate interface and cohesive healing within the bitumen) (Little et al., 2001), self-healing
of bituminous materials has an impact on asphalt pavements service life.

Various internal and external factors influence self-healing capability of asphalt pavements.
Chemical and mechanical characteristics of bituminous materials are identified as the most
important internal factors, whereas high air temperatures and long rest periods are the major
external factors.

In literature, self-healing capability was studied using different methods, but a specified
protocol has not been yet standardised to examine this issue (Ayar et al., 2016; Little et al.,
2015). This phenomenon was investigated at the bitumen, bituminous mastic and bituminous
mixture level using fatigue, fracture or non-destructive tests. Fatigue tests with the insertion
of rest periods represent the main method for self-healing capability evaluation in laboratory.
This test method was performed on bituminous mixtures by means of Four Point Bending
Test (4PBT) or Indirect Tensile Test (ITT) (Qiu, 2012; Shen and Carpenter, 2007) and
diffusely on bitumens, especially by means of Dynamic Shear Rheometer (DSR) (Lu et al.,
2003; Bodin et al., 2004; Stimilli et al., 2012; Stimilli et al., 2014; Canestrari et al., 2015;
Santagata et al., 2015) and seldom by means of Binder Bond Strength (BBS) (Huang et al,
2016; Lv et al., 2017). Besides, fatigue tests with rest periods were carried out on mastics on
a limited scale by means of Three Point Bending Test (3PBT) or DSR (Garcia, 2012;
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Underwood, 2016; Mazzoni et al., 2016, 2017b and 2017c). Moreover, most investigations
were characterised by the lack of discrimination between real healing and other recoverable
phenomena in bituminous materials, such as thixotropy. In addition, few of them dealt with
the simultaneous interaction among fatigue, self-healing and thixotropy (Soltani et al., 2005;
Shan et al., 2010; Canestrari et al., 2015; Mazzoni et al., 2016, 2017b and 2017c). It should
be noted that there is a basic difference between self-healing capability and thixotropy in
bituminous materials properties recovery during rest periods. In fact, as previously
mentioned, self-healing is regarded as an effort to recover initial properties by wetting and
interdiffusion, whereas thixotropy occurs due to molecular rearrangement in the bituminous
phase (Butt et al., 2012; Mouillet et al., 2012).

Given this background, there is a need to bridge the lack of an analytical consolidated
approach to determine self-healing potential and thixotropy of bituminous mastics,
concurrently identifying useful insights for filler types and contents. In fact, it is expected
that the prediction of field performance of bituminous mixtures is closely linked to mastic
self-healing properties. Moreover, the increasing reuse of RAP, containing polymer modified
bitumen, for the production of new, more performing and environmental friendly bituminous
mixtures, leads to a further need of understanding the influence of aged polymer modified
bitumen from RAP on the final mastic behaviour. Thus, it is fundamental to analyse
interactions among aged polymer modified bitumen from RAP, new virgin polymer modified
bitumen and filler, investigating the related effects on fatigue, thixotropy and self-healing
capability.
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Advanced experimental investigation

9.1 Materials

Different materials were analysed and compared (Table 9.1). In details, the first phase of the
experimental investigation focused on the evaluation of the overall response of aged and
unaged mastics and the associated bitumens, since it is well-established that bituminous
material response is affected by the bituminous phase, but it is strictly related to the real
binder phase represented by bituminous mastic.

In particular, since Styrene Butadiene Styrene (SBS) polymers represent the most commonly
elastomers employed in bituminous mixture modification, they were added to a base bitumen
(coded as BB) in quantity equal to 3.8% by bitumen weight so as to produce a high modified
bitumen (coded as H). In fact, the 3.8% value represents the most common level of polymer
modification for bituminous mixtures in Italian motorways. The other bitumens were
obtained by blending bitumen H to different percentages (0%, 45%, 100%) of a same SBS
modified aged bitumen (coded as R) in order to account for the effects due to the addition of
RAP. In fact, the aim of adding bitumen R is to simulate the presence of the reactivated
bitumen released by RAP during the in-plant production of Hot Mix Asphalt (HMA). In
particular, bitumen R was obtained by subjecting virgin bitumen H to a long-term ageing by
means of Rolling Thin Film Oven Test and Pressure Ageing Vessel testing procedure, in
accordance with European Standards EN 12607-1 and EN 14769. It is worth noting that the
choice to use a laboratory aged bitumen rather than a bitumen directly extracted from milled
material does not limit the general validity of this study as each extracted bitumen would
have its own characteristics and could be considered in any case not exhaustive of all the
possible conditions, analogously to the laboratory aged one. Moreover, the laboratory aged
bitumen is always reproducible for further investigation or comparative purpose.

Three types of mastic were then produced by adding to each of the bitumens above-
mentioned a filler whose nature and dosage selected are expressed below. A limestone filler
(coded as L) was set because it consists mostly of angular particles with smooth to slightly
rough surface, with a low propensity to agglomerate (Antunes et al., 2015), and it is the most
commonly used for bituminous mixtures thanks to its high affinity with bitumen with which
develops strong chemical bonds and high adhesion also in presence of water. A constant
filler/bitumen ratio equal to 1.00 by bitumen weight (corresponding to a filler/mastic ratio
equal to 28% by mastic volume) was selected in agreement with Superpave specifications
(Kennedy et al, 1994), which recommend a ratio by bitumen weight within 0.60 and 1.20 and
a maximum filler concentration by volume of total mastic equal to 28%.
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It should be highlighted that the three mastics studied in this first experimental step
represented the reference materials for the following steps which aim at evaluating the effect
of different dosages and types of filler. In details, further amounts of limestone filler were
studied and compared to the 28% value by mastic volume previously investigated. In
particular, filler/mastic ratios equal to 14% and 42% by mastic volume (corresponding to
0.40 and 1.90 filler/bitumen ratio by bitumen weight, respectively) were considered. If the
28% value represents the reference value, as previously mentioned, the other two percentages
were adopted for a better understanding of filler contribution on final mastic behaviour.
Subsequently, the influence of filler nature was assessed by selecting further filler types to
be compared to the reference limestone whose dosage was set equal to 28% by mastic
volume. In details, another mineral filler (basalt “B”’) and a manufactured one (Portland
cement “PC”) were chosen. In order to obtain a constant filler/mastic ratio equal to 28% by
mastic volume for each filler investigated, a corresponding 1.16 and 1.04 filler/bitumen ratio
by bitumen weight resulted for Portland cement and basalt, respectively, according to their
different particle densities (Table 9.2) and complying with the Superpave specifications
(Kennedy et al., 1994). As previously mentioned, limestone represents the reference filler
thanks to its suitable physicochemical properties (fineness, basicity, lack of clay) that
promote and strengthen bitumen-aggregate adhesion and concurrently ensure an optimum
mastic response. Whereas the other two fillers, basalt and Portland cement, were chosen
because their geometrical and physical characteristics are such as to guarantee a good
dispersion within the bitumen and consistently assure final bituminous mastic homogeneity
(Antunes et al., 2015). Besides, the different chemical composition of basalt and Portland
cement influences filler-bitumen interaction and consequently determines evident changes in
final mastic behaviour, making their comparison with limestone more interesting and
exhaustive.

All the materials investigated were prepared following an optimised protocol so as to obtain
homogeneous mixes (Cardone et al., 2015). At first, bitumens H and R and the filler selected
(L, PC or B), if present, were heated in oven at 165 °C until the consistency of the bitumens
became sufficiently fluid. Then bitumen H was blended with the set percentage of bitumen
R using a low shear mixer operating at 60 rpm and 165 °C for 5 minutes; finally, in the case
of mastics, filler was gradually added to the bituminous phase and blended using the same
mixer. The rotation speed was progressively increased in proportion to the amount of the
material and the addition of filler was completed in about 10 minutes. The parameters of the
blending procedure were selected so as to prevent bitumens from severe processing
conditions and to minimise additional ageing effects. Moreover, during the preparation of the
mastics, further aspects were carefully taken into account in order to avoid inhomogeneities
in the materials studied:

— segregation (due to different specific weights of mastic components);
— hardening (steric hardening was controlled by standardising all sample preparation
times before testing);
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— heterogeneity (all the components in the samples comply with the percentages
selected).

All the materials investigated in this study are summarised in Table 9.1.

Table 9.1. Bituminous materials investigated.

1% step: comparison between mastics and the associated bitumens

SBS content, Bitumen R,  Filler/Bitumen Filler/Mastic
by weight by weight ratio, by ratio, by
Code .
weight volume
[%] [%] [/] [%]
BITUMEN BB / 0 / /
SBS BH_OR 3.8 0 / /
MODIFIED BH_45R 3.8 45 / /
BITUMEN BH_100R 3.8 100 / /
SBS MHL_OR 3.8 0 1.00 28
MODIFIED MHL_45R 3.8 45 1.00 28
MASTICS MHL_100R 3.8 100 1.00 28

2" step: comparison among mastics, selecting 28L as reference mastic

Influence of different filler dosages, choosing limestone as reference filler type

14L_0R 3.8 0 0.40 14
14L_45R 3.8 45 0.40 14
14L_100R 3.8 100 0.40 14
SBS 42L_0R 3.8 0 1.90 42
MODIFIED 42L_45R 3.8 45 1.90 42
MASTICS 421._100R 3.8 100 1.90 42
28L_0OR 3.8 0 1.00 28
28L_45R 3.8 45 1.00 28
28L_100R 3.8 100 1.00 28

Influence of different filler types, fixing the value 28 % as reference filler dosage
28PC_OR 3.8 0 1.16 28
28PC_45R 3.8 45 1.16 28
28PC_100R 3.8 100 1.16 28
SBS 28B_OR 3.8 0 1.04 28
MODIFIED 28B_45R 3.8 45 1.04 28
MASTICS 28B_100R 3.8 100 1.04 28
28L_0OR 3.8 0 1.00 28
28L_45R 3.8 45 1.00 28
28L_100R 3.8 100 1.00 28
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Table 9.2. Basic properties of the fillers selected.

