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Abstract

The road engineering sector is increasingly embracing the principles of circular economy
and sustainability, leading to the introduction of alternative materials in asphalt pavement. In
this regard, the use of recycled plastic as a modifier in asphalt mixtures provides an eco-
friendly and cost-effective alternative that improves pavement performance while addressing
environmental concerns over plastic waste to a certain extent. While recycled plastic-modified
asphalt pavements demonstrated enhanced performance, their recyclability at the end of their
service life remains under-explored, which significantly influences the implementation of a
circular economic approach. To address this issue, the current thesis aims to investigate the
multi-recyclability of asphalt mixtures modified with recycled plastic over two life cycles. To
achieve a controlled environment for all the desirable parameters while considering the
novelty of the recycled plastic used, the reclaimed asphalt pavement (RAP) was produced
using an artificial laboratory ageing protocol, which served as a basis for assessing multiple
life cycles. To achieve the main goal of this thesis, a comprehensive experimental campaign
was performed to evaluate the binder-scale and mixture-scale performance properties.
Additionally, a novel analytical circular economic model was developed, along with a novel
indicator, the Product Multi-Recyclability Index (PMRI,). This way, it became possible to
quantify the product circularity over multiple life cycles for the asphalt mixtures that not only
contain recycled materials in an open-loop approach but also over multiple life cycles. The
findings revealed that the asphalt mixtures modified with recycled plastic performed
comparably, or in some cases, outperformed the conventional mixture over two cycles at a
recycling rate of 50%. Overall, it can be concluded that the asphalt mixture containing the
recycled plastic modifier can be recycled for multiple life cycles without compromising its
mechanical and performance characteristics. The introduced PMRI,, can be used as a metric to
assess the potential recyclability of asphalt mixtures, thereby enabling a plethora of
opportunities for the involved stakeholders and the relevant decision-makers towards the

actual implementation of the circular economy in the field of bituminous materials.
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Chapter 1

Introduction

1.1 Background

The road pavement infrastructure plays an integral role in a country's economic and social
development. It improves geographical accessibility and enables the mobility of people,
thereby creating job prospects and fostering wealth [1]. Asphalt pavements, in particular, play
a substantial role in global road networks since they are the most widely used paving solution
due to their multiple benefits, including cost-efficiency, noise reduction, durability, and a
comfortable ride experience [2]. However, the production of asphalt mixtures significantly
impacts the environment by exploiting natural resources, emitting greenhouse gases (GHGs),
and generating waste. In addition to these environmental challenges, the increasing resource
scarcity and the rising cost of crude oil have forced the road industry to focus on the
implementation of sustainability and circular economy principles [3], [4]. Over 80 percent of
Europe's road networks are constructed using asphalt concrete, which accounts for nearly 950
billion tonnes. The global use of bituminous binders for flexible pavements exceeds 100 million
tonnes per year, resulting in a considerable exploitation of non-renewable resources and

energy [5].

To address these environmental concerns, the European Commission has initiated the
European Green Deal, a unified strategy aimed at fostering a climate-neutral, resource-
efficient, and competitive economy. The implementation of this strategy within the road
construction sector could substantially reduce GHGs emissions and consumption footprints
by transitioning towards a more regenerative growth model [6]. However, the crucial
challenge for road agencies is to deal with the waste generation during the management of
existing pavements. In alignment with the European Green Deal, the road construction
agencies are mandated to adopt more sustainable practices and find alternative materials for
pavement construction. Asphalt recycling is considered an effective solution for embedding
sustainability in the asphalt industry, which reuses or recycles valuable materials to cope with
both environmental and economic challenges. The use of reclaimed asphalt pavement (RAP)
has been proven to be a promising solution in asphalt production that allows for minimising
the consumption of non-renewable resources, waste generation, environmental pollution, and
the cost of production [7], [8]. Nevertheless, the amount of RAP incorporation in new asphalt
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mixtures is still limited due to several reasons, such as technical issues related to production,
performance properties, and durability. The issues are mainly related to the presence of aged
binder in the RAP, which increases the stiffness of the resulting asphalt mixture and increases
the cracking susceptibility of the pavement. Many studies have reported that the use of
rejuvenators can significantly increase the reusing/recycling of RAP, with performance
properties similar to or even superior to those of the reference asphalt mixture without RAP

[9], [10].

Besides, unpredictable weather conditions and increased traffic volume have influenced
the service life and performance of asphalt pavements, leading to pavement deterioration such
as rutting, fatigue cracking, and thermal cracking [11]. Consequently, polymer modification
has been adopted as a feasible approach to address these premature pavement distresses since
the 1980s [12]. The polymer incorporated in the asphalt modification can be categorised mainly
into plastomers and elastomers. The plastomers such as polyethylene (PE), polypropylene
(PP), and ethylene-vinyl acetate (EVA) and the elastomers such as styrene-butadiene-styrene
(SBS) and styrene-butadiene-rubber (SBR) are the most used polymers. Depending on the type
and mode of use, the use of polymers could enhance either the rheological properties of
asphalt binder or the mechanical and performance properties of the asphalt mixtures [13].
There are two methods to incorporate polymers in asphalt mixtures: the wet method and the
dry method. In the wet method, polymers are introduced into the bitumen and blended using
a mechanical mixer, producing polymer-modified bitumen (PMB). On the other hand, in the
dry method, the polymer is directly added to the hot aggregates before mixing it with the
bitumen during the mixture production. Depending on the type of polymer, in this case, the
polymer could be considered an alternative to aggregate, filler, or an asphalt binder modifier,

improving its properties [14].

The growing demand for sustainability in asphalt pavement construction has prompted
the exploration of cost-effective and eco-friendly alternatives that embrace circular economy
principles [15], [16]. Meanwhile, the pervasive issue of plastic waste poses a significant threat
to the environment due to its massive volume, which is capable of inflicting harm on
ecosystems and their inhabitants. Annually, approximately 300 million tonnes of plastic waste
are generated worldwide due to its widespread use in sectors like automotive, manufacturing,
packaging, and healthcare. Furthermore, the inherently low biodegradability of plastic poses
considerable challenges to recycling and disposal [17], [18]. To overcome this challenge, it is
essential to explore innovative applications that effectively repurpose plastic waste, providing

sustainable solutions for its management. Consequently, asphalt practitioners and researchers
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have adapted their emphasis towards incorporating waste plastic into asphalt concrete,
thereby addressing the issue of plastic waste to some extent while also enhancing the
performance of asphalt concrete via plastic modification. The literature shows that the
incorporation of some of the recycled plastics could enable promising results as modifiers for
asphalt binders or mixtures [19]. It has been reported that the addition of some of the recycled
plastic modifiers improves the performance-related properties of asphalt mixtures, such as
resistance to moisture and rutting [20]. In this regard, a study conducted by Poulikakos et al.
reported that the dry addition of 1.5% polyethylene waste (by weight) in the asphalt mixture
showed improved resistance to permanent deformation, higher elastic behaviour, a low creep
rate, and a higher creep modulus. However, the increase in the percentage of PE to 5%
exhibited an increase in permanent deformation [21]. The increased stiffness and resistance to
permanent deformation have been studied both for the mixtures modified via wet and dry
methods. D'Angelo et al. studied the performance of asphalt mixtures modified using the wet
method with two types of recycled plastics [22]. The outcome of their research demonstrated
that the plastic-modified binder blends performed better than the neat bitumen at high
temperatures during the rheological analysis, which shows improved rutting resistance. They
also concluded that the modified blends exhibited comparable results in terms of bond

strength.

While the mechanical and performance properties of asphalt mixtures modified with
recycled plastics are very clear at medium and high temperatures, the properties at low
temperatures and fatigue are less investigated. A few of the available studies on fatigue and
low-temperature properties demonstrated that the asphalt mixture modified by recycled
plastic has similar or slightly superior performance compared to control asphalt mixtures [23].
Looking from the Life Cycle Assessment (LCA) perspective, the asphalt mixture containing
the recycled plastic modifier at the end of the life cycle was also a matter being investigated.
In this regard, a study conducted by Lu et al. concluded that the investigated recycled plastic-
modified asphalt mixtures are recyclable and provide similar properties compared with the
reference (unmodified) RAP. According to their findings, incorporating 30% RAP-containing
recycled plastic in new asphalt mixtures did not have any adverse effects on their cracking and

rutting performances [24].

However, despite the scientifically proven benefits of asphalt recycling and the
implementation of various best practices, further study is required in specific and specialised
areas. One such scenario involves investigating whether plastic-modified asphalt pavement

can be recycled at the end of its service life, similar to RAP from conventional asphalt
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pavement. While the technical performance properties of recycled plastic-modified asphalt
binders and mixtures have been researched and presented in several studies, there are still
some aspects that have received less attention. Considering the increasing trend towards high
RAP reusing and recycling, along with the importance of life cycle assessment, a clear
understanding of RAP-containing recycled plastic modifiers is inevitable. The failure to
achieve this could undermine the initial performance benefits obtained from incorporating
waste plastic into asphalt concrete. Currently, research on the recyclability of plastic-modified
asphalt concrete is limited by the absence or unavailability of RAP from such plastic-modified
pavement sources with 10 or more years of field service. Further studies are imperative to
ascertain the recyclability of plastic-modified asphalt mixtures and to devise effective recycling
techniques. This is crucial for ensuring circularity and sustainability when employing these

innovative alternative materials in pavement construction.

1.2 Scope and Objectives of the Thesis

The scope of this thesis is to scientifically investigate the feasibility of recycling asphalt
mixtures modified with recycled plastic, evaluate their mechanical performance throughout
multiple life cycles, and establish guidelines for their processing and application. This
approach intends to contribute to a better understanding of characterising plastic-modified
asphalt mixtures at the end of their service life, potentially promoting the incorporation of
waste plastic in asphalt modification. Ultimately, this could improve the circularity of
materials through innovation and optimised recycling. Considering these crucial dimensions,

the research aims to achieve the following key objectives:

e To introduce the concept of circular economy and a synthesis of existing literature on
asphalt modification using waste plastics, as well as asphalt recycling.

e To develop and validate a laboratory protocol to simulate the ageing behaviour and
end-of-life scenarios for asphalt mixtures for multiple life cycles.

e To explore methodologies for developing a cohesive rejuvenator blend design for
multi-recycling asphalt mixtures with and without a recycled plastic-modifier.

e To assess the impact of ageing and rejuvenation on the repeated recycling of asphalt
mixtures via physical, chemical, and rheological characterization.

e To investigate the multi-recyclability potential of asphalt mixtures, both with and
without a recycled plastic modifier, using a comprehensive evaluation of mechanical

and performance characteristics.
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e To develop and validate a circular economic model that quantifies the material

circularity of distinct asphalt mixtures through multiple life cycles.

These objectives aim to provide a scientific background on the multi-recyclability of
plastic-modified asphalt, addressing crucial sustainability concerns and proposing feasible

solutions for enhanced performance within the framework of a circular economy.

1.3 Significance of this research

The study contributes to understanding the potential recyclability of asphalt mixtures
containing recycled plastic, which is crucial for promoting circular economy practices in the
road engineering sector. This approach creates confidence and opportunities for stakeholders
and decision-makers to implement closed and open-loop recycling strategies, integrating more
waste alternatives into the road industry. Consequently, this reduces the use of virgin
materials, their costs, and energy consumption while allowing products to remain in the

market for an extended period without losing their value or performance.

1.4 Structure of the Thesis

This thesis is structured in eight chapters, as follows:

Chapter 1: Introduction, presents the background and context, identifies the problem

statement and the research gaps, defines the scope and objectives of this thesis.