Filler type Code Particle density Rigden voids (RV)

[g/em?] [%]

Portland cement PC 2.975 40.15
Basalt B 2.684 33.50
Limestone L 2.594 31.14

9.2 Test program

Two main phases constituted the laboratory experimental campaign: the first phase focused
on the morphological analysis of the materials studied by means of a Scanning Electron
Microscope (SEM), whereas the second one centred on the rheological characterisation of
the blends by means of a Dynamic Shear Rheometer (DSR).

Besides the “classical” rheological investigation, more innovative test protocols and analyses
were implemented in order to obtain an overall picture of the mechanical behaviour of the
materials selected under different loading and temperature conditions and including self-
healing capability and thixotropic contribution. Moreover, a further interpretation of the
rheological results was provided by performing morphological analyses that allowed the
assessment of bitumen-filler interaction within the corresponding mastics.

Details of each test are provided in the following section together with the corresponding
experimental procedures. Table 9.3 shows a summary of the overall experimental plan in
terms of number of replicates for each test carried out.
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Table 9.3. Experimental program.

Number of replicates for each test condition

SEM | eep | isostiffness | Tme sweep
BH_OR 1 4 2 3
Bitumens BH_45R 1 4 2 3
BH_100R 1 4 2 3
14L_0R - - 2 3
14L_45R - 2 3
14L_100R - - 2 3
28L_0OR 1 4 2 3
28L_45R 1 4 2 3
28L_100R 1 4 2 3
421._0R - 4 2 3
Mastics 42L._45R - 4 2 3
42L._100R - 4 2 3
28PC_OR - 4 2 3
28PC_45R - 4 2 3
28PC_100R - 4 2 3
28B_0OR - 4 2 3
28B_45R - 4 2 3
28B_100R - 4 2 3
TOTAL 6 60 36 54

9.2.1 Morphological investigation

Rheological testing methods and analyses developed to investigate the mechanical
performance of bituminous materials are not always sufficient to completely characterise
their intrinsic behaviour. For this reason, a supplementary morphological analysis was carried
out in order to evaluate the interaction between bitumen and filler particles inside mastics
and thus provide a better interpretation of the rheological results. To this aim, a Scanning
Electron Microscope (SEM) was used, allowing the identification of mastic morphology and
filler distribution inside the bituminous matrix, thus helping to explain the differences
detected in rheological response between mastics and the associated bitumens.

9.2.2 Classical and advanced rheological investigation

Each material selected was preliminarily characterised in terms of complex shear modulus
(G¥*), by performing Frequency sweep tests through a Dynamic Shear Rheometer (DSR) in
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plate-plate configuration in accordance with the procedure discussed in a previous paragraph
§ 5.4.3, thus providing a “classical” rheological analysis of all the blends studied.

The same device was used to characterise the blends in terms of fatigue, self-healing and
thixotropy, by implementing To find isostiffness tests and then Time sweep tests with
multiple rest periods, as described in the following paragraphs (§ 9.3.3 and 9.3.4), and thus
allowing an “advanced” rheological investigation to be carried out.

9.3 Laboratory equipments, test methods and data analysis

The overall experimental study required the use of sophisticated equipments commonly
employed in the most of the research activities, as prescribed by the European and the
American standards. In order to provide a better understanding of the results obtained through
the laboratory investigation, the main operation principles of the equipments employed and
the test protocols, as well as the basic theory behind the analysis methods applied to elaborate
the test data are discussed in the following paragraphs.

9.3.1 SEM analysis

Rheological analyses were integrated by a morphological characterisation of the surface of
the mastic samples performed using a Scanning Electron Microscope (SEM). The evaluation
aimed at estimating the distribution of filler particles inside the bituminous matrix in order
to determine possible relationships between microstructure and rheological performance.
The analysis was carried out on the surface of cylindrical mastic samples (8§ mm large and
2 mm thick). As bituminous mastics are nonconductive materials, the surface of the samples
was metalised by applying a thin coating of gold before performing the SEM analysis. The
images were scanned in backscattered electron mode with an acceleration tension of the
electronic beam equal to 20 kV. Samples were photographed at a range of magnifications
from x20 to x3000. At medium magnification, features of interest were picked out and further
magnified.
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9.3.2 Frequency sweep test

Before carrying out self-healing investigation, frequency sweep tests were performed on the
materials selected to obtain a comprehensive picture of the overall rtheological behaviour. In
fact, considering that bitumens and mastics are time-temperature dependent materials, in
order to properly characterise them, it is necessary to run tests under different loading and
temperature conditions.

Frequency sweep tests were implemented by means of a Dynamic Shear Rheometer (DSR)
in plate-plate configuration by applying a sinusoidal load (controlled strain mode) in selected
ranges of frequency (0.159-15.9 Hz) and temperature (4-82 °C, with 6 °C intervals).

9.3.3 To find Isostiffness test

Prior to performing time sweep tests, a fundamental step was the determination of iso-
stiffness conditions variable depending on the materials investigated and guarantying to run
healing tests at intermediate and comparable temperatures, as accurately described in the
following paragraph (§ 9.3.4). However, regardless of the presence or not of filler and
eventually its type and dosage, the influence of different aged bitumen contents was
considered using an equi-stiffness temperature, in order to delete the effect of stiffness in the
materials properties.

Iso-stiffness temperatures to be adopted for each material were determined by subjecting a
specimen to tests conducted in 3 steps at 3 multiple decreasing temperatures in the DSR, at
the same strain level (constant during each test, but variable depending on the presence or
not of filler and its type and dosage) and with the same frequency (constant and equal to
10 Hz for all the materials tested), for a short duration so as to avoid inducing damage. During
each test, the loss modulus |G*|*sind, which is representative of changes in dissipated energy,
was monitored. Each test is preceded by a conditioning time of 15 minutes (except for the
first conditioning phase setting equal to 30 minutes) applied before every test temperature to
reach the material thermal equilibrium, followed by a measuring time of 1 minute.

It is possible to plot steady-state |G*|esind data as a function of temperature with the results
obtained (Log|G*|*sind versus T): the iso-stiffness temperatures corresponding to the target
stiffness were back calculated through an interpolation of the test data at different
temperatures inserting the linear regression in the plot to find the equation that describes the
trend of the curve. Two replicates were carried out for each material selected and the
temperature requested was obtained by making the average of the results obtained.

Below an example of one of the materials studied is provided:

123



Part 2
Chapter 9. Advanced experimental investigation

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

40

35 H Y =-9.9695E-07x +4.1256E+01

30 A

T [°C]

©28L_100R

20 T
1.E+06 1.E+07 1.LE+08

Log|G*|sind [Pa]

Figure 9.1. An example of To find iso-Stiffness test result (28L_100R investigation).

For example considering 28L_100R, the equation that describes its trend of temperature
versus Log|G*[ssind curve is depicted in Figure 9.1 and the isostiffness temperature is
calculated by substituting in “x” the isostiffness value selected and equal to 9 MPa, thus
obtaining 32.3 °C, as showed below:

y =9.9695 10 "x + 41.256
Where x =9-10° Pa >y =T = 32.3°C

The test temperatures used for each material based on this condition are provided in Table
94.

9.3.4 Time sweep test with multiple rest periods

Fatigue Endurance Limit concept is related to time-temperature dependent phenomena
including damage accumulation, hardening, viscoelasticity, thixotropy and self-healing.
Different methods exist to analyse this aspect in bituminous materials. The main one is based
on initial modulus reduction, even though several researches suggest the evaluation of
dissipated energy changes as a more appropriate approach (Santagata et al., 2009; Shen and
Carpenter, 2005). In this study, self-healing potential was evaluated by means of a Dynamic
Shear Rheometer (DSR) in a plate-plate configuration (diameter: 8 mm; gap: 2 mm). During
each test, the loss modulus |G*|*sind, which is representative of changes in dissipated energy,
was continuously monitored. Time sweep tests in strain-controlled mode were carried out
with the insertion of multiple rest periods aimed at simulating field conditions. The loading
stopped when the loss modulus |G*|esind dropped down to 65% of its initial value (damage
level corresponding to a 35% reduction of dissipated energy at each loading cycle) and started
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again after 30 minutes of rest. A minimum of 12 load-rest phases were performed in all the
test conditions and the stiffness recovery of the material was monitored also during rest
period by applying a strain equal to 0.0001% and 0.001%, for mastics and the associated
bitumens, respectively, that was low enough to avoid material stress and concurrently record
data in accordance with minimum torque and torque resolution of the DSR used for testing.
The frequency was set equal to 10 Hz, whereas test temperatures were selected so as to
guarantee an iso-stiffness condition (i.e. loss modulus |G*|*sind initial value) variable
depending on the materials investigated, as summarised in Table 9.4. The higher the filler
particle density and/or content, the higher the iso-stiffness level chosen to run tests at
intermediate and comparable temperatures (Figure 9.2). The latter is an important aspect
since self-healing is strongly influenced by temperature and heating is a way for enhancing
this capability. The rate at which self-healing occurs increases with the increase in
temperature, in agreement with the Arrhenius equation. This explains the importance of
testing all the mastics composed of the same bituminous blend at comparable temperatures.
Moreover, intermediate temperatures ensure enough molecular mobility that is essential for
the occurrence of self-healing which is conversely inhibited at low temperatures. At the same
time, too high temperatures, even if more beneficial in terms of self-healing, would not be
significant for fatigue analyses since fatigue failure happens at low/intermediate
temperatures.

The strain magnitude was selected to induce significant micro damage within the samples as
well as acceptable testing times, concurrently allowing self-healing capability detection
(Canestrari et al., 2015). The higher the filler percentage, the lower the strain value set, as
shown in Table 9.4 which summarises the main testing conditions for all the mastics.
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Figure 9.2. Mastic Isostiffness Temperatures versus filler particle densities.
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Table 9.4. Test parameters for all the materials studied and compared.