Chapter 2: Literature review provides a theoretical background and elaborates the state-
of-the-art knowledge on the concept of circular economy, asphalt modification via waste

plastics, asphalt recycling and their challenges.

Chapter 3: Research Methodology provides an overview of the adopted procedures for
preparing and testing the mechanical and performance characteristics of asphalt binders and

mixtures.

Chapter 4: Simulation of ageing behaviour in asphalt mixtures, focuses on the simulating
the ageing behaviour and end-of-life scenario of asphalt mixtures using different laboratory

ageing protocols.

Chapter 5: Multi-recyclability study: From a binder-scale perspective, aims to investigate
the multi-recyclability of asphalt mixtures, with and without the recycled plastic via physical,

chemical, and rheological characterization.
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Chapter 6: Multi-recyclability study: From a mixture-scale perspective, focuses on
investigating the multi-recyclability of asphalt mixtures, with and without the recycled plastic

using comprehensive volumetric and mechanical performance evaluation.

Chapter 7: A proposed model to evaluate the multi-recyclability potential of asphalt
mixtures under the scope of circular economy, which presents a novel methodology for

quantifying the material circularity of various asphalt mixtures across multiple life cycles.

Chapter 8: Conclusions and Future perspectives, reports the summary and key findings

of this thesis along with few recommendations for future researchers.
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Chapter 2

Literature Review

2.1 Circular Economy and Asphalt pavements

2.1.1 Concept of Circular Economy

The world is shifting towards a circular economy (CE) due to its regenerative growth
model, which focuses on solving global environmental, climatic, and economic challenges. The
aim of the CE is to maintain a resource loop and to retain the resources in the system for as
long as possible at the highest utility level [3]. In light of its future aspects, the European Union
(EU) and other policymakers are promoting circular strategies, which accelerate the transition
from the linear economic model to the circular economic model to guarantee resource
availability and put an end to waste formation through design optimisation and recycling [25].
According to the new circular economy action plan released by the European Commission, the
transition to a CE contributes to a future-oriented scheme for achieving a cleaner and more
competitive Europe in co-creation with economic actors, consumers, citizens, and civil society
organizations [6]. Moreover, it has been acquiring traction with businesses and policymakers,
with remarkable opportunities recognised for both groups of stakeholders. Even though it is
not easy to construct such an economic system, it requires utilising associated technologies,
restructuring products, creating new business models, and creating changes in consumer

behaviour to develop considerable customer value [26].

The notion of CE is not new, but it has gained increased attention in recent years due to
its competitive approach to eliminating the ‘end-of-life’ concept. The concept of ‘Circular
Economy’ made its first appearance in the late 1970s, mainly due to the concern raised by
Carson and Boulding about climate change and the increasing price of resources [3], [27]. The
Club of Rome’s ‘Limits to Growth’ theory, Braungart and McDonough’s cradle-to-cradle
concept, Stahel’s “performance economy’, and Lyle's 'regenerative design” model were some
of the few that established the deep roots of CE concepts [28]. During this period, Europe and
the United States (US) have formed policies to control environmental impacts due to the
increase in waste disposal, which has gained much attention globally to the 3R concept of
reduce, reuse, and recycle [29]. Ellen MacArthur Foundation (EMF) effectively demonstrated

the framework of CE for systems-level redesign, which offers creativity, innovation, and a
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restorative economy. Later, their definition of circular economy was widely accepted, and it
states that CE is an, “Economy that is restorative and regenerative by design and which aims
to keep products, components, and materials at their highest utility and value at all times,
distinguishing between technical and biological cycles [30]." Over decades, the global
economic sector has been dominated by a linear economic model, which follows a ‘take-make-
use-dispose’ pattern in that products are manufactured by using extracted raw materials, then
sold to consumers, and after that, consumers discard them as waste when they no longer serve
their purpose [31]. On the contrary, CE follows a cradle-to-cradle approach that focuses on the
quality of products, where materials are circulating in a way that guarantees safety and health

for both humans and the environment [26].

The notion of the circular economy offers various methods to create value without relying
on the consumption of limited resources [32]. As shown in Figure 2.1, the material flow can be
divided into two resource loops: technical and biological resource cycles. In a true circular
economy, consumption should only take place within efficient biological cycles, and usage
takes the place of consumption in other areas [31]. The resources are either regenerated in the
biological cycle through natural processes or recovered and restored in the technical cycle
using circular economy approaches and business models that focus on maximising the value
derived from finite stocks of technical assets and materials [33]. To be more precise, within the
biological cycle, the highest priority is given to products that are renewable and bio-based,
which can be regenerated and reintegrated into the environment through composting or
anaerobic digestion [28]. Hence, the bioeconomy is considered a promising sector that ensures
reductions in resource exploitation, energy consumption, and waste generation. On the other
hand, considering the technical cycle, the products can be designed in such a way that when
they reach at the end of their service life and cannot be repaired or reused for their original
purpose, their components can be extracted, repurposed, or refurbished into new products [3].
This approach ensures the value of the product is retained, prevents waste from being sent to
landfills, and establishes a closed-loop system. Thus, the focus on the circular economy is
essential, as it can create various business and economic opportunities while also producing

positive environmental and social impacts, establishing a beneficial development cycle [25].
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Figure 2. 1 Outline of a circular economy (ARUP, 2016) [28], [31].

Basically, the idea of circular economy relies on three principles: foster system
effectiveness, optimise resource yields, and regenerate natural systems [34]. Fostering system
effectiveness means revealing and designing out the negative externalities of economic activity
that can cause damage to human health and the ecosystem by avoiding toxic substances,
greenhouse gas emissions, and other environmental pollution. Optimising resource yields
means customising the entire design for re-use, remanufacturing, and recycling of components
and materials to retain their circularity within the system or cascading to an external system.
Such an economic system maximises the use of bio-based materials to cascade them in various
applications. Finally, regenerating natural systems intensifies the natural capital by
maintaining nutrient flow within the system for regeneration [15]. The study conducted by
EMF provides new evidence that CE, facilitated by the technological revolution, helps Europe
to improve its resource productivity by up to 3 percent annually. It will generate a primary
resource benefit for the European economy of more than 0.6 trillion euros per year by 2030.
Moreover, it has the capability to generate 1.2 trillion euros through non-resource and external
benefits, bringing the annual total benefits to approximately 1.8 trillion euros compared with
the current situation [33], [35]. Later, based on case studies and interviews with several experts,

a‘ReSOLVE’ framework was formulated to help governments and businesses to adapt circular
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strategies and growth initiatives. The framework consists of six actions [36] and is briefed

below:

¢ Regenerate: It helps to shift to renewable energy resources and aims to reclaim, retain,
and restore the health of the ecosystem.

e Share: It means to increase the utilisation of products by sharing, designing to reuse
them during their technical lifetime, and maintaining their life through proper
maintenance, repair, and design for better durability.

e  Optimise: It maximises the performance of the product, removing waste in production
and leveraging big data, automation, remote sensing, and steering.

e Loop: The components and the materials need to be in closed loops and prioritized
inner loops, which means remanufacturing products or components by recycling
materials in the case of finite materials and extracting bio-chemicals from organic
waste.

e Virtualize: The utilities need to be delivered virtually, for instance, books or music,
online shopping, and so on.

e Exchange: The application of new technologies, replacing old materials with advanced
non-renewable materials, and choosing new services or products are the scope of this

action.

Furthermore, the report published by the European Environmental Agency (EEA)
suggests that achieving a higher level of circularity will necessitate significant changes in all
aspects of material use, including the practices related to how products are produced and
consumed [37]. Thus, a circular economy utilises reuse, refurbishment, remanufacturing, and
recycling to establish closed-loop systems by integrating circular principles at the design stage.
This approach minimises resource inputs and reduces waste, pollution, and carbon emissions.

Hence, within this system, 'waste' from one process serves as the input for another [37].

2.1.2 Circular Economy and its benefits

The circular economy promotes alternative energy and material flow strategies within the
economic framework, aiming to reduce reliance on non-renewable resources by extending the
service life of each material, service, and product [25]. This approach also aims to minimise
waste generation by returning materials back into the product cycle at the end of their service
life through recycling [38]. The successful implementation of CE can stimulate economic
growth and environmental prosperity while creating new job opportunities in sectors such as

recycling and remanufacturing, contributing to societal well-being alongside its economic and
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environmental benefits. The report on ‘Delivering the Circular Economy: A Toolkit for
Policymakers’ published by EMF clearly demonstrated the potential of a circular economy,
which can bring the long-lasting benefit of a more innovative, resilient, and productive

economy [31]. In accordance with their report, the key benefits of CE are as follows:

e Substantial net material savings and reduced exposure to price volatility: According
to the study, the EMF estimated that the adoption of a CE within medium-lived
product industries could generate total annual net material cost savings of up to $630
billion at the EU level and $700 billion globally.

e Increased innovation and job creation potential: The initial evidence shows that the
powerful circularity frame can create solutions and innovation. Further exploration of
the circular industrial model and labour markets results in more positive impacts. The
desire to replace one-way products with goods that are ‘circular by design” and the
potential to develop reverse logistics networks and other systems to aid the circular
economy is an impactful motive for innovations.

e Increased resilience of systems and economies: It helps in higher land productivity,
less waste generation, and reinstating nutrients to the soil by enhancing the value of
land and soil. Moreover, the use of more biological material in each sector reduces the

need for replenishment with additional nutrients and retains biodiversity.

2.1.3 Importance of Circular Economy in road construction sector

The road construction industry is a major contributor to rising environmental issues such
as global warming, resource depletion, and pollution. It consumes a considerable amount of
non-renewable resources and energy for the construction and maintenance of road
infrastructure, resulting in a significant carbon footprint. Consequently, the heavy reliance on
non-renewable resources has led to resource scarcity and a substantial rise in material costs
[39]. However, the adoption of circular economy principles in the road engineering sector can
provide a solution to these challenges [40]. By embracing these principles, the road industry
can significantly reduce its dependence on natural resources through reusing and recycling
materials. This approach, as shown in Figure 2.2, can limit resource depletion and
environmental pollution to a certain extent while also reducing production costs and fostering
benefits for both construction firms and government entities [16], [41]. For instance, the use of
reclaimed asphalt pavement (RAP) in new asphalt mixtures has reduced the demand for crude
oil and virgin aggregates, thereby reducing the environmental impact associated with raw

material extraction while cutting down on related extraction and transportation costs [42].
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Figure 2. 2 Circular Economy of asphalt pavement (EAPA, 2022) [40].

The concept of a circular economy has created new opportunities for the road construction
industry to incorporate recycled materials, industrial by-products, and other discarded
materials from an open-loop system into asphalt production. This potential collaboration with
different industries or businesses through a collaborative approach could be more beneficial
to various stakeholders. For instance, utilising waste engine oil or waste cooking oil as a
recycling agent for incorporating a high amount of RAP in asphalt mixtures substantially
reduces the cost of purchasing commercial recycling agents while minimising waste
generation [43], [44]. Such application enables the transformation of waste from one system
into a valuable resource for another system, in this case, the road construction industry.
Furthermore, waste plastics are being incorporated into asphalt mixtures as a modifier to
enhance the mechanical and performance properties of the pavement [45], [46]. In this way, a
crucial environmental concern related to waste plastic is being addressed through repurposing
and resource optimization. Also, in this manner, the expensive polymers are replaced with
recycled plastics, which not only improves the resourcefulness of the product over time but

also greatly cuts down on costs related to polymer modification.
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2.2 Asphalt recycling
2.2.1 Reclaimed asphalt pavement: General overview

The recycling of asphalt pavement is a sustainable approach to reusing valuable material
to cope with resource scarcity and the rising price of asphalt binder. The use of reclaimed
asphalt pavement, also known as reclaimed asphalt (RA) in Europe, provides a promising
alternative to asphalt production by reducing the exploitation of natural resources, waste
generation, environmental pollution, and production costs [42], [47]. In general, RAP refers to
removed and/or reprocessed asphalt pavement containing bitumen and aggregates or asphalt
material deriving from reject and surplus production [48]. Asphalt pavements are typically
removed for resurfacing or reconstruction when they exhibit severe distress or at the end of
their service period to enhance the comfort of the road user. The conscious use of such material
in the production of asphalt ensures the sustainability of pavement construction. Furthermore,
asphalt pavement typically consists of about 93-95% aggregates by weight and 5-7% bitumen
by weight, which can be reused in new asphalt mixtures to promote the circularity of valuable
materials over the long term rather than being used for landfilling or downgrading
applications [49]. Nevertheless, the regulations and specifications of several road agencies
have limited its use in surface applications due to concerns that the high content of RAP may
not perform as well as traditional mixtures [42]. However, incorporating RAP into the surface
and intermediate layers of asphalt pavement is considered a cost-effective approach, as the
binder present in the RAP can replace a portion of the expensive virgin binder. Zaumanis et
al. [50] have demonstrated that asphalt mixtures containing 100% RAP can be utilised in
asphalt production, and such mixtures can perform similarly or even better than traditional

hot mix asphalt.

The recycling of asphalt pavements has a long history, with its primary application being
recorded in 1915. During the 1970s, the cost of crude oil increased dramatically due to the Arab
oil embargo [51]. At that time, most of the road agencies and paving contractors faced resource
scarcity and huge budget constraints for producing asphalt pavements. Basically, asphalt
production costs comprise four major categories: material costs, asphalt production plant
costs, transportation costs, and laydown costs [52]. Consequently, 70 percent of the total
asphalt production cost is conferred by the cost of virgin materials. The price volatility of
bitumen and aggregates compelled the road agencies to reclaim the valuable asphalt pavement
materials at the end of their service life and use them in hot mix asphalt (HMA) production

[53]. This shift eventually helped the asphalt industry to adopt a more feasible approach with
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multiple benefits for the economy, environment, and society. In the late 1990s, the
implementation of the Superpave mix design by the Strategic Highway Research Program
(SHRP) limited the use of RAP due to a lack of specific provisions for its integration. However,
later on, the Federal Highway Administration's (FHWA) Superpave mixtures expert task
group developed guidelines for incorporating RAP into the Superpave mix design method
[47], [54]. Their major findings revealed that the performance of hot mix asphalt (HMA)
depends on the incorporated RAP content. A low RAP content has minimal effect on its
performance as it acts like a "black rock" and mainly influences the volumetric properties. On
the other hand, an increase in RAP content affects HMA performance as it breaks down this
black rock phenomenon and requires evaluation of the final blend properties when aged
binder blends with virgin binder [55]. Consequently, the use of higher percentages of RAP
(more than 25%) in HMA was limited due to the lack of guidelines for RAP processing, mix
design, and best practices for RAP handling.

Besides, most research has focused on increasing the amount of RAP in recycled mixtures
without compromising their mechanical performance compared to conventional mixtures.
The most common methods of asphalt recycling include hot recycling in an asphalt plant, hot-
in-place recycling, cold-in-place recycling, and full-depth reclamation. Globally, the
commonly used rate of RAP incorporation is typically in the range of 10 to 30% in asphalt
mixtures, as it performs similarly to traditional mixtures [56]. However, various studies have
shown that the use of recycling agents like rejuvenators or softeners can potentially increase
the rate of RAP in HMA [57]. Meanwhile, many factors, such as legislative limitations,
recycling methods, available asphalt plant production technology, variability of RAP
materials, mix design, type of recycling agents, and mixing time, still restrict the use of high
RAP content in asphalt recycling in most countries [58]. The prime issue regarding the high
RAP incorporation is the presence of aged RAP binder, which is very stiff and can result in
cracking failures for asphalt mixtures. The stiffness of the aged binder influences the
workability and compactability of mixtures containing a high RAP content [59]. Therefore, it
is crucial to select the type and dosage of recycling agent during the mix design procedure.
The improper type or dosage of recycling agents results in inferior performance in recycled

mixtures [60].

2.2.2 State of Practice of RAP in Europe

Hot mix asphalt is widely used as a paving material, but it deteriorates over time due to

climate and repeated loading cycles [61]. It needs to be removed from the pavement through
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milling or full-depth removal. The recycling of such pavements is considered a structural
rehabilitation technique that reduces the use of virgin materials, construction costs, and
environmental impacts [62]. Additionally, global consumption of natural resources like
biomass, fossil fuels, metals, and minerals are expected to double in the next 40 years. This
increase in raw material consumption will lead to a predicted 70% rise in annual waste
generation globally by 2050 [6]. The 2022 annual report from the European Asphalt Pavement
Association (EAPA) reveals that a total of 280 million tonnes of hot mix asphalt (HMA) and
warm mix asphalt (WMA) were produced in European countries, as shown in Figure 2.3 [63].
Over the past five years, there has been consistent and significant usage of HMA/WMA in the
surface layers of asphalt pavement by European countries. It is important to note that these
surface layers are the costliest due to their high-quality aggregates and expensive binders.
Figure 2.4 demonstrates the trend in HMA/WMA application across various flexible pavement
layers from 2018 to 2022, highlighting consistently high demand for producing asphalt mixes
for wearing courses, accounting for approximately 59% of total HMA/WMA production each

year within Europe.
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Figure 2. 4 HMA/WMA application in various layers of asphalt pavement in Europe (EAPA 2020-2024) [63]-[66].

Figure 2.5 shows the availability of RAP and its usage in the new production of
HMA/WMA from 2018 to 2022. In Europe, the availability of RAP was nearly 31.4 million
tonnes in 2022, with only 15.3 million tonnes used in HMA/WMA applications. The remaining
quantity of RAP has been either used in unbound layers or landfill applications. The improper
practices and degraded application of RAP usage in Europe have wasted approximately 55%
of available RAP over the past five years, despite waste management being a key goal for the
European Union's sustainable future [6]. A strategic approach to enhancing resource value and
reducing the environmental impact caused by road construction is critical to maximising the
utilisation of RAP in pavement construction. Recycling asphalt material becomes
unsustainable when it is degraded and used in lower-value applications like unbound base

layers or road shoulders [53].
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Figure 2. 5 Availability of RAP and its usage in asphalt production (EAPA 2019-2023) [63]-[66].

Furthermore, the complete advantages of RAP materials can be achieved only if they are
utilised in the surface layers or intermediate layers, as those are the expensive layers in the
pavement structure. The legislative norms imposed by various countries limit the
incorporation of high RAP content in asphalt mixtures due to their uncertainty in mechanical
performance in the surface course and intermediate course [67]. According to the data
provided by EAPA, countries such as Austria, Denmark, Finland, France, Germany, Ireland,
and Spain consider more than 70% of their available RAP to produce hot and warm mix
asphalt. In that, Finland and Ireland are utilising 100% of RAP in their asphalt production,
which depicts the exact potential of RAP in regenerating the road sector with zero waste [63].

A considerable number of studies have shown a positive impact on the performance of asphalt
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pavements containing RAP of up to 50% under different climatic conditions. Besides, the
selection of recycling techniques plays a crucial role in the implementation of quality recycled

mixtures with high RAP content [68].
2.2.3 Environmental and Economic benefits

The environmental and economic benefits of using reclaimed asphalt in new asphalt
mixtures have been recognised for decades. Maximising the utilisation of RAP in pavement
construction is a crucial strategy to enhance the value of resources and reduce the
environmental impact caused by the road construction sector [69]. Furthermore, integrating
reclaimed asphalt into new mixtures can lead to significant environmental advantages, such
as reduced greenhouse gas emissions and reduced fuel consumption for extracting,
processing, and transporting virgin materials [49]. The study conducted by Zaumanis et al.
has demonstrated that a 100% RAP mixture results in an 18 kg or 35% reduction in CO2
equivalent emissions as well as saving 20% energy per tonne of paved mixtures produced with

100% RAP compared to conventional mixes containing only virgin materials [53].

The life cycle assessment study by Aurangzeb et al. on asphalt mixtures containing high
RAP found a significant reduction of up to 28% in both greenhouse gas emissions and energy
consumption. In addition, the study recorded a 40% reduction in energy requirement for the
mixture containing 50% RAP compared to conventional mixtures, showcasing the efficient use
of rejuvenators in recycled hot mix asphalt that reduces mixing temperature without
compromising workability [70]. The advances in asphalt plant technology have enabled the
industry to incorporate a high rate of RAP in asphalt mixtures, resulting in a remarkable
reduction in emissions. Notably, improvements in drum mixer technology have minimised
the direct interaction of RAP with flames and enhanced the production rate of recycled mixes

when compared to virgin mixtures [71].

The road construction sector started incorporating RAP into asphalt mixtures to reduce
production costs and address environmental concerns. Furthermore, the use of RAP reduces
the need for virgin aggregates and bitumen, thus lowering the initial cost of road construction
and enabling road agencies to manage maintenance within their budgets. In 2019, a survey
conducted by NAPA reported that using RAP in asphalt mixtures saved a significant 3.29
billion dollars compared to using virgin materials [72]. The survey clearly showed the
economic benefits of recycling by comparing the savings in production costs with previous

years. The greatest advantage of RAP as a material is that it can be fully utilised when it is
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used in the wearing course or binder course layers [73]. Typically, binders used in surface
courses or binder courses are expensive. However, if RAP is incorporated into such layers, it
reduces binder costs by replacing them with less expensive RAP binders. The cost of extracting
and transporting virgin aggregates is another important factor that affects the total production
cost of asphalt pavement [73]. A study reported on material-related costs in the production of
asphalt mixtures ranging from 0 to 100% RAP content revealed that mixtures containing 100%
RAP reduced material costs by around 50-70% per tonne compared to virgin asphalt mixtures
[53], [74]. As mentioned earlier, one effective solution for addressing rising bitumen costs and
diminishing availability of natural minerals is integrating high proportions of RAP into

asphalt mixtures using efficient technologies.

2.2.4 Mix design and performance of high RAP mixtures

The mix design method for HMA with a high content of RAP aims to achieve similar
performance characteristics as traditional asphalt mix designs, particularly in terms of
optimum binder content [67]. Indeed, incorporating a high RAP content in the new asphalt
mixture requires modifying the mix design methodology to account for the material's
gradation, mixture volumetrics, and aged binder properties [57]. Moreover, for the
implementation of a quality recycled mix design, it is important to have information about the
source of RAP. Using RAP from various stockpiles is not recommended because of its
variability in terms of aged binder content and aggregate properties [75]. The mix designer
must determine the binder content and its properties in order to calculate the total binder
content in the final asphalt mixture. Therefore, extracting aged binder from RAP is an essential
process for evaluating its properties, as it significantly influences both rheological properties

and the total binder content of the final blend of asphalt mixture [49].

According to a report published by the National Cooperative Highway Research Program
(NCHRP), certain tests need to be conducted on binder and aggregate for designing HMA
with RAP [54]. The properties of RAP that need to be determined include RAP binder content,
RA aggregate gradation, specific gravity of RAP aggregate, angularity of the coarse aggregate
particles in the RAP, flat and elongated particles for the coarse aggregate in the RAP, and
angularity of the fine aggregate in the RAP [76]. The ignition method is more accurate than the
solvent extraction method for determining binder content in RAP. However, both methods are

suitable for finding out specific gravity, aggregate gradation, and other consensus properties.