1% step: comparison between mastics and the associated bitumens

Mastic Strain Frequency Isostiffness |[G*|*sind Temperature
[%] [Hz] [MPa] [°C]
BB 5.0 10 3.0 19.5
BH_OR 5.0 10 3.0 21.5
BH_45R 5.0 10 3.0 22.5
BH_100R 5.0 10 3.0 29.0
MHL_0OR 1.0 10 9.0 254
MHL_45R 1.0 10 9.0 27.0
MHL_100R 1.0 10 9.0 323

2nd step: comparison among mastics, selecting 28L as reference mastic

Influence of different filler dosages, choosing limestone as reference filler type

14L_0R
14L_45R
14L_100R

42L_0OR
42L_45R
42L_100R

28L_0OR
28L_45R
28L_100R

1.5
1.5
1.5
0.7
0.7
0.7
1.0
1.0
1.0

10
10
10
10
10
10
10
10
10

3.8
3.8
3.8
13.0
13.0
13.0
9.0
9.0
9.0

252
28.0
31.7
293
30.0
339
254
27.0
32.3

Influence of different filler types, fixing the value 28 % as reference filler dosage

28PC_OR
28PC_45R
28PC_100R
28B_0OR
28B_45R
28B_100R
28L_0OR
28L_45R
28L_100R

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

10
10
10
10
10
10
10
10
10

9.0
9.0
9.0
9.0
9.0
9.0
9.0
9.0
9.0

26.4
27.8
33.1
25.8
27.5
32.6
254
27.0
32.3
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9.3.5 Interpretative model of multiple-rest test results

Self-healing capability was investigated by performing oscillatory tests which included
multiple loading phases alternated with rest periods. The typical results and test parameters
are shown in Figures 9.3 and 9.4, where the evolution of the loss modulus |G*|*send is
depicted as a function of time and loading cycles, respectively. In each loading cycle, the first
stage is characterised by a rapid decrease in stiffness, mainly due to thermal heating and
thixotropy (artefact effects). In the second stage, where the loss modulus slightly decreases
with an almost linear trend, the role of fatigue on the stiffness decrease is predominant.
During this phase, the influence of artefact effects is less significant, yet it still needs to be
taken into consideration (Di Benedetto et al., 2004).

(1G*|sind), 1 2 3

|G*|-sind

65 %(|G*[sind),

Loading phase ~ Rest period

Time

Figure 9.3. Evolution of |G*[*send versus time: general results (Mazzoni et al., 2016).
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Figure 9.4. Evolution of [G*|*send versus number of loading cycles: general results
(Mazzoni et al., 2016).
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Results obtained were analysed using an innovative criterion developed for the
characterisation of bitumens (Stimilli et al., 2014). The model proposed is based on the
measurement of the number of initial loading cycles, Ny, and the number of loading cycles
after each i-th rest period, AN;, which are necessary to reach the damage level selected
(65%]|G*|esend). Test results show that AN; decreases with a gradually lower rate as a function
of the number of rest periods, until an asymptotical constant value is reached (Figure 9.5).
For bitumens, AN; is assumed to be the result of two contributions, one provided by self-
healing capability and the other related to time dependent phenomena, such as thixotropy.
According to the definition of the latter (Mewis and Wagner, 2009; Mouillet et al., 2012),
thixotropy exhibits its effect mainly when the material is unloading. Nevertheless, the
thixotropic contribution developed during the rest phase has consequences also during the
subsequent loading step: the higher the thixotropic recovery during the rest period, the higher
the number of loading cycles that the material can resist when loaded. Also considering that
thixotropy is an intrinsic property of a material, it is assumed to be a constant contribution,
whereas self-healing capability tends to decrease as damage on the material increases. Thus,
the asymptotical constant value of AN; measured after infinite rest periods, when it can be
assumed that the material has already reached complete failure, is attributed only to
thixotropy and, based on the results obtained, this value (designated as AN, is considered as
a constant.

20000

ABB OBH OR OBH_100R ¢BH 45R @ MHL_OR EMHL_100R ¢ MHL 45R Experimental Data

180009 S - AN(i) Model

16000 -

14000 -
S 12000 {
Z 10000 -
8000
6000

4000 A

2000 A

N. of rest

Figure 9.5. Recovered number of cycles versus number of rest periods: effects of
modification, ageing and filler (Mazzoni et al., 2016).

Based on the previous concepts, the total number of cycles prior to material failure after “n”
rest periods (Nio) is considered to be the sum of more contributions, as summarised by the
following equation:
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n
Ny = No+ Y AN, 9.1)
i=1

where Ny, which is related to the initial strength of the material, is the number of loading
cycles that the material can sustain before reaching a 35% reduction in |G*|*send and 4N; is
the number of recovered cycles after each rest period.

It is hypothesised that, for each loading cycle after a rest period, 4N; is the sum of a variable
contribution due to self-healing AN"; and a constant contribution due to thixotropy AN, as
follows:

AN, =AN, +AN, 9.2)

Thus, the self-healing contribution is calculated as the number of loading cycles recovered
after “n” rest periods once the constant value of thixotropy is deducted, for each loading
phase, per the following expression:

N =Z”:AN,§ =i(ANi—ANw)=iANi -n-AN,, (9.3)

i=1 i=1 i=1

Based on the above-mentioned considerations, after an infinite number of rest periods, the
total number of loading cycles converges to a finite value N (material parameter) (Figure
9.6) modelled by Canestrari et al. (2015) as follows:

—3n

Nii=Ng o [1-e"™
(9.4)

where Ny represents the maximum recoverable number of cycles due to self-healing and nos
is the number of rest periods necessary to reach the 95% of Nm.

129



Part 2
Chapter 9. Advanced experimental investigation

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

45000
ExperimentalData ABB @MHL _OR mMHL_100R ¢MHL 45R OBH_OR OBH_100R ¢BH_45R
40000 - : - — = - — -
---Nh(i) Model
35000 T A S B ey
30000 - o
S

€2 1 S Qs Oueeee Qureerianenad
g 300 0 R
Z e X Qoveee [u PR [ PR i~ RPN o TET o a]

20000 - 0 o B g Beeettt

P (=}
O e a ——
15000 - St L PR S S ek Pk sk SR
- el I RS
10000 gt w e a@-—m— - - - A R
r,—‘ - - -
5000
0 @ mste== el it e e - - e~
4 6 8 10 12 14 16

N. of rest

Figure 9.6. Self-healing contribution versus number of rest periods: effects of modification,
ageing and filler.

Finally, by adding Ny to Nyit is possible to compute the global fatigue endurance limit prior
to failure able to account for self-healing capability:

Npy = No + N 9.5)
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Advanced experimental findings

10.1 Self-healing capability and thixotropy of bituminous
materials: from bitumen to mastic

Fatigue resistance of bituminous materials is related to time-dependent phenomena, such as
damage accumulation, hardening, viscoelasticity, thixotropy and healing.

In bituminous mixtures, damage due to fatigue processes mainly involves bitumen and its
combination with filler (i.e. mastic).

Currently, there is the lack of a consolidated method that allows the quantification of bitumen
fatigue endurance limit, considering also the phenomena above-mentioned, and limited work
has been done on mastics.

To bridge this gap, the experimental investigation described in this study (Mazzoni et al.,
2016) provides a comparison between bitumens and the corresponding mastics in terms of
fatigue, self-healing and thixotropy. Effect of polymer modification on material response was
accounted for the bitumens and the corresponding mastics investigated by adding a Styrene
Butadiene Styrene (SBS) content equals to 3.8% by bitumen weight. In addition, long-term
aged materials were also taken into consideration in order to identify potential detrimental
effects on self-healing caused by oxidation phenomena, evaluating the possible inclusion of
Reclaimed Asphalt Pavement (RAP) for the production of bituminous mixtures. Data
analysis was based on an innovative test method previously implemented for bitumens and
carried out by means of a Dynamic Shear Rheometer (DSR). Moreover, the influence of
morphological properties of filler on filler-bitumen interactions was assessed by means of a
Scanning Electron Microscope (SEM).

Results show that the above-mentioned analysis method is also suitable for analysing
bituminous mastics and is able to identify the role of filler as well as the influence of ageing
on self-healing process of bituminous materials. The investigation confirms that a certain
amount of aged bitumen (up to 45%) added to a virgin bitumen/mastic is able to considerably
enhance the overall fatigue performance, suggesting significant benefits when dealing with
recycled mixtures including RAP contents.

10.1.1 SEM analysis

The interaction between bitumen and filler particles inside mastics was evaluated by means
of SEM imaging analysis (according to ASTM E986) for a better interpretation of the
rheological results (Mazzoni et al., 2016). This approach allowed the identification of mastic
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morphology and filler distribution inside the bituminous matrix, thus helping to explain the
differences detected in fatigue and self-healing behaviour between bitumens and mastics.
Figures 10.1 and 10.2 show the SEM micrograph output obtained by SEM imaging for two
mastics, captured at two resolution levels (i.e. 20 um, 100 um).
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Figure 10.2. SEM imaging of MHL_100R (Mazzoni et al., 2016).

In agreement with the findings by Antunes et al. (2015), in SEM images limestone filler
exhibits angular, smooth or slightly rough particles, with low propensity to agglomerate. By
analysing the SEM images of the materials investigated in this study (Figures 10.1 and 10.2)
on the basis of the description above-mentioned, the presence of filler in the mastic prepared
with totally aged bitumen (MHL_100R) can be easily identified in the form of discontinuous
globules. On the contrary, it is worth noting that in the case of the unaged mastic (MHL_OR)
the SEM image shows a continuous network where no clear distinction between bitumen and
filler is detected. Such a different behaviour can be related to the different internal molecular
structures characterising unaged and aged bitumens. When an SBS modified bitumen
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undergoes oxidation phenomena, it is subjected to a disruption in the butadiene functional
group of SBS chains. In turn, this implies the formation of shorter polymer structures in the
bituminous phase of MHL_100R mastic which determine an internal discontinuous network
which is not able to adequately englobe the filler particles. Differently, the unaged bitumen
of MHL_OR mastic is composed of longer polymer chains which are able to completely
surround filler particles. Therefore, the MHL_OR SEM image shows a more uniform
material, since filler particles are better enclosed in the bituminous phase, creating a more
efficiently collaborative morphological structure between bitumen and filler, whereas, in the
case of the aged mastic, filler particles are less linked to bitumen and stand out from the
bituminous matrix. This finding further supports the results summarised in the following
paragraph (§ 10.1.4) in terms of lower fatigue and self-healing performance of the aged
mastic compared to those of the unaged one and is coherent with the hypotheses proposed to
explain the rheological behaviour in terms of fatigue and self-healing, which are therefore
definitely reasonable.