341 Page



When the content of RAP in the new mix design is equal to or less than 15% of the total
weight of the mixture, there is no need to evaluate the aged binder properties. However, if
more than 15% of RAP is used in the recycled mixture, the aged binder affects the binder grade
and must be evaluated using blending charts [77]. The addition of a high rate of RAP in an
asphalt mixture depends on various factors, such as the available quantity of RAP, hot mix
plant capability, specification limits in that country, the gradation and variability of RAP, and
the properties of the aged binder [78].

The performance of HMA is influenced by the composition of the mixture and its density,
while performance-based mix design strictly relies on binder properties, aggregate properties,
and volumetric mixture properties [54]. The performance of asphalt mixtures with RAP
generally depends on the percentage of RAP in the total mixture. According to the literature,
an asphalt mixture containing less than 15% RAP exhibits similar properties compared to
traditional asphalt mixtures. However, a high RAP content in recycled mixtures has shown
increased stiffness properties [79] and decreased fatigue compared to asphalt mixtures
without RAP [80]. The most important characteristic of a recycled asphalt mixture is the
stiffness of its resulting binder blend, which typically tends to be stiffer than virgin binder
blends [55]. The reason for this is the ageing of RAP binder, which results from chemical
changes due to high production temperatures and oxidation during service. Therefore, when
designing recycled HMA, it is important to consider the effects of ageing on its binder
properties in order to achieve a mix with good performance in terms of rutting, fatigue,

thermal resistance, and durability [81].

Numerous studies have shown that high-RAP mixtures exhibit good resistance to rutting
compared to conventional asphalt mixes [82]. The presence of aged binder in RAP increases
the stiffness of the final binder blend, resulting in improved rutting resistance. However, it's
crucial to carefully control stiffness, as it directly impacts the overall performance of the
mixture. To mitigate the effects of ageing, rejuvenating agents have been introduced to restore
and enhance the lost properties of the RAP binder [83]. Zhang J. et al. conducted a study on
the mechanical performance of recycled asphalt mixtures with two self-developed
rejuvenators having different viscosities [84]. Their results indicated improvements in cracking
behaviour, fatigue life, resistance to permanent deformation, and moisture durability. On the
contrary, West R. et al. reported that high RAP contents in the mixture have shown low fatigue
resistance but better moisture resistance than conventional ones [56]. Essentially, the aged
binder exhibits high stiffness, leading to stiffer mixtures, which result in fatigue cracking and
low-temperature brittleness [85].
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Furthermore, studies have demonstrated that mixtures containing up to 40% RAP exhibit
improved fatigue life compared to virgin asphalt mixtures [86]. Suo Z. et al. conducted
research on rejuvenating aged bitumen with vegetable oil, studying its rheological properties,
high temperature performance, and fatigue resistance of the restored binder [86]. The findings
of their study validated an enhancement in fatigue resistance and low-temperature cracking
resistance. Zaumanis et al. [9] investigated the effect of six rejuvenators on a 100% recycled
asphalt mixture to evaluate their performance properties and concluded that all mixtures with
different rejuvenators at their optimal dosage ensured excellent rutting performance and
extended fatigue life compared to virgin mixtures, although they required higher compaction
energy. Moreover, other studies have shown that asphalt mixtures containing 50% RAP

content improve dynamic stability and resistance to rutting [82], [87].
2.2.5 High RAP incorporation: Challenges and limitations

The use of a high rate of reclaimed asphalt is limited by the available asphalt plant
production technology. Conventionally, superheated virgin materials indirectly heat the RAP
without exposing them to direct flames, imposing limitations on incorporating a high amount
of RA in asphalt mixtures [88]. The normal continuous drum mixer can accommodate RAP up
to a rate of 50% when compared to the batch plant. Hence, producing a high RAP mixture
using conventional asphalt plants demands an unrealistically high superheating temperature
for the virgin materials, leading to high volatilization of the RAP binder and emitting blue
smoke [67]. In most countries, the use of RAP on asphalt pavements is typically restricted to
20-30%. Some previous studies have indicated that asphalt mixes with a high RAP content
often show poor resistance to fatigue and thermal cracking [69]. Moreover, another issue is the
unpredictable blending and diffusion between aged RAP binder and virgin binder. The high
rate of RAP incorporation is mainly limited by the specifications or regulations of road
authorities in different countries due to uncertainties about the durability and mechanical

performance of recycled mixtures [57].
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2.3 Asphalt pavement modification
2.3.1 General overview

Asphalt binders are viscoelastic materials that have a crucial role in asphalt pavement as
they act as an adhesive, which binds the aggregates together. However, they are significantly
influenced by several factors, including service temperature, climatic conditions, increased
traffic load, and volume, which can lead to deterioration of the pavement such as rutting,
fatigue cracking, and thermal cracking [89]. Consequently, polymer modification has been
widely adopted as a feasible approach to address these premature pavement distresses. It
involves the incorporation of various polymers into asphalt binders or mixtures to enhance its
properties, such as durability, elasticity, resistance to ageing and deformation, thus
contributing to the overall quality and extended service life of the pavement structure [90],
[91]. To date, several polymers have been used to enhance the properties of asphalt concrete
based on specific needs or target performance requirements. These polymers are typically
classified into three categories: elastomers, plastomers, and reactive polymers. Elastomers
such as styrene-butadiene-styrene (SBS), styrene-isoprene-styrene (SIS), styrene-butadiene-
rubber (SBR), and styrene-ethylene/butylene-styrene (SEBS) have been widely used to
improve the elastic properties of asphalt concrete, thereby resisting deformation, and ensuring
quick recovery when the stress is removed [92]. Plastomers such as polyethylene (PE),
ethylene-vinyl acetate (EVA), polypropylene (PP), ethylene-butyl acrylate (EBA), and
polyolefins have been employed to enhance the high-temperature performance of asphalt
concretes to resist permanent deformation [93]. Furthermore, reactive polymers such as
random terpolymers of ethylene, maleic anhydride (MAH), glycidyl methacrylate (GMA), etc.
could improve the bonding with asphalt binder molecules with their reactive functional
groups, leading to superior storage stability, enhanced temperature susceptibility, excellent

ageing resistance, and improved rheological behaviour [94], [95].

Although polymer modification offers several benefits, it also poses certain challenges.
Over time, certain polymers may undergo phase separation, causing a non-uniform
distribution within the asphalt binder [96]. It is crucial for the polymer to be uniformly
dispersed within the binder to ensure proper adhesion of the asphalt binder, as any
incompatibility can lead to weak bonding, which can result in poor pavement performance
and limited durability [97]. Furthermore, the cost of polymers and their modification methods
can be a significant concern, as high-quality polymers and their modification processes tend

to be more expensive, thereby contributing to the overall expenses of road construction [98].
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Meanwhile, the growing concern over plastic waste generation, estimated at approximately
300 million tonnes annually worldwide, along with its inherently low biodegradability, has
prompted the exploration of innovative applications for effectively repurposing plastic waste
[17], [18]. Consequently, asphalt practitioners and researchers have shifted their emphasis
towards incorporating waste plastic into asphalt concrete, thereby addressing the issue of
plastic waste to some extent while also enhancing the performance of asphalt concrete through

plastic modification.

2.3.2 Waste plastic as Asphalt modifier

Over the past 65 years, there has been a substantial increase in plastic production, rising
from 2 million metric tonnes in 1950 to a staggering 380 million tonnes in 2015 [99]. It is
expected to double again over the next 20 years as plastics become increasingly used in many
applications [100]. Consequently, the rapid increase in production has led to a significant rise
in plastic waste. According to a study conducted by Geyer et al., as of 2015, only 9% of total
plastic waste had been recycled, 12% was incinerated, and 79% ended up being accumulated
in landfills or in the ocean [99]. In 2018, China implemented a ban on importing plastic waste
from foreign nations as part of their national policy known as "National Sword." Prior to this
decision, China was handling an estimated 45% of the world's plastic waste, equivalent to
about 106 million tonnes annually [101]. The global ramifications of this move have
underscored the urgent need for international solutions to address plastic waste, such as
reducing non-recyclable material production, redesigning products, and enhancing domestic
waste management. It is estimated that by 2030, approximately 111 million tonnes of displaced

plastic waste will result from China's new policy [102].

In 2022, a report revealed that global annual plastic production reached 390.7 million
tonnes, with only 32.5 million tonnes coming from post-consumer recycled plastic (as shown
in Figure 2.6). Furthermore, Figure 2.7 illustrates the annual worldwide production of plastic
in 2022, categorised by its type. It is evident from Figure 2.2 that only 8.3% of post-consumer
plastics were recycled in the year 2021. In response to this challenge, there has been a

significant increase in global efforts to address plastic waste.
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The growing concern over plastic waste has led to its incorporation in road pavements as
a significant substitute for expensive virgin polymers, thereby improving the mechanical
performance of the pavement. The types of waste plastic commonly incorporated in asphalt
pavements include high-density polyethylene (HDPE), low-linear density polyethylene
(LLDPE), low-density polyethylene (LDPE), polypropylene (PP), polystyrene (PS), polyvinyl
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chloride (PVC), ethylene vinyl acetate (EVA), polyethylene terephthalate (PET), acrylonitrile
butadiene styrene (ABS), polyurethane (PU), and polycarbonate (PC) [104], [105]. Table 2.1
summarises the source of these waste plastics, their corresponding melting points, and their
benefits in asphalt modifications. The selection of these waste plastics depends entirely on the
target needs, performance criteria, and method of application. The recycled plastics are
available in various forms such as shredded flakes, chips, pellets, powders etc [13], [106].
Moreover, the current trend involves producing recycled plastic pellets by mixing various
waste plastics together with specific additives aimed at enhancing particular properties of
asphalt [107]. There are typically two methods for incorporating recycled plastic into asphalt
pavement: the wet method and the dry method. Figure 2.8 shows the graphical representation

of wet and dry methods in an asphalt plant.
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Figure 2. 8 Graphical representation of wet and dry method in an asphalt plant (Brasileiro et al.) [108].
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Table 2. 1 Types of waste plastic and their benefits in asphalt modification. [97], [106], [109]-[112].

Type of waste plastic Source Melting point (°C) ~ Performance benefit in asphalt
binder/mixtures
Improved resistance to
rutting and fatigue [113].
Food packaging containers,
Polyethylene Improvement in elastic
soft-drink bottles, beverage 250-260
Terephthalate (PET) properties [113].
glasses, jars, ropes ] . )
Resistance against moisture
induced damage [114].
Shobpine b o Improved stiffness modulus
opping bags, rigid pipes,
PPING bags TIsIC PP at 25 °C [115].
toys, shampoo bottles,
High-density Enhanced resistance to
freezer bags, milk bottles, 130-149
polyethylene (HDPE) permanent deformation [116].
detergent bottles, buckets,
Higher resistance to moisture
crates, fencing, housewares
susceptibility [117].
Improved tensile strength.
Plumbing pipes and fitting, Improved ageing resistance
wire jacketing, blister, [118].
Polyvinyl chloride
(PVO) garden hoses, shower 100-260 Increased resistance to

curtains, packaging, cooking

rutting, fatigue [94].

oil bottles Improved storage stability
[111].
Improved stiffness modulus
[116].
Improved resistance to
Bubble wrap, films, cracking, thermal
Low-density sheeting, squeezable bottles, 110-135 susceptibility [119].
polyethylene (LDPE) shopping bags, heavy duty High resistance to rutting,
sacks, general packaging fatigue [116].
Good workability.
Improved Marshall stability
[111].
Industrial fibre, film, carpet
Improved high temperature
fibre, appliances,
] performance [120].
automotive, toys,
Polypropylene (PP) 130-171 Increased resistance to

housewares, crates, palls,
bottles caps, furniture, rigid

packaging

rutting, moisture

susceptibility [121].
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e Improved stiffness.

Trays, toys, medical e Improved resistance to
disposals, package, hangers, deformation [120].
Polystyrene (PS) CD cases, food container, 210-249 e Increased elastic recovery
transparent cups, diary and storage stability [122].
containers, egg cartons e High resistance to rutting,

thermal susceptibility [122].

Other plastics such as

Automotive parts, aircraft e Increased resistance to
acrylonitrile butadiene
parts, furniture, electrical ~ depends on the rutting, moisture
styrene (ABS), acrylic,
appliances, CD/DVD, trolley type susceptibility [45], [104].
polycarbonate (PC),
bag etc. e Partial aggregate substitutes
polyurethane (PU)
2.3.3 Wet method

In the wet method, recycled plastic is directly introduced to the bitumen and blended
using a high shear mixer (typically 1500 to 3500 rpm), typically at high temperatures ranging
from 160 to 180 °C. The recycled plastic can be added in any form, such as shredded flakes,
granules, or powders; however, the melting point of the recycled plastic is an indispensable
factor [109]. The process of modifying bitumen in this way is commonly referred to as
polymer-modified bitumen or plastic-modified bitumen. In asphalt plants, as shown in Figure
2.8, the neat bitumen and recycled plastic can be blended with a high shear mixer within a
modification chamber when lines a and b are open, prior to entering the mixing phase [108].
Generally, an enhancement in elasticity, adhesion, and stiffness properties are identified,
leading to increased mechanical performance and extended service life [110]. The crucial
challenge in this method is to identify compatible recycled plastics that ensure certain
properties with bitumen. Therefore, commonly used recycled plastics in this approach include
polyethylene, polypropylene, and polyvinyl chloride. The rheological properties of the
bitumen can be improved using a typical dosage of 1-8% recycled plastic, based on the weight
of the bitumen, and thereby it could enhance the pavement performance at high, intermediate,
and low temperatures [19], [109]. Several studies reported that the addition of recycled
polyethylene terephthalate (PET) via wet method could increase the rutting resistance,
bonding strength [123], moisture susceptibility, low temperature properties [124] and cracking
resistance [125]. In addition, binder modification with low density-polyethylene (LDPE) has

showed an enhanced impact on workability, resistance to rutting, antistripping and adhesive
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strength [126], [127]. However, this modification method is confined to recycled plastics with
arelatively low melting point. A few studies have indicated that while the addition of recycled
plastics improves binder properties, certain types, like PVC, may release harmful chloride

emissions, rendering them unsuitable for modifying binders [128], [129].

2.3.4 Dry method

The dry method modification involves adding recycled plastic directly to the preheated
aggregates before they are mixed with bitumen during asphalt mixture production [106], [130].
This approach can eliminate the need for sophisticated equipment and reduce high energy
consumption, making it easier to integrate into any asphalt plant. As shown in Figure 2.8, in
an asphalt plant, if the line e opens prior to the line ¢, the recycled plastic can be added to the
mixing system along with the hot aggregates prior to mixing it with the neat bitumen [108]. In
this method, recycled plastic can be introduced either as a partial substitute for the aggregate
or as a modifier to the asphalt binder or mixture, depending on the type of plastic and its
characteristics [14]. The recycled plastic with a high melting point is considered for aggregate
replacement. Some studies have reported that improper distribution of recycled plastic in the
asphalt mixture can negatively impact pavement performance; however, an enhanced
implementation of this approach can substantially improve pavement performance in a

sustainable manner.

The dry method allows for the incorporation of a wide range of recycled plastics in asphalt
concrete, regardless of their melting point, when compared to the wet method. In most studies,
recycled polyethylene (including LDPE and HDPE) is commonly employed using this
approach. A study investigated asphalt mixtures with LDPE with varying contents of 0.5%
and 1% on the weight of the aggregates using the dry method, and its results indicated an
improvement in tensile strength, permanent deformation, and resistance to moisture damage
[131]. The study by Poulikakos et al. reported that adding 1.5% polyethylene (PE) waste to
asphalt mixtures resulted in improved resistance to permanent deformation, higher elastic
behaviour, a low creep rate, and a higher creep modulus. However, increasing the percentage
of PE to 5% led to an increase in permanent deformation [21]. In another study, comparing
two distinct recycled plastic modifiers using the dry method showed comparable stiffness
modulus values, rutting resistance, and fatigue cracking properties between both modified
asphalt mixtures when compared with a reference SBS-modified mixture [132]. Moreover,
studies have also shown effective integration of recycled PET, PP, and PS into asphalt concrete

through this method [101]. Some previous studies have also suggested that the addition of
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recycled plastic through this method could significantly affect the compactability of the
modified mix, depending on factors such as dosage, type, size, shape, and characteristics of

the recycled plastic [133].

2.3.5 Plastic-modified asphalt pavements: Challenges and limitations

The previous sections have highlighted the advantages of incorporating recycled plastics
into asphalt pavement. Many studies have shown that recycling plastic can offer numerous
environmental and economic benefits over virgin plastic. However, there are currently no
technical regulations or standards in place to determine the appropriate dosage of recycled
plastic, its type, size, or the right method of incorporation [133]. While most studies have
reported an increase in stiffness properties resulting from the addition of recycled plastic and
its positive impact on rutting resistance [12], [134], only a few studies have investigated fatigue
and low-temperature performance characteristics [23]. These aspects are crucial for ensuring
the durability of the pavement. From an environmental perspective, concerns have been raised
about the health and safety of road workers due to the incorporation of recycled
plastic. Asphalt workers may be exposed to hazardous air pollutants when heating recycled
plastics during recycled plastic-modified asphalt production and construction, posing
significant health and safety concerns. The recycled plastics can release hazardous air
pollutants such as benzene, toluene, and polycyclic aromatic hydrocarbons at elevated

temperatures [101].

In Europe, strict regulations are in place for incorporating waste products, particularly
plastics, due to concerns about the health and safety of the workers when handling secondary
waste in asphalt production. Moreover, there is uncertainty about the environmental impacts
and technical performance of recycled plastic-modified asphalts compared to traditional
asphalt, leading to a lack of confidence within the road industry [135]. In regard to this, a study
[136] examined the release of carcinogenic compounds from asphalt modified with various
recycled plastics, including LDPE, PE, PET, and ABS. Their findings suggested that recycled
plastic-modified asphalt reduces non-carcinogenic and carcinogenic risks compared to
conventional asphalt. However, there is still limited research on the emissions and leaching

effects of plastic-modified asphalts concerning the safety of workers and road users.

Furthermore, there is a lack of studies on the impact of recycled plastics on the
recyclability of plastic-modified asphalt at its end-of-service life, which poses a crucial concern

in the asphalt industry. If this is not feasible, incorporating plastic into asphalt may offer initial
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economic and performance improvements but could raise potential challenges at the end of its
service period. There is only limited research regarding the impact of recycling agents on
reclaimed asphalt pavements derived from plastic-modified asphalt sources, raising concerns

about their high rate of recycling in asphalt mixtures.
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Chapter 3
Research Methodology

3.1 Methodology

This chapter provides a comprehensive overview of the research methodology adopted
in this thesis. The research was conducted in collaboration with multiple institutions,
including the University of Palermo, Iterchimica S.p.A. and Aristotle University of
Thessaloniki. In order to achieve the goals of this thesis, the research is structured into four
tasks, as shown in Figure 3.1. The tasks are designed in a sequential manner, where each task
acts as a driver for the next task, eventually contributing to the main objectives of this study.
The primary task involves simulating the ageing behaviour of asphalt mixtures, which is
crucial to replicate the end-of-life scenario and simulate the multiple life cycles. The next task
deals with studying the multi-recyclability of asphalt mixtures, both with and without a
recycled plastic modifier, for three life cycles through binder scale characterization. This task
is pivotal as it involves the creation of multiple life cycle scenarios and assessing the influence
of repeated ageing and rejuvenation within the asphalt mixtures. The third task of this research
involves evaluating the multi-recyclability at the mixture scale, as it is significant to
understand the mechanical and performance characteristics of the asphalt mixtures. The
results of this provide valuable insights into the practical implications of the recycling process.
Ultimately, developing a circular economic model to quantify material circularity for multiple
life cycles enables us to identify and serve as a tool to assess the multi-recyclability potential

of asphalt mixtures.
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Tasks of the
Thesis

Chapter
Simulation of ageing behaviour in 4

asphalt mixtures to replicate the end-
of-life scenario.

Study the multi-recyclability of
asphalt mixtures for 3 life cycles via
binder-scale characterization.
Study the multi-recyclability of asphalt
mixtures for 2 life cycles via mixture-
scale characterization.

Develop a circular economic model to
quantify the material circularity for
multiple life cycle scenario.

Figure 3. 1 Research methodology.

3.2 Testing methods

In order to accomplish the objectives of each task, various experimental methods were
employed to study the binder-scale and mixture-scale characteristics. The following sections
provide detailed insights into their significance, the procedures for preparing the specimens,
and how the rheological, chemical and mechanical performance of asphalt binders and

mixtures were evaluated.

3.2.1 Penetration test

The penetration test is a traditional method used to evaluate the consistency of the asphalt
binders. The test was performed on the asphalt binder samples conditioned in a water bath at
a temperature of 25 °C using a standard penetration needle according to EN 1426 [137]. The
needle has a load of 100 g, and the loading duration lasts for 5 seconds. The vertical penetration
of the needle is measured in tenths of millimeters, where lower values indicate high stiffness

and higher penetration values represent softer consistency of asphalt binders.

3.2.2 Softening point test

The softening point test is a conventional method used to evaluate the thermal sensitivity
of an asphalt binder at elevated service temperatures. The test involves casting the asphalt
binder in two shoulder brass rings with metal balls on top of each and then heating them at a
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consistent rate of 5 °C/min in a liquid bath as per EN 1427 standards [138]. Subsequently, the
softening point was determined by measuring the temperature at which the binder cast in the
two brass rings becomes sufficiently soft to allow the enveloped metal balls to fall from a
height of 25mm. In this study, softening point values were used to characterise the binders to

study the ageing and rejuvenating effects.
3.2.3 Dynamic viscosity test

The viscosity of the asphalt binder reflects its resistance to flow and deformation. It is
defined as the ratio of shear stress to shear rate and was determined at specific temperatures
using a Brookfield rotational viscometer following EN 13302 [139]. The test involved
measuring the torque needed to rotate a cylindrical spindle submerged in the binder at a
constant speed using a thermoset temperature system. The resultant torque was then
converted into viscosity, which is temperature dependent. As the temperature rises, the
dynamic viscosity of asphalt binder decreases. In this study, dynamic viscosity of the asphalt

binders was investigated at various high temperatures such as 135, 150, 160 and 180 °C.