10.1.2 Frequency sweep test

For thermorheologically simple materials, Time-Temperature Superposition Principle
(TTSP) can be applied to obtain complex modulus and phase angle master curves. In
particular, the master curves of complex modulus were implemented for all the materials
investigated at a reference temperature of 34 °C (Figure 10.3) (Mazzoni et al., 2016). The
modified CAM (Christensen-Anderson-Marasteanu) Model was adopted to analyse test data
and find the relationship between the complex modulus norm and the reduced frequency,
following a shift factor variation based on the Williams-Landel-Ferry equation. In Table 10.1
the calibrated values for the modified CAM model parameters are summarised.

Table 10.1. Calibrated parameters of the modified Christensen-Anderson-Marasteanu
model for the materials investigated (Mazzoni et al., 2016).

g g . k,-me/k
CAM modified ' G = G Gr G/ )

model [(;’,:] [(I;,:i [}f;z] k me  S=Log2(ms/k)  R?
BB 0  1O0E+09 400 0.155 1.07 2.077 0.997
BHOR 0  1.0E+09 306 0.101 0.84 2.504 0.990
BH45R 0  1.0E+09 306 0.105 0.71 2.040 0.987
BH_100R 0  1.0E+09 280 0.101  0.64 1.901 0.978
MHLOR 0  12E+09 140 0.118 0.80 2.041 0.986
MHL_45R 0  12E+09 140 0.106 0.69 1.960 0.990
MHL_100R 0  12E+09 118 0.103 0.63 1.824 0.970
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Elastomeric polymers (e.g. SBS) modify bitumen rheology by enhancing bitumen elastic
response. This behaviour resulted in a higher stiffness at low frequencies and a lower stiffness
at high frequencies, as shown in Figure 10.4 comparing the master curves related to the base
bitumen (BB) and the SBS modified bitumen (BH_OR). Furthermore, the addition of
polymers caused a higher shape index S, which is a positive behaviour suggesting a lower
sensitivity to frequency changes and, simultaneously, a lower crossover frequency f., as an
indication of a greater overall elastic component in the behaviour (Table 10.1).

Moreover, the master curve trend showed a stiffening effect in the whole range of the
frequencies investigated due to the addition of filler. It is worth noting that the master curves
of all the modified bitumens (BH_OR, BH_45R, BH_100R) and the corresponding mastics
(MHL_OR, MHL_45R, MHL_100R) are almost reciprocally shifted along the vertical axis
(Figure 10.3). This behaviour is highlighted in Figure 10.4 considering the master curve
related to the SBS modified bitumen (BH_OR) compared to that of the corresponding SBS
modified mastic (MHL_OR).

As expected, the presence of the aged bitumen R implied an increase in stiffness both for
bitumens and mastics: the higher the percentage of R, the higher the stiffness, as shown by
comparing the master curves related to the materials with different percentages of R (Figures
10.3 and 10.5).
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Figure 10.3. Master curves of |G*| at a reference T equal to 34 °C.
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Figure 10.4. Effect of SBS modification and filler addition on the corresponding materials
in terms of master curves of |G*| at a reference T equal to 34 °C (BH_OR Vs. BB and
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Figure 10.5. Effect of the inclusion of increasing aged bitumen R contents on the
corresponding mastics in terms of master curves of |G*| at a reference T equal to 34 °C.
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10.1.3 To find Isostiffness test

Results summarised in Table 9.4 were obtained following the procedure described in

paragraph § 9.3.3 starting from the raw data represented in the table below.

Table 10.2. Isostiffness temperatures obtained for all the materials investigated.

Strain  Temperature |G*|ssind  Isostiffness |G*|*sind

Isostiffness T

Material (%] °Cl [MPa] [MPa] °Cl
28 0.37

BB 5 24 0.86 3 19.5
20 2.89
28 0.77

BH_0OR 5 24 1.48 3 21.5
20 3.72
28 0.83

BH_45R 5 24 1.93 3 22.5
20 4.25
28 3.55

BH_100R 5 24 5.93 3 29.0
20 8.15
32 5.46

MHL_0OR 1 28 7.57 9 25.4
24 9.80
32 6.04

MHL_45R 1 28 8.12 9 27.0
24 11.00
32 9.39

MHL_100R 1 28 13.10 9 32.3
24 17.40
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10.1.4 Time sweep test with multiple rest periods

Based on the test method described in paragraph § 9.3, the materials investigated were
characterised in terms of self-healing capability and fatigue resistance (Mazzoni et al., 2016).
The comparison between bitumens and mastics for each percentage of aged bitumen R (i.e.
0%, 45% and 100%) is depicted in Figure 10.6 where the parameter |G*|*sens is plotted as a
function of the number of loading cycles. Regardless of the percentage of bitumen R
considered, it can first be observed that the addition of filler to the bitumen caused a decrease
in material resistance (i.e. a lower number of loading cycles). Subsequently, the effect of
ageing on fatigue properties can be analysed. The aged bitumen R (BH_100R) exhibited a
significant lower resistance compared to the virgin bitumen (BH_OR), as demonstrated by a
faster damage accumulation during a single n-th loading cycle. However, the presence of a
limited amount of aged bitumen blended with the virgin one seemed to provide benefits in
terms of damage evolution (BH_OR Vs. BH_45R).

An identical trend was found for the corresponding mastics. In fact, even when a certain
amount of filler was added to the aged bitumen R (MHL_100R), a significant decrease in
material resistance was detected compared to the unaged mastic (MHL_OR). Also in this
case, a blend of virgin and aged bitumen positively affected the corresponding mastic
(MHL_45R) in terms of damage accumulation during each loading cycle, consistently with
the bitumen trend.

All the test parameters determined for each material are summarised in Table 10.3 and each
parameter is depicted in Figures 10.7 and 10.8, where the comparison between bitumens and
the corresponding mastics is provided.

Table 10.3. Model parameters for all the materials investigated (Mazzoni et al., 2016).

Material Nfat No N AN nos

BB 4391 3180 1211 35 5.30
BH_OR 81095 55780 25315 5680 8.23
BH_100R 56036 32340 23696 3640 12.31
BH_45R 107248 69520 37728 7520 10.69

MHL_OR 34082 16580 15562 3980  9.17

MHL_100R 20866 9940 10926 1580 9.79
MHL_45R 37541 20940 14281 4440 932
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Figure 10.6. Evolution of |G*|*send versus number of loading cycles: a) mastic MHL,_OR
versus bitumen BH_OR; b) mastic MHL_100R versus bitumen BH_100R; ¢) mastic
MHL_45R versus bitumen BH_45R (Mazzoni et al., 2016).
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Figure 10.7. Initial strength N, self-healing potential Ny and fatigue endurance limit N,
of the materials studied (Mazzoni et al., 2016).

As far as the comparison between bitumens and mastics is concerned, the lower values of the
parameter No for mastics suggests that the presence of filler promoted a faster damage
accumulation, whatever the amount of aged bitumen R. This behaviour could be attributed
both to the unknown real strain effectively acting on the bituminous phase of mastic at a
micro-scale level and to the involvement of chemical and mechanical mechanisms related to
the interactions between the bituminous phase and the lytic component (i.e. filler) in fatigue
process. In fact, the presence of filler, an interference element within the continuous
bituminous phase, further complicates crack propagation by altering the overall cohesive
potential of the effective binder component of a mixture (i.e. mastic).

The latter aspect, which is inherently linked to filler mineralogy (i.e. limestone), has
consequences also on the cohesive self-healing capability. The presence of filler appeared
detrimental in terms of self-healing (the lower N, the lower the self-healing capability) due
to the inhibition of bitumen interdiffusion, the main mechanism occurring at the crack
surfaces (Wool et al., 1981).

Also the thixotropic component was slightly affected by the presence of filler, even if a less
significant decrease in the related model parameter (AN,) was recorded, according to the
consideration that thixotropy is an intrinsic bitumen property and acts independently of the
presence of cracks.
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Figure 10.8. Comparison between bitumens and the corresponding mastics about: a)
fatigue endurance limit Ny,; b) initial strength No; ¢) self-healing potential N; d)
thixotropic contribution AN« (Mazzoni et al., 2016).

With respect to the influence of ageing, it can be noted that perfect agreement between
bitumens and mastics was detected in terms of initial fatigue resistance (No) when different
amounts of aged bitumen R were analysed, as supported by the linear trend in Figure 10.8-b.
Oxidation seemed to cause a performance loss measurable with a decrease in the number of
loading cycles No and Ny, for the aged material compared to the corresponding virgin one,
for both bitumen and mastic. However, the presence of a limited aged bitumen R content (i.e.
45%) in the blend provided slight benefits to the overall fatigue performance compared to
the unaged material. Also in terms of thixotropy (AN.,), which does not affect the fatigue
performance, a similar correspondence can be found between bitumens and mastics (Figure
10.8-d). The aged materials were characterised by lower AN, values, whereas a certain
percentage of aged bitumen R blended with unaged material did not cause negative effects
on thixotropy.
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On the contrary, by analysing the influence of ageing on self-healing capability, different
effects on bitumens and mastics were found (see ANy in Table 10.3 and Figure 10.8-c). In
fact, the blend containing virgin bitumen and 45% of aged bitumen R exhibited an improved
self-healing capability compared to the virgin bitumen. The interactions between shorter
polymer chains (created by the disruption of the butadiene functional group due to oxidation
phenomena undergone by the aged bitumen R) (Stimilli et al., 2014) and intact unaged
polymer chains (provided by the virgin modified bitumen) improved self-healing capability
by creating an internal network which was even more effective for fatigue performance.
Moreover, virgin and aged bitumens were characterised by comparable self-healing
performances, as shown by AN values in Table 10.3, thus demonstrating that polymer is
still able to provide its contribution after the ageing process, even after undergoing polymer
chains disruption.