3.2.4 Temperature sweep test

The temperature sweep test was performed on a dynamic shear rheometer (DSR) in order
to investigate the behaviour of the asphalt binders within the temperature range of 25 °C to 90
°C. The test was carried out on a plate geometry of 25 mm with a gap of 1 mm between the
plates and a constant shear stress of 500 Pa at a frequency of 10 rad/s with an increase in
temperature of 1 °C/min. The loss factor of the asphalt binder is determined by the loss
modulus (G") and the storage modulus (G'). The G” indicates the lost deformation energy of
the material and serves as the viscous component of the material, whereas the G’ represents
the energy stored in the system and reflects the elastic part of the material. The parameter G”
is directly proportional to the loss factor that often depicts material losses, and which indicates
the softness or hardness of the asphalt binder. Since G'-G” equilibrium indicates the structure
of a material, a rheological investigation employing this approach is regarded as valid for
evaluating the behaviour of the ageing of asphalt binders. The loss factor also referred as tan
0 can be calculated as the ratio of G” to G'. In this study, loss factor curves and isochronal plots
in terms of complex shear modulus were considered to assess the rheological behaviour of the

binders.
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3.2.5 Performance Grading

The upper-performance grading of the asphalt binders was determined using a DSR. The
test was performed at a frequency of 1.59 Hz using a 25 mm plate geometry and a 1 mm gap
in accordance with EN 14770:2012 [140]. The test started at 46 °C, and the temperature
gradually increased at a rate of 6 °C until the test met the criterion of G*/Sin o, which equals 1
kPa. The upper critical temperature refers to the failure temperature at which the test complies

and G*/Sin d equals to 1 kPa.

3.2.6 Binder Fast Characterization test

The Binder Fast Characterization Test, or BTSV (Bitumen-Typisierungs-Schnell-
Verfahren), was used to evaluate the deformation behaviour of the asphalt binder at high
temperatures using a DSR. The test determines the equi-shear modulus temperature (Tsrsv)
and the corresponding phase angle (0s1sv) at which the asphalt binder exhibited a complex
shear modulus (G*) of 15 kPa under a stress-controlled oscillation mode at a gradually
increasing temperature as per EN 17643 [141]. The test involves a steady increase in the test
temperature within the range of 25 °C to 90 °C, while the specimen was subjected to a constant
shear stress of 500 + 5 Pa under the oscillation at a frequency of 1.59 Hz. Nevertheless, in the
scenario where there is no measured value within the range of complex shear modulus, G* =
15 + 0.05 kPa, Tsrsv and dsrsv were calculated by interpolating the nearest values using an
exponential value for Tsrsv and a linear function for dsrsv. The viscoelastic properties of asphalt
binders can be investigated depending on the equi-shear modulus temperature, which
correlates with the hardness of the binder and its corresponding phase angle to assess the

degree of alteration.

3.2.7 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy examines the infrared light absorbed by
bonds in molecules when it has the same frequency as the vibration frequency of the bonds,
enabling the identification of different chemical functionalities based on the wavenumber. The
analysis of the spectrum was carried out considering the intensity of the peaks, which
represents the concentration of the bonds or functional groups. The wavelength of the spectral
peaks corresponding to the Sulfoxide group (around 1030 cm™) and the Carbonyl group
(around 1700 cm™) were considered in this study. The spectral peaks corresponding to the

wavelength around 1460 cm™ and 1376 cm™ were considered as baseline for the peak analysis.
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These spectral peaks are referred to aliphatic groups (CH, - CHs) and they are not affected

significantly during the oxidation process.

A Bruker Tenson 27 FTIR spectrometer with an Attenuated Total Reflectance (ATR)
diamond crystal was used to investigate the chemical changes that occur due to the ageing and
rejuvenation in an asphalt binder. The test was conducted by placing approximately 10 mg of
asphalt binder directly on to the diamond crystal and the spectra were recorded within the
wavelength range of 600 — 4000 cm™ with a resolution of 4 cm™ and an average of 32 repetitive
scans. The analysis of the spectrum was carried out by calculating the Sulfoxide index and

Carbonyl index, using the formula below:

Area of the sulfoxide band centred at 1030 cm™

(Area of the CH; centred at 1460 cm™ + Area of the CH; centred at 1376 cm™)

Sulfoxide Index (SI) = (3.1)

Area of the carbonyl band centred at 1700 cm™

(Area of the CH? centred at 1460 cm~1+ Area of the CH3 centred at 1376 cm~1)

Carbonyl Index (CI) = (3.2)

3.2.8 Volumetric properties

The volumetric properties of the asphalt mixtures were evaluated in accordance with EN
12697-8 guidelines [142]. For this purpose, three specimens with a diameter of 100 mm from
each mixture were compacted using a gyratory compactor up to 210 gyrations, as stipulated
by the Italian technical specification. The gyratory compaction was performed by applying a
constant vertical stress of 600 + 3 kPa during each gyratory cycle. The data obtained from the
compaction process was used to create the densification curves for the asphalt mixtures, a
typical example depicted in Figure 3.2, indicating the relationship between the applied
number of gyrations and the relative density of the compacted specimen. As per the technical
specifications, determining air voids content at specific gyration levels such as 10, 120, and 210

is crucial for approving mixtures intended for use on highways.
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Figure 3. 2 Typical representation of densification curve.

3.2.9 Indirect Tensile Strength

The purpose of this test was to determine the indirect tensile strength (ITS), which refers
to the maximum tensile stress calculated from the peak load applied to a cylindrical specimen
loaded diametrically at a rate of 50 + 2 mm/min until it fails. It clearly provides information on
the cohesion and tensile strength of the asphalt mixtures. In accordance with EN 12697-23
[143], three specimens of 100 mm diameter from each mixture compacted at 120 gyrations were
tested after being conditioned at 25 °C for 4 hours. The ITS can be calculated using the formula

below:

D.h’

2
ITS = ~ 1000 (3.3)

In the equation, ITS in kPa, P is the peak load in N, D is the diameter of the specimen in

mm, and h is the thickness of the specimen in mm.

3.2.10 Indirect Tensile Stiffness Modulus

The indirect tensile stiffness modulus (ITSM) test was conducted to measure the resilient
stiffness of the asphalt mixtures. The test was performed on a servo pneumatic load machine
as shown in Figure 3.3, which applies 5 load pulses on the cylindrical specimen at a rise time
of 80 ms to achieve the specified target horizontal deformation (7 + 2 um based on test
temperature) according to the Annex C of EN 12697-26 [144]. In this study, in order to

investigate the linear viscoelastic behaviour of the asphalt mixtures, three test temperatures of
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10 °C, 20 °C and 30 °C were carried out. The stiffness modulus of each pulse can be calculated

using the following equation.

_ F.(v+0.27)

b (3.4)

In the Equation, E is the stiffness modulus in MPa, v is the Poisson’s ratio (assumed as
0.35), Fis the applied load in N, z is the amplitude of the resilient horizontal deformation and

h is the thickness of the specimen in mm.

Figure 3. 3 ITSM test setup.

3.2.11 Indirect Tensile Strength Ratio

The moisture susceptibility of the asphalt mixtures was determined using the indirect
tensile strength ratio (ITSR), defined as the ratio of the indirect tensile strength of wet
specimens to dry specimens. In accordance with EN 12697-12 [145], three specimens from each
asphalt mixture were conditioned in a water bath at 40 °C for 72 hours followed by
conditioning in an air chamber at 25 °C for 4 hours. The ITSR values can be calculated using

the following equation:

ITS
ITSR = —%

775, 100 (3.5)
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In the equation, ITSy, and ITSp are the indirect tensile strength of wet and dry specimens

in MPa, respectively.
3.2.12 Wheel tracking test

The wheel tracking test was conducted to evaluate the rutting resistance of the asphalt
mixtures under repetitive wheel loads. The samples were prepared in accordance with EN
12697-22 [146], which involved producing two slabs measuring 305 x 305 x 50 mm for each
mixture using a roller compactor. To ensure consistency, all specimens from each mixture were
compacted to achieve a targeted air void range of 4 + 0.5%. Prior to the test, the samples
underwent conditioning at the test temperature of 60 °C for 4 hours within the chamber of the
wheel tracking device. The test involved applying a load of 700 N to the specimen using a solid
rubber tyre that reciprocated over it, covering a distance of 230 + 10 mm. The frequency of the
wheel was maintained at 26.5 cycles per minute while traversing across the specimen. The test
was conducted under the condition that it would terminate when it reached 20000 passes or a
maximum rut depth of 20mm. A typical rutting profile of an asphalt mixture is presented in
Figure 3.4. Additionally, the wheel tracking slope (WTSy;) can be calculated using the

following equation to see the trend of rutting among the asphalt mixtures.

(d10000 - dSOOO)
WSy, = -

(3.6)

In the equation d; g is the rut depth after 10000 cycles and ds, is the rut depth at 5000

cycles.

Rut depth (mm)

T T T
0 5000 10000 15000 20000

Number of passes

Figure 3. 4 Typical rutting profile of an asphalt mixture.
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3.2.13 Indirect Tensile Fatigue Test

The indirect tensile fatigue test (ITFT) as shown in Figure 3.5 was conducted to evaluate
the fatigue life of asphalt mixtures by applying repeated load pulses in a constant stress-
controlled mode using an indirect tensile method according to EN 12697-24 [147]. A servo-
pneumatic loading machine applied repeated haversine compressive load pulses along the
vertical diameter of the specimen with a 0.1 s load time and 0.4 s rest time, inducing uniform
tensile stress perpendicular to the applied load and ultimately causing specimen failure. The
study included three stress levels (150, 250, and 350 KPa) for each mixture. A minimum of
three cylindrical specimens of 100 mm diameter were prepared for each stress level, resulting
in a total of nine specimens tested per mixture to assess the fatigue life. The fatigue life refers
to the total number of load cycles that lead to the failure of the specimen and can be calculated

using the following equations:

_(2AH>[ 1+ 3v ]106 3.7
o= \Tg ) lar mv—al 3.7

Ne

Ny =k, (51_0) (3.8)

In the equations, & is the initial horizontal strain in um/m, AH is the initial deformation
in mm, v is the Poisson’s ratio, {2 is the diameter of the sample in mm, Ny is the number of load
cycles, and k, n; are the regression parameters of the fatigue line. Figure 3.6 shows a graphical

representation of the fatigue line based on the aforementioned method.

Figure 3. 5 ITFT test setup.
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Figure 3. 6 Graphical representation of fatigue line.
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Chapter 4

Simulation of ageing behaviour in asphalt mixtures

4.1 Introduction

Bitumen, often referred to as asphalt binder, is a viscoelastic material derived from the
distillation of crude oil. It serves as a binding component in asphalt pavements, holding
together other constituents and ensuring their structural integrity [148], [149]. However, over
time, asphalt pavements undergo oxidative ageing processes due to climatic volatility and
chemical reactions. Consequently, the asphalt binder becomes increasingly stiff and brittle,
leading to higher susceptibility to cracking and degradation of the pavement [150], [151]. It is
crucial to identify the ageing mechanism of asphalt binders to implement strategies that can
extend the service life of the pavement. In the context of a circular economy, where resource
efficiency and sustainability are of utmost importance, investigating the ageing mechanism
becomes indispensable for adopting methodologies that enhance pavement performance,
optimise resource utilisation, and minimise waste generation [152], [153]. Several studies have
been conducted to understand the factors that influence the ageing of asphalt pavements and
their impact on pavement performance. It has been observed that the effects of ageing have a
significant impact on the long-term performance of pavements, which is crucial in the field of

road engineering to provide durable and comfortable road surfaces for users [154]-[156].