On the contrary, with regards to the corresponding mastics, MHL_45R containing 45% of
aged bitumen R exhibited a self-healing performance comparable to that of the unaged mastic
MHL_OR (Table 10.3). Such a difference in behaviour between bitumens and mastics is
linked to the presence of filler which creates a skeleton that, acting as volume filling (Buttlar
et al., 1999), obstructs the interactions between unaged and aged polymer chains, thus
compromising the internal network above-mentioned.

In addition, mastic MHL,_OR, which is characterised by a bituminous phase with longer
molecular chains, is likely able to enhance the interaction with filler particles inside this
network, positively affecting the overall material response. Such a statement is supported by
the more remarkable difference in terms of self-healing potential recorded between unaged
and aged mastic (MHL_OR Vs MHL_100R) compared to the corresponding bitumens
(BH_OR Vs. BH_100R).

Moreover, as previously mentioned, also chemical interactions between bitumen and filler
must be considered for the evaluation of mastic self-healing capability. Probably, the unaged
mastic exhibits a higher chemical affinity with filler particles, thus developing an improved
cooperation in terms of self-healing. On the contrary, the oxidation subjected by the aged
bitumen reduces such affinity, thus compensating the enhanced internal network provided by
the coexistence of long and short polymer chains (MHL_45R). Such a behaviour does not
occur in bitumens, due to the absence of chemical filler-bitumen interactions which further
complicate the analysis. Nonetheless, it is worth noting that, also for mastics, the overall self-
healing potential was not hindered by the presence of aged bitumen R and the final fatigue
performance (Nr,;) was still improved compared to that of the unaged mastic, in accordance
with the results obtained for bitumens (Table 10.3, Figures 10.7 and 10.8-a).

Since mastic is the effective binder component of bituminous mixtures, such an outcome
leads to the expectation that recycled bituminous mixtures prepared with SBS modified
bitumen and a certain amount of RAP (which releases a percentage of the same SBS modified
aged bitumen) can exhibit an enhanced fatigue resistance compared to virgin mixtures. This
observation agrees with the results obtained through specific studies on fatigue performance
of recycled Hot Mix Asphalts (HMAs) prepared with the same SBS modified bitumens
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(Stimilli et al., 2016), which showed improvements in terms of fatigue and cracking
resistance when a given amount of RAP is added.

10.2 Fatigue, self-healing and thixotropy of bituminous mastics
including aged SBS modified bitumens and different filler
contents

Bituminous mastic is a self-healing viscoelastic material. Recoverable phenomena, such as
thixotropy and self-healing capability, are recognised as an important resource for the
development of sound road pavements.

The experimental investigation described in this study and implemented through a Dynamic
Shear Rheometer (DSR) provides a comparison among mastics blended with different
percentages of aged SBS modified bitumen, new virgin SBS modified bitumen and filler in
terms of fatigue, self-healing and thixotropy (Mazzoni et al., 2017b).

Data analysis is based on a model adopted in previous studies for polymer modified bitumens
in order to calculate the fatigue endurance limit.

Results show that the presence of increasing percentages of filler negatively affects mastic
fatigue performance which can be, anyway, offset by the addition of a certain amount of aged
SBS modified bitumen. In fact, whatever the filler content considered, a percentage of aged
SBS modified bitumen (up to 45%) added to mastics improves the fatigue endurance limit
suggesting significant benefits when dealing with sustainable recycled mixtures containing
Reclaimed Asphalt (RA) aggregates.

10.2.1 Frequency sweep test

Time-Temperature Superposition Principle (TTSP) was applied to obtain complex modulus
master curves at a reference temperature of 34 °C for all the materials investigated (Figure
10.9) (Mazzoni et al., 2017b). Test data were analysed by adopting the modified Christensen-
Anderson-Marasteanu (CAM) Model to relate the complex modulus norm to the reduced
frequency following a shift factor variation based on the Williams-Landel-Ferry (WLF) law.
The calibrated values for the modified CAM model and the WLF law are summarised in
Table 10.4.
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Table 10.4. Calibrated parameters of the modified Christensen-Anderson-Marasteanu
model and Williams-Landel-Ferry law for the materials investigated (Mazzoni et al.,

2017b).
* * G*'G:

cAM GG — LogGage ST

modified i +(f_c)“]k BT ey
model + f

WLF law G*, G*,y 2 To

Pal (Pa £, K me S R C C gy

42L_0R 100 5.0E+09 133 0.110 0.80 2.166 0.990 15 150 34
42L_45R 100 5.0E+09 134 0.105 0.71 2.036 0.998 22 200 34
42L_100R 100 5.0E+09 110 0.101 0.62 1.844 0.999 23 220 34
28L_0R 0 1.2E+09 140 0.118 0.80 2.041 0.986 15 150 34
28L_45R 0 1.2E+09 140 0.106 0.69 1.960 0.990 22 200 34
28L_100R 0 1.2E+09 118 0.103 0.63 1.824 0.970 22 220 34

with S = Log —ag——
1+(2'k —1)-G—§
The presence of the aged bitumen R led to an expected increase in mastic stiffness: the higher
the percentage of R, the higher the stiffness, as shown by comparing the master curves
corresponding to mastics with different percentages of R (Figure 10.9). Considering the
model parameters summarised in Table 10.4, the presence of higher aged bitumen R contents
implied the following effects: 1) lower shape index S and viscous asymptote m., indicating a
higher sensitivity to frequency changes; 2) higher |G*| values and lower crossover frequency
fc, indicating a greater overall elastic component in the behaviour; 3) higher C; and C, values,
according to the reduction in fractional free volume (i.e. reduction of molecular mobility).
Moreover, regardless of the aged bitumen content considered, the higher the filler percentage,
the higher the fixed bitumen as well as the mastic stiffness (Figures 10.9 and 10.10), as
confirmed by the model parameters summarised in Table 10.4. In details, the master curves
of the mastics containing a higher filler percentage (42L_OR, 421_45R, 42L._100R) are
almost shifted along the vertical axis compared to the corresponding mastics blended with
less filler (28L_OR, 28L_45R, 28L_100R) (Figures 10.9 and 10.10). In particular, the
increase in filler content determined higher values of the glassy modulus G.* and the
appearance of the equilibrium complex modulus G.* in the mastics blended with 42% of
limestone by mastic volume, suggesting a stronger bitumen-filler interaction (Figure 10.11).
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Figure 10.9. Master curves of |G*| at a reference T equal to 34 °C.
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Figure 10.10. Comparison among master curves of |[G*| at 34 °C related to the mastics
composed of the same bituminous blend (100R) and different amounts of limestone filler
(42% and 28% of limestone by mastic volume).
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Figure 10.11. Comparison among master curves of |[G*| at 34 °C related to the mastics
blended with 42% of limestone by mastic volume.

10.2.2 To find Isostiffness test

Results summarised in Table 9.4 were obtained following the procedure described in
paragraph § 9.3.3 starting from the raw data represented in the table below. In particular, the
higher the filler percentage, the higher the iso-stiffness value (i.e. initial |[G*|*sind value)
chosen to run tests at intermediate and comparable temperatures.

145



Part 2
Chapter 10. Advanced experimental findings

Self-healing potential and RAP inclusion as sustainable
strategies for never-ending bituminous materials

Table 10.5. Isostiffness temperatures obtained for all the materials investigated.

. Strain  Temperature |G*[ssind Isostiffness |G*|ssind  Isostiffness T
Material

[%] [°Cl] [MPa] [MPa] [°Cl]
32 9.46
42L_0OR 0.7 28 14.90 13.0 293
24 19.80
32 10.40
42L_45R 0.7 28 15.50 13.0 30.0
24 20.60
33 14.10
42L_100R 0.7 31 16.20 13.0 339
29 18.50
32 5.46
28L_OR 1.0 28 7.57 9.0 254
24 9.80
32 6.04
28L_45R 1.0 28 8.12 9.0 27.0
24 11.00
32 9.39
28L_100R 1.0 28 13.10 9.0 323
24 17.40
28 2.84
14L_0R 1.5 24 4.15 3.8 252
20 5.82
28 3.85
14L_45R 1.5 24 5.20 3.8 28.0
20 6.94
32 3.74
14L_100R 1.5 29 4.69 3.8 31.7
26 5.89
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10.2.3 Time sweep test with multiple rest periods

Based on the test method described in paragraph § 9.3, all the materials were characterised
in terms of self-healing capability and fatigue resistance (Mazzoni et al., 2017b).

For all the mastics investigated, the behaviour detected in terms of damage accumulation
after each rest period is depicted in Figure 10.12 where the parameter |G*|*sind is plotted as
a function of the number of loading cycles.

Based on test data, it is possible to determine the main model parameters that provide a
quantitative evaluation of fatigue, self-healing and thixotropy properties, as summarised in
Table 10.6 and depicted in Figures 10.13 and 10.14 for a more direct comparison among the
mastics investigated.

Analysis of all the parameters suggests important observations about the influence of filler
and aged bitumen on the overall fatigue behaviour of materials.

Regardless of the percentage of bitumen R considered, it can be observed in Figure 10.12
that the addition of increasing filler contents to the bituminous phase caused a decrease in the
mastic fatigue resistance (i.e. lower number of loading cycles to reach the same damage level
corresponding to a 35% reduction of the loss modulus at each loading phase).

Besides, also the effect of aged bitumen on mastic fatigue properties was analysed. Whatever
the percentage of filler considered, blending a certain amount of aged bitumen R with virgin
bitumen H provided positive effects on the corresponding mastic in terms of damage
accumulation over time, as demonstrated by the highest damage resistance of mastics
prepared with 45% of bitumen R (45R) (Figure 10.12). However, when the bituminous phase
was totally composed of aged bitumen (100R), a resistance decrease compared to the
corresponding mastic prepared exclusively with virgin bitumen (OR) was detected,
particularly for lower filler contents (14L and 28L).