In general, the ageing of asphalt mixtures can be categorised into two stages: short-term
ageing (STA) and long-term ageing (LTA). The impact of high processing temperatures during
the production and construction phases of asphalt mixtures results in the volatilisation of
bitumen, known as short-term ageing. The evaporation of volatiles such as saturated and
aromatic components is directly proportional to the production temperature of the asphalt
mixture. Some previous studies reported that a rise in the production temperature increases
the amount of loss of volatility, which has a linear influence on the imbalance of saturate,
aromatic, resin, and asphaltene (SARA) fractions. Hence, it increases the stiffness, hardness,
viscosity, and fragile nature of the bitumen [157], [158]. Simultaneously, long-term ageing
occurs over the service life of the pavement due to climatic fluctuations, ultraviolet (UV)
radiation, oxygen, and vehicle-induced loads. In this regard, oxidation is one of the key factors

influencing the change in the chemical properties of bitumen as it gets exposed to oxygen. The
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oxidation influences the polar components in bitumen, such as causing asphaltenes to increase,
and consequently, they stiffen the binder more, whereas nonpolar components like aromatics
that control the flexibility of the binder get reduced due to ageing. Eventually, such ageing
stiffens asphalt mixtures and leads to pavement distress [159], [160]. The oxidation rate
generally depends on factors such as the bitumen content, access to oxygen by the pavement
layer, void content, temperature, thickness of the layer, and the existence of cracks [161]. Based
on this understanding, researchers have made numerous attempts to simulate field ageing
phenomena in the laboratory using various accelerated ageing techniques to evaluate and
anticipate the long-term performance of the pavement. Most studies have focused on
analysing the influence of temperature, oxygen pressure, or a combination of both parameters
to correlate with field performance. Among the ageing techniques, the most widely used
laboratory protocol is the asphalt binder ageing, which utilises a rolling thin film oven (RTFO)
and a pressure ageing vessel (PAV) to simulate the short-term and long-term ageing
mechanisms of asphalt binders, respectively [162], [163]. These techniques are often employed
in the Superpave performance grading system and serve as valuable tools for comparing and
establishing benchmarks for various binders. However, this simulation approach fails to
account for the influence of mineral aggregates, which can significantly impact the ageing
simulation of asphalt pavement [164]. Although the use of high temperatures and pressure
allows for the quick oxidation of bitumen, it cannot effectively replicate field conditions. To
address the effects of mineral aggregates in the ageing mechanism, the American Association
of State Highway and Transportation Officials (AASHTO) developed a standard asphalt
mixture ageing protocol. This protocol can simulate long-term ageing effects in a compacted
specimen with a diameter of 100 mm in an oven at 85 °C for 120 h. According to AASHTO R30,
this accelerated ageing method simulates a long-term ageing level corresponding to five to ten
years of service life. The significance of this method lies in its ability to simulate LTA effects
within a reasonable time frame using standard laboratory equipment, making it cost-effective
and easier compared to other approaches. However, this method has been criticised for the
non-uniformity of ageing throughout the specimen, geometry distortion, and its inability to
simulate ageing under various climatic conditions [165], [166]. Another advanced ageing
technique is the Viennese Ageing Procedure (VAPro), which was developed in Austria. VAPro
is considered an extension of the ageing procedure outlined in the SHRP-A-383 report. It
utilises a unique configuration consisting of a triaxial cell with a forced flow of highly oxidative
gaseous agents such as ozone and nitric oxide over the specimen, at a rate of 1 litre per minute.

This approach reportedly simulates a long-term ageing condition closely resembling the field
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within an efficient timeframe of 4 days [167]. However, this ageing approach utilises an

intricate setup for the ageing process, demanding costly configurations.

Furthermore, to address the limitations of previous ageing protocols on compacted
specimens, researchers have made efforts to implement accelerated ageing methods for loose
asphalt mixtures. The aim is to replicate more realistic field ageing mechanisms and better
simulate the characteristics of reclaimed asphalt pavement (RAP). As mentioned earlier, the
oxidative ageing mechanism of asphalt binder depends on various contributing factors,
particularly temperature and ultraviolet (UV) radiation [168], [169]. Several studies have
attempted to incorporate UV light into ageing techniques to investigate its influence on the
behaviour of bitumen. They have identified that the energy from UV radiation can break down
molecular bonds, leading to the surface ageing of the binder [170], [171]. Acknowledging the
significance of temperature, it is a crucial factor considered in the laboratory simulation of
long-term ageing characteristics of asphalt mixtures. The rate of oxidation increases with
temperature, and particularly at high temperatures, the ageing may not accurately reflect real-
field-aged asphalt binder [172]. A study conducted by the National Cooperative Highway
Research Program (NCHRP) reported that long-term ageing can be simulated on a loose
asphalt mixture at 95 °C inside a forced-draft oven. The duration of the conditioning period is
calculated based on the climatic ageing index (CAI), which depends on the pavement
temperature histories at different locations and depths. Data from the Enhanced Integrated
Climatic Model (EICM) were used to predict pavement temperature by considering its
relationship with pavement depth [166]. However, this approach, while considering pavement
temperature histories at distinct locations, still neglects significant dynamic factors such as
moisture and traffic conditions during the ageing simulation. This limitation could impact its
applicability and its ability to accurately reflect real-field ageing phenomena, which remains a

topic of ongoing discussion among researchers.
4.2 Scope and Obijectives of the chapter

The literature reveals that several accelerated ageing techniques have been implemented
to study the ageing mechanism and long-term performance of asphalt binders. However, there
is still no consensus on the most effective approach for simulating ageing behaviour, leading
to discrepancies in outcomes among research studies and making it difficult to compare and
generalise the findings. In view of these challenges, in this chapter, the study aims to
investigate and compare the ageing behaviour of asphalt binder using two different thermo-

oxidative ageing approaches, one focusing on the binder itself and the other on the loose
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asphalt mixtures, with varying ageing durations. Although UV radiation is also a triggering
factor for ageing, thermo-oxidative ageing was considered a vital cause, and that accounts for
more than 80% of the total life cycle ageing of the bitumen [173]. The ageing behaviour was
analysed extensively through physical, chemical, and rheological characterisation, and an
ageing sensitivity index was employed to correlate their trends and provide a broader
understanding of the ageing approaches. Further, the obtained results are compared with the
field-aged RAPs collected from the same geographical region to assess the relevance of these

ageing approaches under real field conditions.

4.3 Materials

In this study, a bitumen with a penetration grade of 50/70 was chosen considering the
local availability and as the commonly used asphalt binder to produce asphalt mixtures on the
highways of the southernmost region of Italy. The loose asphalt mixtures were prepared using
limestone aggregates according to the Italian technical specifications for the highways [174],
and their particle size distribution is reported in Table 4.1. Furthermore, to have extensive
knowledge regarding the correlation of the considered artificial ageing methods with field
ageing mechanisms, reclaimed asphalt pavements (RAPs) from two different sources were
included. RAP-1 was milled from the surface layer of a pavement with a known history of 12
years of service life, and RAP-2 was from an unknown origin. The particle size distribution of

the RAPs is shown in Figure 4.1.
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Figure 4. 1 Particle size distribution of RAPs.
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Table 4. 1 Particle size distribution of aggregates.

Passing Percent (%)

Sieve Size

Fraction 6/12 Fraction 2/6 Fraction 0/4 Filler

16 100 100 100 100

12.5 100 100 100 100

8 81.3 100 100 100

4 5.3 38.5 94.2 100

2 0.6 6.2 68.6 100

0.5 0.6 3.8 38.3 100
0.25 0.6 3.6 27.1 100
0.063 0.1 2.2 10.3 70.7

4.4 Methods

4.4.1 Accelerated ageing techniques

The study consists of mainly two ageing approaches, one on the binder and another on
the loose asphalt mixtures, to simulate the long-term ageing mechanism of asphalt binder that
occurs over the service life of a pavement. Figure 4.2 illustrates the comprehensive research
plan adopted in this study. The extensive details of the ageing methods are described in the

following sections:
4.4.1.1 Ageing of asphalt binder

In this method, the asphalt binder was aged using the combination of a rolling thin film
oven (RTFO) and a pressure ageing vessel (PAV) to simulate the long-term ageing mechanism.
This approach was chosen since it is widely used and is the standard protocol for binder
ageing. The RTFO is used to simulate the short-term ageing mechanism of asphalt binder in
accordance with EN 12607-1 [175]. For this purpose, 35 g of bitumen was placed in a glass
bottle and kept in the RTFO setup for 75 min at a temperature of 163 °C with an airflow of 4
L/min. Subsequently, after the completion of short-term ageing using RTFO, the binder
residual of 50 g was placed directly into each of the circular pans and kept in the PAV for 20 h
with an air pressure of 2.1 MPa according to EN 14769 [176]. The ageing temperature of 100 °C
was chosen based on the grade of the binder used in the study. Furthermore, to have an
extensive understanding of ageing behaviour with the increase in duration, the PAV-aged
binder was repeatedly aged for an extra ageing duration of 20 h within the PAV under the

same defined condition.
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4.4.1.2 Ageing of loose asphalt mixtures

In this approach, the loose asphalt mixtures were prepared according to an Italian
technical specification [174] for a dense-graded wearing course, and the mix design was
optimized using the volumetric method. The grading distribution of the aggregate mix used
is summarised in Table 4.2, with a binder content of 5% on the weight of aggregates
determined as optimum to achieve an air void level of 4% on compacted specimens at the
recommended design gyration level. All loose asphalt mixtures were produced according to
this defined mix design and placed in a square tray (460 mm x 460 mm x 50 mm) with a
maintained height of 25 mm, as depicted in Figure 4.3. This thickness was selected to align
with the typical surface layer thickness of the pavement, which usually ranges from 25 mm to

50 mm.

Subsequently, the loose asphalt mixtures were short-term aged at 135 °C for 4 hours.
Afterwards, for the purpose of long-term ageing, the trays of asphalt mixtures were kept in a
non-ventilated oven at 95 °C for various ageing durations: 3 days, 5 days, 7 days, and 9 days.
This was done to investigate the ageing behaviour with respect to the increment in duration.

The ageing temperature was selected based on the NCHRP report as stated in the literature.
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( Oven ageing h ( ) Dynamic viscosity
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Figure 4. 2 Research plan.
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Table 4. 2 Grading distribution of the mixture.

Sieve Size Passing Percent (%)
(mm) Optimised Mix Gradation Specification Limits
16 100 100-100
12.5 100 100-100
8 95.3 90-100
4 53.9 44-64
2 32.6 28-42
0.5 20.6 12-24
0.25 16.4 8-18
0.063 8.1 6-10

Figure 4. 3 Loose asphalt mixture ageing.

4.4.2 Extraction and recovery of aged binders

The binder was extracted from loose asphalt mixtures aged at discrete ageing durations
and from two RAP sources using the standard binder extraction procedures prescribed in EN
12697-1 [177]. The hot extractor method with a wire mesh was used, and tetrachloroethylene
served as the extraction solvent. Subsequently, a centrifuge was employed to remove the fine
particles from the extracted solution, followed by binder recovery using a rotavapor in

accordance with EN 12697-3 [178].

4.4.3 Testing methods
4.4.3.1 Physical properties

The physical properties of the aged binders were assessed using traditional methods,

including the penetration test, softening point test, and dynamic viscosity test. The penetration
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test compared the consistency of unaged and aged binders at 25 °C. The softening point test
evaluated the temperature sensitivity of asphalt binder aged through different ageing
approaches. Additionally, the dynamic viscosity test examined the flow and deformation

behaviour of the aged binders at various temperatures.
4.4.3.2 Rheological properties

The rheological characteristics of the binders aged via two different approaches and the
field-aged binders were investigated with a dynamic shear rheometer. A temperature sweep
test was performed in the range of 25 to 90 °C to evaluate parameters such as complex shear
modulus (G*) and phase angle (). Additionally, a comprehensive rheological analysis was
conducted using test parameters including upper-performance grading, loss factor (tan ),

complex viscosity, equi-shear modulus temperature, and its corresponding phase angle.
4.4.3.3 Chemical properties

In this study, Fourier transform infrared (FTIR) spectroscopy was used to examine the
chemical characteristics of aged binders. The analysis employed a Bruker Tensor 27 FTIR with
an attenuated total reflectance diamond crystal to investigate the changes in the chemical

functional groups of the aged binders.