Table 10.6. Model parameters for all the mastics investigated (Mazzoni et al., 2017b).

Mastic Ntat No Nt AN nys

14L_O0R 37230 20380 16850 3700 9.09
14L_45R 43576 24780 18796 3520 8.72
14L_100R 27380 12320 15060 2540 9.98
28L_OR 32142 16580 15562 3980 9.17
28L_45R 35221 20940 14281 4440 9.32
28L_100R 20866 9940 10926 1580 9.79
42L_0R 12777 5260 7517 1480  11.95
42L_45R 18141 9300 8841 1520 12.29
42L_100R 16949 8680 8269 1480  11.19
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Figure 10.13. Model parameters (i.e. fatigue endurance limit Ny, initial strength N, self-

healing potential N and thixotropy AN.,) for: a) mastic with 14% of filler, by volume; b)

mastic with 28% of filler, by volume; ¢) mastic with 42% of filler, by volume (Mazzoni et
al., 2017b).
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Figure 10.14. Comparison among all the mastics investigated in terms of the parameter nos
(Mazzoni et al., 2017b).

Moreover, results in terms of model parameters (Table 10.6 and Figure 10.13) confirmed
what previously mentioned based on raw test data (Figure 10.12). The higher the percentage
of filler, the faster the damage accumulation and the lower the values of the parameters No,
Nm and N This behaviour could be attributed to the involvement in fatigue process of
chemical and mechanical phenomena, in turn related to the interactions between the
bituminous phase and the lytic component (i.e. filler). In fact, filler constitutes an interference
element within the bituminous matrix, since it interrupts the continuous bituminous phase by
creating a discontinuous medium, further complicating crack propagation. Besides, oxidation
seemed to cause a weakening of the material as detectable with a decrease in No, N and Ny
for mastics including aged bitumen (100R) compared to the corresponding mastics prepared
with virgin bitumen (OR), particularly for lower percentages of filler (14L and 28L) (Table
10.6 and Figures 10.13a and 10.13b). On the opposite, the presence of 42% of filler by mastic
volume led to comparable performance, regardless of the amount of aged bitumen R (0OR,
45R, 100R) contained in each mastic (Figure 10.13c). That is likely due to the predominance
of the filler component over the bituminous phase within the mastic. The increase in filler
content inhibits the dependence on bitumen chemistry. However, the addition of a limited
amount of aged bitumen R (45%) provided benefits to the overall fatigue performance (N
and No) of the corresponding mastics without hindering their self-healing capability (Nm), if
compared to the mastics composed of only virgin bitumen (OR), confirming what previously
observed for pure bitumens (Stimilli et al., 2014; Canestrari et al., 2015; Mazzoni et al.,
2016). The simultaneous presence of shorter polymer chains (from bitumen R due to ageing)
and intact chains (from virgin bitumen) optimises self-healing capability by creating an
internal network which is even more effective for fatigue performance.

Furthermore, mastics exhibited a thixotropic behaviour as demonstrated by the constant
contribution ANw, in agreement with previous experimental results obtained for pure
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bitumens (Stimilli et al., 2014; Canestrari et al., 2015; Mazzoni et al., 2016). In particular,
although it is an intrinsic bitumen property, also thixotropy (occurring due to molecular
rearrangements within the bituminous phase) was negatively affected by increasing the
amount of filler. In fact, regardless of the aged bitumen R content considered, the higher the
percentage of filler, the lower the value of the thixotropic parameter ANw. In addition,
oxidation led to lower AN values for mastics including only aged bitumen (100R) compared
to the corresponding mastics prepared with virgin bitumen (OR), whereas the addition of 45%
of aged bitumen R to the virgin bitumen (45R) did not cause detrimental effects on the
corresponding mastic in terms of thixotropy (Table 10.6 and Figure 10.13). It is worth noting
the case of mastics composed of 42% of filler by mastic volume (42L). Results showed
substantially the same thixotropy value AN. for all the percentages of bitumen R selected
(OR, 45R, 100R) (Table 10.6 and Figure 10.13c). A comparable AN value was obtained also
for mastic 28L_100R suggesting the existence of a minimum thixotropic threshold equal for
all the bitumens (Table 10.6 and Figure 10.13b). When this threshold is reached, increasing
the percentage of aged bitumen and/or filler does not cause further worsening in thixotropic
performance.

As far as the parameter nos is concerned, a previous study conducted on bitumens denoted a
great influence due to modification and/or ageing (Stimilli et al., 2014). In particular, for SBS
modified bitumens, the no¢s value increased with the increase in aged bitumen R. In fact,
oxidation phenomena induce a disruption in the butadiene functional group of polymer
chains, thus creating shorter polymer structures that guarantee a better interdiffusion of
bitumen components. On the contrary, no evident changes in nos value were recorded in
mastics characterised by different amounts of filler or bitumen R (Table 10.6 and Figure
10.14). The presence of filler creates a skeleton which, acting as volume filling (Buttlar et
al., 1999) and interference element, prevails on bitumen chemistry and SBS polymer chains
interactions. Finally, it should be highlighted that the SBS polymer percentage was the same
for all the mastics investigated, hence only the effect due to the presence of aged bitumen on
the final material acted on the nos performance.

The results above-mentioned lead to the expectation that a recycled bituminous mixture
prepared with an SBS modified bitumen and a certain amount of RAP (which releases a
percentage of the same SBS modified aged bitumen) can exhibit improved fatigue and
cracking resistance compared to a virgin mixture. This observation complies with the results
obtained through specific studies on fatigue performance of recycled bituminous mixtures
prepared with the same SBS modified bitumens which showed enhancements in terms of
fatigue and cracking resistance when a given amount of RA was involved (Stimilli et al,
2015; Stimilli et al., 2016).

Moreover, results demonstrate how the filler/bitumen ratio highly influences the overall
fatigue performance. In particular, it should be emphasised that a filler/bitumen ratio by
weight equal to 1.0 (28L), in accordance with Superpave specifications, guarantees a fatigue
performance not dissimilar from that one obtained with a filler/bitumen ratio by weight below
the lower limit and equal to 0.4 (14L). Based on test data, the latter determines the best overall
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fatigue and self-healing response. However, it should be taken into account that such a low
filler content could cause other problems on the final blend (e.g. rutting). On the contrary,
the choice of a filler/bitumen ratio by weight above the upper limit and equal to 1.9 (42L)
leads to detrimental effects on the overall material response.

10.3 Influence of different fillers and SBS modified
bituminous blends on fatigue, self-healing and thixotropic
performance of mastics

The prediction of asphalt pavement performance is closely linked to the behaviour of mastic,
consisting of filler and bitumen, which can be modelled as viscoelastic material.

The purpose of this study is to investigate the effect of different fillers and bituminous blends
on mastic fatigue response, considering recoverable phenomena in viscoelastic materials
(thixotropy and self-healing) that concurrently occur (Mazzoni et al., 2017c).

Three fillers (limestone, basalt and Portland cement) and three aged SBS modified bitumen
contents (0%, 45% and 100%) were blended with a virgin SBS modified bitumen obtaining
nine mastics characterised in terms of fatigue, self-healing and thixotropy using a Dynamic
Shear Rheometer (DSR).

Data recorded are analysed through a model previously adopted for polymer modified
bitumens and mastics, allowing the determination of the fatigue endurance limit.

Results show that the presence of filler with increasing particle density and/or Rigden voids
(RV) causes a higher mastic stiffness without a clear trend on fatigue performance. In fact,
great attention should be put on filler-bitumen interactions based on the physicochemical
nature of filler. Moreover, whatever the filler considered, an enhancement in fatigue
endurance limit occurs in the mastics blended with a limited percentage of aged SBS
modified bitumen (up to 45%), promoting the addition of Reclaimed Asphalt Pavement
(RAP) to obtain more performing and sustainable recycled mixtures.

10.3.1 Frequency sweep test

Time-Temperature Superposition Principle (TTSP) was applied to obtain complex modulus
master curves at a reference temperature of 34 °C for all the materials investigated (Mazzoni
et al., 2017c) (Figure 10.15). Test data were analysed by adopting the modified Christensen-
Anderson-Marasteanu (CAM) Model to relate the complex modulus norm to the reduced
frequency following a shift factor variation based on the Williams-Landel-Ferry (WLF) law.
The calibrated values for the modified CAM model and the WLF law are summarised in
Table 10.7.
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Table 10.7. Calibrated parameters of the modified Christensen-Anderson-Marasteanu
model and Williams-Landel-Ferry law for the materials investigated (Mazzoni et al.,

2017¢).
* * G*'G:

CAM G'=Go+— Log(a )=M
modified i +(f_c)“]k BAJ= (1T,
model + f
WLF law G*, G*,y 2 To

Pal (Pa £, K m. S R G C gy

28PC_OR 3E+04  2.2E+09 140 0.104 0.75 2.170 0.996 18.0 185 34
28PC_45R 1E+05  2.2E+09 140 0.099 0.65 1.975 0.998 22.0 225 34
28PC_100R 1E+05  2.2E+09 118 0.098 0.58 1.765 0.998 26.0 255 34
28B_0R 0 1.8E+09 140 0.111 0.79 2.161 0.991 17.6 185 34

28B_45R 0 1.8E+09 140 0.106 0.69 1.963 0.997 22.0 220 34
28B_100R 0 1.8E+09 118 0.104 0.62 1.800 0.998 24.0 240 34
28L_0R 0 1.2E+09 140 0.118 0.80 2.041 0.986 15.0 150 34
28L_45R 0 1.2E+09 140 0.106 0.69 1.960 0.990 22.0 200 34
28L_100R 0 1.2E+09 118 0.103 0.63 1.824 0.970 22.0 220 34

E

. 2k
with S = Long*
1+@ k-1

g

The presence of the aged bitumen R led to an expected increase in mastic stiffness: the higher
the percentage of R, the higher the stiffness, as shown by comparing the master curves
corresponding to mastics with different percentages of R (Figure 10.15). Considering the
model parameters summarised in Table 10.7, the presence of higher aged bitumen R contents
implied the following effects: 1) lower shape index S and viscous asymptote m., indicating a
higher sensitivity to frequency changes; 2) higher |G*| values and lower crossover frequency
fc, denoting a greater overall elastic component in the behaviour; 3) higher C; and C, values,
according to the reduction in fractional free volume (i.e. reduction of molecular mobility).
Moreover, although the filler content by mastic volume was the same for all the mastics
investigated (28%), the different physicochemical properties of the fillers and the related
differences in filler-bitumen interactions determined evident changes in the rheological
response of the corresponding mastics. In particular, regardless of the aged bitumen content
considered, the higher the filler particle density and Rigden voids (RV), the higher the fixed
bitumen as well as the mastic stiffness (Figure 10.16). This result is confirmed by the model
parameters summarised in Table 10.7. In particular, the increase in filler particle density
determined higher values of the glassy modulus G,* and the appearance of the equilibrium
complex modulus G* in the mastics blended with Portland cement (characterised by the
highest particle density), suggesting a stronger bitumen-filler interaction (Figure 10.17).
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Figure 10.15. Master curves of |G*| at 34 °C.
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Figure 10.16. Comparison among master curves of |[G*| at 34 °C related to the mastics
composed of the same bituminous blend (45R) and different types of fillers (B, L and PC).
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Figure 10.17. Comparison among master curves of |[G*| at 34 °C related to the mastics
blended with Portland cement.

10.3.2 To find Isostiffness test

Results summarised in Table 9.4 were obtained following the procedure described in
paragraph § 9.3.3 starting from the raw data represented in the table below.

In particular, asphalt pavement fatigue damage, or cracking, caused by traffic loads is
influenced by the stiffness properties of the mix and the distribution of stress and strains
through the layer. For this reason, an equi-stiffness temperature was used, in order to delete
the effect of stiffness in the materials properties, and obtained by fixing constant strain and
frequency equal to 1% and 10 Hz, respectively.
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Table 10.8. Isostiffness temperatures obtained for all the materials investigated.

. Strain  Temperature |G*[ssind Isostiffness |G*|ssind  Isostiffness T
Material

[%] [°Cl] [MPa] [MPa] [°Cl]
32 5.36
28PC_OR 1 28 7.64 9 26.4
24 10.80
32 6.35
28PC_45R 1 28 8.74 9 27.8
24 11.60
33 9.13
28PC_100R 1 31 10.40 9 33.1
29 12.00
26.5 8.28
28B_OR 1 25.5 9.42 9 25.8
24.5 10.30
28 8.46
28B_45R 1 27 9.59 9 27.5
26 10.70
33 8.67
28B_100R 1 32 9.58 9 326
31 10.70
32 5.46
28L_OR 1 28 7.57 9 254
24 9.80
32 6.04
28L_45R 1 28 8.12 9 27.0
24 11.00
32 9.39
28L_100R 1 28 13.12 9 323
24 17.41
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10.3.3 Time sweep test with multiple rest periods

Based on the test method described in paragraph § 9.3, all the mastics were characterised in
terms of self-healing capability, thixotropy and fatigue resistance, providing useful insights
into the influence of filler and bitumen properties as well as their interactions (Mazzoni et
al., 2017¢).

Raw data analysis

All the mastics were compared in terms of damage resistance after each rest period, as
depicted in Figure 10.18, where the parameter |G*|*sind is plotted as a function of the number
of loading cycles.

In particular, as far as the limestone filler is concerned, the behaviour associated with the
corresponding mastics was analysed in previous researches (Mazzoni et al., 2016, Mazzoni
et al., 2017b) showing positive effects in terms of damage accumulation over time, as
confirmed by the highest fatigue resistance of the mastic prepared with 45% of bitumen R
(28L_45R). On the opposite, the presence of Portland cement and, especially, basalt in mastic
causes a worsening of fatigue performance (i.e. lower number of loading cycles to reach the
same damage level corresponding to a 35% reduction of the loss modulus at each loading
phase), whatever the aged bitumen content considered (Figure 10.18).

Also the effect of aged bitumen on mastic fatigue properties was analysed. It should be noted
that the presence of a totally aged bituminous phase (100R) determines comparable fatigue
behaviour, regardless of the type of filler contained in each mastic. However, when the
bituminous phase is composed of higher amounts of aged bitumen (45R and 100R), a
resistance increase compared to the corresponding mastic prepared exclusively with virgin
bitumen (OR) occurs, particularly for higher filler particle densities or RV (28B and 28PC)
(Figure 10.18).

Model parameters analysis

The results in terms of model parameters confirmed what previously mentioned based on raw
test data (Figure 10.18). In particular, the main model parameters providing a quantitative
evaluation of fatigue, self-healing and thixotropic properties are calculated, as summarised
in Table 10.9 and depicted in Figure 10.19 for a more direct comparison among the mastics
investigated.

Fatigue response including self-healing capability

Regardless of the aged bitumen content considered, mastics composed of fillers with a higher
particle density (i.e. B and PC) suffer a faster damage accumulation and consequently present
lower values of the parameters No, N and Ny, (Table 10.9 and Figure 10.19a). This is likely
due to the predominance of filler properties in terms of physicochemical interactions between
bitumen and filler, as the fines are embedded in the bitumen and, thus, generate the majority
of the surface area (Anderson et al., 1992) and create a discontinuous medium that interrupts
the continuous bituminous phase, further complicating crack propagation (Mazzoni et al.,
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2016, Mazzoni et al., 2017b). With respect to limestone filler, the corresponding mastics
exhibit the best overall fatigue response, as confirmed by the higher values of the parameters
No, N and Ngy, except 28L_100R. In fact, the latter presents a slightly lower fatigue
endurance limit, Ny, than 28PC_100R, but it should be noted that their fatigue behaviour has
the same order of magnitude and can be considered comparable. The result above-mentioned
could be explained with the high affinity between limestone and bitumen, which determines
the development of strong chemical bonds. On the opposite, whatever the aged bitumen
content considered, the presence of basaltic filler in mastic causes the worst performance in
terms of fatigue and self-healing, as suggested by the lower values of the parameters No, N
and Ny, In fact, both bitumen and basalt are characterised by the presence of a majority of
acid groups causing a poor bitumen-basalt affinity and consequently weak chemical bonds.
Also the effect of aged bitumen on mastic fatigue properties was analysed (Table 10.9 and
Figure 10.19a). Regardless of the type of filler contained in each mastic, the presence of a
totally aged bituminous phase (100R) leads to comparable fatigue performances, especially
in terms of self-healing, as suggested by the similar values of the parameters Ny and Nm.
That is likely linked to the predominance of the bituminous phase over the filler component
or their interaction within the mastic. Moreover, oxidation seems to cause an enhancement
in the material response, as detectable with an increase in No, Ny and N, values for mastics
including aged bitumen (100R) compared to the corresponding mastics prepared with virgin
bitumen (OR), particularly for higher filler particle densities (B and PC). In fact, a better
interdiffusion of bitumen components could be allowed by the shorter polymer structures
created by the disruption in the butadiene functional group of polymer chains, as a
consequence for oxidation phenomena (Negulescu, 2006).

However, whatever the filler considered, the addition of a limited amount of R (45%) to the
corresponding mastics provides benefits to their overall fatigue performance (N and No)
without hindering their self-healing capability (Nm) compared to the mastics composed of
only virgin bitumen (OR). The simultaneous presence of shorter polymer chains (from aged
bitumen R) and intact ones (from virgin bitumen) creates a more effective internal network
for self-healing occurrence and fatigue performance (Canestrari et al., 2015).

Thixotropic contribution

As far as the parameter AN, is concerned and regardless of the filler considered, mastics
exhibit a thixotropic behaviour, as demonstrated by the constant contribution AN, (Table
10.9 and Figure 10.19b), in agreement with what observed for pure bitumens in previous
experimental tests (Stimilli et al., 2014, Canestrari et al., 2015). The nature of filler and the
consequent bitumen-filler interaction clearly affect thixotropy, although it is an intrinsic
bitumen property. In particular, whatever the aged bitumen R content considered, the
presence of limestone determines a positive thixotropic contribution on the corresponding
mastic, thanks to its high affinity with bitumen. On the opposite, the weak bonds between
basaltic filler and bitumen cause a considerable decrease in the thixotropic value.
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In addition, oxidation leads to higher AN, values for the mastics containing only aged
bitumen (100R) compared to the corresponding mastics prepared with virgin bitumen (OR),
particularly for higher particle densities or RV of filler (28B and 28PC). That is likely due to
a strengthening of the chemical bonds between short polymer chains in aged bitumen and
lytic particles in filler characterised by higher RV that positively affects molecular
rearrangements within the aged bituminous phase. Whereas the addition of 45% of aged
bitumen R to the virgin bitumen (45R) determined an increase in the thixotropic contribution
of the respective mastic, if compared to the corresponding mastic composed of a totally virgin
bitumen (OR), whatever the filler considered (Table 10.9 and Figure 10.19b).

Based on the results above-mentioned, an improvement in terms of fatigue and cracking
resistance is reasonably expected for a recycled bituminous mixture containing an SBS
modified bitumen and a certain amount of RA (which releases a percentage of the same SBS
modified aged bitumen). This observation complies with the results obtained through specific
studies on recycled Hot Mix Asphalts (HMAs) prepared with the same SBS modified
bitumen, which showed an enhancement in fatigue response when dealing with a given
amount of RAP (Stimilli et al., 2015, Stimilli et al., 2016).

Moreover, the results obtained demonstrate the great influence of the physicochemical nature
of filler on the overall fatigue performance, suggesting significant benefits when limestone
was involved.

Table 10.9. Model parameters for all the mastics investigated (Mazzoni et al., 2017c).

Mastic Nrat No Nt AN, nos

28PC_OR 7562 4100 3462 1500 8.19
28PC_45R 19382 9720 9662 1720 8.78
28PC_100R 21560 10520 11040 1640 11.89
28B_OR 2227 1080 1147 340 9.89
28B_45R 8343 3520 4823 1000  14.29

28B_100R 18289 7280 11009 1300  12.65
28L_0R 32142 16580 15562 3980 9.17
28L_45R 35221 20940 14281 4440 9.32
28L_100R 20866 9940 10926 1580 9.79
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Figure 10.19. Comparison of: a) fatigue endurance limit Ny, initial strength No, self-
healing potential Ny; b) thixotropy AN, in all the mastics investigated (Mazzoni et al,
2017¢).
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10.4 Summary

The experimental research described in the second phase of Ph.D investigation proposes an
evaluation of the overall response of bitumens and the corresponding mastics composed of
different dosages and types of filler, when different aged SBS modified contents are involved,
in terms of fatigue, self-healing and thixotropy. Based on the rheological and morphological
results obtained, the following conclusions can be drawn:

1.

The analytical method used to elaborate test data, which had been previously
implemented for bitumens, was found suitable also to interpret mastic behaviour.
The proposed model allowed a useful comparison between bitumens and the
corresponding mastics investigated in terms of fatigue, self-healing and thixotropy,
representing in this sense a reliable tool for the ranking of materials with different
characteristics;

Perfect agreement was detected between the behaviours of bitumens and the
corresponding mastics in terms of initial fatigue resistance, when different amounts
of aged bitumen R were involved. Fatigue performance was lower for long-term
aged materials due to oxidation effects which determine the formation of shorter
SBS polymer chains within the bitumen, hence creating a bituminous phase which
is less prone to interact and efficiently collaborate with the lytic component of
mastic (i.e. filler particles). This interpretation is consistent with the morphological
analysis performed by SEM imaging. Moreover, oxidation could determine a
deterioration of the chemical interactions of bitumen with filler particles, thus
negatively affecting the overall material response;

Whatever the filler dosage and type, the presence of lytic phase caused detrimental
effects on the corresponding mastic in terms of fatigue and self-healing
performance, if compared to the associated bitumen;

Stand-alone filler particles are unable to self-heal. Hence, filler acts as an
interference component within the mastic creating an inhomogeneous structure that
further complicates crack propagation (the formation of the crack at the interface
between bitumen and filler) and inhibits the occurrence of interdiffusion at the filler-
bitumen crack interface, which is the main mechanism responsible for self-healing
development;

Regardless of the amount of aged bitumen R considered, an increasing in filler
content determined a worse behaviour of mastic in terms of fatigue, self-healing and
thixotropys;

High filler content (42L) led to comparable performance of mastics blended with
different amounts of aged bitumen R (0R, 45R, 100R). In fact, the higher the filler
content, the lower the bituminous phase, the lower the effects due to different
amounts of bitumen R on mastic properties, such as damage resistance, self-healing
and thixotropy;
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10.

11.

12.

Mastics composed of fillers with higher particle densities (i.e. B and PC) suffered a
faster damage accumulation because of the predominance of filler properties in
terms of physicochemical interactions between bitumen and filler. The fines are
embedded in the bitumen and, thus, generate the majority of the surface area and
create a discontinuous medium that interrupts the continuous bituminous phase,
further complicating crack propagation and altering interdiffusion and cohesive
potential of the real binder component of a mixture (i.e. mastic);

Regardless of the amount of aged bitumen R considered, the presence of the
limestone filler L guaranteed the corresponding mastics positive effects in terms of
damage accumulation over time, thanks to the high affinity between limestone and
bitumen, which determines the development of strong chemical bonds;

The presence of a limited amount of aged bitumen R (up to 45%) blended with
virgin bitumen appeared to be beneficial in terms of self-healing, with positive
repercussions on the overall fatigue response, independently of the presence or not
of filler and eventually its dosage and type. This finding is explained by the positive
interactions between short polymer chains (provided by the aged bitumen) and long
polymer chains (provided by the unaged bitumen), which create an internal network
able to promote higher interdiffusion and elasticity;

When lower percentages of filler were added (14L and 28L), mastics prepared with
only aged bitumen (100R) exhibited the lowest fatigue performance due to oxidation
effects that determine the formation of shorter SBS polymer chains within the
bitumen, hence creating a bituminous phase less prone to interact and efficiently
collaborate with the lytic component of mastics (i.e. filler particles);

When fillers with higher particle densities were added (B and PC), mastics prepared
with only virgin bitumen (OR) exhibited lower fatigue performances. This is likely
due to a more difficult interaction and inefficient collaboration between unaged
bitumen characterised by long SBS polymer chains and the lytic component
characterised by a higher particle density (i.e. filler particles). Whereas, a totally
aged bituminous phase (100R) led to comparable performance of the mastics
blended with different types of filler (L, B and PC), indicating the predominance of
the bituminous phase over the filler component or their interaction within the aged
mastics;

Thixotropy, an intrinsic ability of the bituminous phase, is still detectable in mastics,
independently of the presence of cracks. However, thixotropy was affected not only
by the different aged bitumen contents, but also by the amount and physicochemical
nature of filler and the consequent bitumen-filler interactions. In particular, the
presence of a certain amount of aged bitumen (45%R) and limestone filler (28%L)
involved the highest thixotropic contribution for the corresponding mastic
(28L_45R);

Regardless of the amount of aged bitumen R considered, the higher the filler
content, the particle density and/or the RV, the higher the fixed bitumen as well as
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the mastic stiffness. Similarly and as expected, an increase in mastic stiffness was

obtained by increasing the amount of aged bitumen R, whatever the filler type or

dosage considered.
In conclusion, this experimental study provides an important contribution to understand and
quantify time-temperature dependent phenomena (i.e. self-healing and thixotropy) of
bituminous materials, accounting for the effect of different dosages and types of filler, when
different aged SBS modified bitumen contents are involved.
Based on the findings above-described, it is reasonable to expect that recycled bituminous
mixtures prepared with SBS modified bitumens and a certain amount of RAP (which releases
a percentage of the same SBS modified aged bitumen) can exhibit improved fatigue and
cracking resistance compared to virgin mixtures, whatever the filler type and the
filler/bitumen ratio considered. However, it should be underlined that the choice of the most
suitable filler type and filler/bitumen ratio (i.e. the bitumen thickness within the mastic)
represents a fundamental step to optimise the final mixture behaviour. In details, low
filler/bitumen ratio improves fatigue and self-healing response, but could worsen rutting
resistance, whereas high ratio leads to an opposite behaviour. Moreover, as expected,
bitumen-filler affinity should be guaranteed by adopting a basic (e.g. limestone) filler and
not an acid (e.g. basalt) one, thus determining the development of strong chemical bonds with
the acid groups characterising bitumens. In addition, although Portland cement is often
considered an alternative for limestone in common pavement applications, its use as filler in
bituminous materials is discouraged, since it causes a worsening of the final fatigue
performance.
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Chapter 18.

Concluding remarks

The objective of this doctoral dissertation was to scientifically validate the possibility to
incorporate in flexible pavements high RAP contents without negatively affecting the final
recycled Hot Mix Asphalts (HMAs) in terms of performance. It is expected that fatigue
cracking represents the main distress for flexible pavements whose field performance is
mainly led by mastic phase and its components (i.e. filler and bitumen). In such a pavement
high RAP contents cause a further worsen due to the high oxidation, and consequently
viscosity (stiffness), of the aged RAP bitumen included. For this reason, the experimental
study focused on analysing the interactions among different types and dosages of RAP
bitumens, rejuvenators and fillers. Besides the “classical” rheological characterisation, more
innovative tests and analyses were implemented in order to get an overall picture of the
mechanical behaviour of the materials investigated under different loading and temperature
conditions. In details, an innovative experimental approach was applied in order to quantify
the overall fatigue endurance limit, considering self-healing contribution after the deduction
of other simultaneous contributions due to viscoelastic phenomena, such as thixotropy, since
the latter does not affect the fatigue life.

The first phase of the experimental investigation focused on the assessment of the rheological
properties of different paving grade bitumens during their overall service life including the
reuse in hot recycling by adopting different rejuvenators. To this purpose, bitumen properties
were evaluated simulating different conditions of the service life: before and after HMA
production, at the end of pavement service life, during hot recycling process, after laying of
recycled HMA and, finally, at the end of the recycled HMA service life. Whereas in the
second phase mastics and the related associated bituminous components of HMAs, including
different RAP contents, were investigated with advanced morphological and rheological
tests. The main objective of this phase was to quantify fatigue response, self-healing potential
and thixotropy of bituminous materials and concurrently identify useful insights for fillers
and bituminous blends.

The results acquired through the first experimental phase demonstrated that recycled
bituminous mixtures prepared with virgin bitumens, rejuvenators and high amounts of RAP
(which releases a percentage of the same aged bitumen) suffer less ageing phenomena and
could also be less stiff than virgin mixtures. However, great importance must be given to the
type and dosage of rejuvenators and bitumens and their related interactions since they mainly
influence the final performance due to compatibility. Also the second phase results confirmed
the findings above-described. In particular, thanks to the implementation of RAP obtained
from highways, and consequently including Styrene Butadiene Styrene (SBS) copolymer
modified bitumen that limits oxidation and enhances elastic response, improved fatigue
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cracking resistance for final recycled HMA compared to virgin was detected, whatever the
filler type and dosage considered and without adding rejuvenators. However, also in this
experimental phase the choice of the most suitable components proved to be a fundamental
step in optimising the final mixture behaviour.

More detailed results of these investigations can be found in the Summary section of each
chapter. Based on the overall findings, the inclusion of higher RAP contents appears possible,
without negatively affecting the final mixture performance, when an appropriate design is
considered. In particular, source, properties and dosage of RAP, bitumen, filler and,
eventually, rejuvenator need to be properly selected so as to improve low and intermediate
temperature properties of the mixture without penalising its high temperature performance.
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