4.5 Results and discussion
4.5.1 Penetration test

Figure 4.4 shows the results of the penetration tests. The aged binders, regardless of their
ageing methods, exhibited a significant reduction in penetration value compared to the virgin
bitumen 50/70 and RTFO binder. This reduction clearly quantifies the effect of oxidative ageing
on asphalt binder. The PAV (40 h) and LTA 9 days binders showed relatively lower and
comparable penetration values despite the ageing techniques, indicating the influence of
ageing duration on the consistency of asphalt binder. Additionally, it was observed that PAV
(20 h) and LTA 5 days aged binders demonstrated a similar hardening effect. Comparing field-
aged binders' penetration values, RAP-1 correlated with LTA 3 days, while RAP-2 showed
results comparable to PAV (20 h), LTA 5 days, and LTA 7 days aged binders. A previous study
reported that two distinct RAP sources field-aged for twenty years had respective penetration
values of 26.6 and 29.7 [179]. In comparison to these reported values, all investigated aged

binders in our study demonstrated lower penetration values during analysis.
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Figure 4. 4 Penetration values.

4.5.2 Softening point test

Figure 4.5 shows the softening point of all the binders studied. The results clearly
demonstrate that different ageing techniques had varying effects on the softening points of the
asphalt binder. In comparison, the PAV (40 h) binder exhibited a higher softening point of 65.6
°C, representing a 32.3% increase compared to unaged bitumen. It's important to note that
both PAV (20 h) and LTA 5 days binders showed similar softening point temperatures, with
an approximate increase of 22.6% compared to virgin bitumen 50/70. However, the extended
ageing durations in loose asphalt mixtures did not show comparable high temperature
sensitivity as seen in PAV (40 h) aged binder. The softening point values for LTA 7 days and
LTA 9 days only increased slightly by 1.2% and 2.6%, respectively, when compared to PAV (20
h) and LTA 5 days. The thermal conductivity of aggregate could affect oxidation levels in the
loose asphalt mixture approach, resulting in slowed oxidation rates with longer ageing
durations. Considering the field-aged binders, RAP-1 showed a softening point similar to LTA
7 days and comparable to LTA 5 days and PAV (20 h). Conversely, the results of RAP-2
demonstrated a value comparable to LTA 9 days. According to the literature [179], two RAP
sources with an age of 20 years had softening points of 61.4 and 61.7 °C, consistent with the

values observed in this study for RAP-1.
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Figure 4. 5 Softening point values.

4.5.3 Dynamic viscosity test

In this research, a series of temperatures (135 °C, 150 °C, 160 °C, and 180 °C) were
considered to evaluate and compare the dynamic viscosity of the aged binders. The results
obtained are presented in Figure 4.6. According to the findings, PAV (40 h) exhibited the
highest viscosity across all the tested temperatures, followed by the LTA 9 days aged binder.
All the extracted aged binders from loose asphalt mixtures demonstrated a similar viscosity
property to PAV (20 h) at the tested temperatures without showing a consistent trend of ageing
severity for PAV (40 h). It is worth mentioning that both LTA 5 days and PAV (20 h) showed
comparable dynamic viscosity at all performed temperatures. In terms of field-aged binders,
both RAP-1 and RAP-2 displayed lower dynamic viscosities at all tested temperatures
compared to PAV (40 h).
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Figure 4. 6 Dynamic viscosity of the aged binders over various temperatures.

4.5.4 Performance Grading

In this study, the test was conducted using a DSR at a frequency of 1.59 Hz with a 25 mm
plate geometry and 1 mm gap following EN 14770 standards. The test commenced at 46 °C,
and the temperature gradually rose by 6 °C until reaching the criterion of G*/Sin ® =1 kPa. The
same testing conditions were applied to all aged binders and virgin bitumen since the primary
focus was evaluating ageing correlations. It is anticipated that during binder ageing, their
complex shear modulus (G*) should increase as phase angle (0) decreases, resulting in
increased binder stiffness. Consequently, asphalt binders aged under various conditions and
methods exhibit variations in PG values at high temperatures; higher degrees of ageing
correspond to higher upper PG values. According to the results presented in Table 4.3, the
effect of ageing is clearly observed by the increase in upper PG values compared with virgin
bitumen. The study mainly considered the upper critical temperature for comparison and
found that the standard upper PG of aged binders was similar. The upper critical temperature
refers to the failure temperature at which G*/Sin d equals 1 kPa. Notably, among all studied
ageing methods, PAV (40 h) showed the highest PG and upper critical temperature values.
LTA 9 days exhibited the highest upper critical temperature among loose asphalt mixture
ageing methods. However, the loose asphalt mixture ageing mechanism showed a
deceleration in ageing level as duration increased after reaching a particular state compared

to the binder ageing technique.

The PAV (40 h) depicted an increase of 6.5% and 26.2% of upper critical temperature
compared to the PAV (20 h) and the virgin bit. 50/70, respectively. On the other hand,
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considering the loose asphalt mixture ageing technique, the LTA 5 days demonstrated a similar
PG and upper critical temperature compared to the PAV (20 h). The binder LTA 9 days showed
a 2.3% and 21.2% increase in upper critical temperature compared to LTA 5 days and virgin
bit. 50/70, respectively. Accordingly, it is worth mentioning that the aged binders, PAV (20 h),
and LTA 5 days demonstrated similar PG and upper critical temperatures during the analysis.
Meanwhile, the field-aged binder RAP-1 showed a comparable result with LTA 5 days, LTA 7
days, and PAV (20 h). The results of RAP-2 were relatable to LTA 9 days, and both the field-
aged binders exhibited a relatively lower critical temperature than PAV (40 h).

Table 4. 3 Results of the Upper Performance Grading,.

Binder Original Upper PG Upper Critical Temperature
(°C) (°C)
Virgin Bit. 50/70 64 67.5
RTFO 70 72.0
PAV (20 h) 76 80.1
PAV (40 h) 82 85.2
LTA 3 days 76 78.4
LTA 5 days 76 80.0
LTA 7 days 76 80.6
LTA 9 days 76 81.8
RAP-1 76 80.9
RAP-2 82 82.4

4.5.6 Temperature sweep test

The test results, shown in Figures 4.7 and 4.8, demonstrate the loss factor and isochronal
plot of the complex shear modulus (G¥), respectively. The findings clearly indicate that all
ageing methods increased the stiffness of the binder compared to the virgin bit. 50/70. A lower
value for the loss factor and a higher value for the complex shear modulus represent higher
stiffness properties of the asphalt binder. Based on different ageing approaches, it is evident
that PAV (40 h) aged binder exhibited the highest level of ageing, as observed in both plots. It's
worth noting that LTA 5 days binder and PAV (20 h) aged binders showed similar curves in
both plots, indicating a comparable stiffness effect during both ageing processes. Among the
aged binders in the loose asphalt mixture, the LTA 7 days aged binder showed a curve very
close to that of PAV (20 h) and LTA 5 days. It is important to note that the stiffness of LTA 9

days aged binder increased compared with other loose mixture aged binders; however, the
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ageing effect on stiffness remains less intense compared to PAV (40 h). The loss factor and
isochronal curves of field-aged binder RAP-1 were comparable with those of LTA 5 days, PAV
(20 h), and LTA 7 days. The isochronal curve of RAP-2 showed a similar trend to LTA 9 days.
However, during the loss factor analysis, it was observed that the loss factor of RAP-2

decreased comparatively after reaching 60 °C compared to that of LTA 9 days.

1000
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RTFO
——PAV (20 h)
——PAV (40 h)
——LTA 3 days
100 ——LTA 5 days
——LTA 7 days
——LTA9days
—RAP1
——RAP 2

Loss Factor

10

0 20 40 60 80 100

Temperature ( °C)

Figure 4.7 Loss factor versus temperature curve.
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Figure 4. 8 Isochronal plots of the complex shear modulus (G¥).

4.5.7 Binder Fast Characterization Test

The results of the BTSV test are summarised in Table 4.4. According to the obtained results,
the equi-shear modulus temperature of all the aged binders increased and their corresponding
phase angle decreased compared to that of virgin bit 50/70 and RTFO aged binder.
Significantly, PAV (40 h) binder showed the highest equi-shear modulus temperature (Tsrsv)
and lowest phase angle (dsrsv) among other aged binders. However, different ageing
approaches led to different ageing levels of the binders. It is noteworthy that the results of the
BTSV test also affirm a similar trend between PAV (20 h) and LTA 5 days aged binders, which
demonstrated a comparable Tsrsv and Osrsv. The LTA 7 days and LTA 9 days aged binders
showed a slight increase in the test parameters compared to the LTA 5 days and PAV-binders.
However, all the binders demonstrated comparable Tsrsv values related to their respective

softening point temperatures.
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Table 4. 4 BTSV test results.

] Tersv OBTSV
Binder C) ©)
Virgin Bit. 50/70 49.9 85.3
RTFO 52.9 83.9
PAV (20 h) 61.0 81.9
PAV (40 h) 65.8 80.6
LTA 3 days 59.8 82.3
LTA 5 days 60.9 81.9
LTA 7 days 61.4 81.8
LTA 9 days 62.4 81.6
RAP 1 61.5 81.7
RAP 2 62.3 81.5

4.5.8 Complex viscosity

The complex viscosity is a parameter that can be calculated as the ratio of the complex
shear modulus to its corresponding angular frequency. Figure 4.9 illustrates the complex
viscosity curve of the aged binders within the temperature range of 25 to 90 °C. It is evident
that all the long-term aged binders, despite their ageing methods, exhibited high complex
viscosity compared to virgin bit. 50/70 and RTFO. In order to compare the effect of ageing, the
complex viscosity at 60 °C was considered on the basis of its significance in the performance
evaluation. It is worth mentioning that the PAV (20 h), LTA 5 days, and LTA 7 days exhibited
comparatively similar and nearly 5.6 times higher viscosity than that of the virgin bit. 50/70. It
was observed that PAV (40 h) showed the highest complex viscosity at 60 °C, which is almost
12 times higher than that of the virgin bitumen. The extended duration of 20 h with the
combination of an induced pressure of 2.1 MPa and a temperature of 100 °C after the standard
PAV could significantly escalate the degree of ageing, which results in a high stiffness of the
binder. The complex viscosity of LTA 3 days and LTA 9 days was 4.8 times and 7 times higher
than that of the virgin bit. 50/70, respectively. These results demonstrate that long-term ageing
methods on loose asphalt mixtures could not drastically increase the degree of oxidative
ageing similar to that of PAV (40 h) by extending the ageing duration. It was observed that the
complex viscosity curve of RAP-1 was comparable with LTA 5 days, LTA 7 days, and PAV (20
h). On the other hand, RAP-2 exhibited a relatable curve with the LTA 9 days aged binder.
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Figure 4. 9 Complex viscosity curve.

4.5.9 Fourier Transform Infrared spectroscopy

In this study, the wavelengths of the spectral peaks around 1030 cm™ (sulfoxide group)
and around 1700 cm™ (carbonyl group) were analysed as they are the spectral peaks of the
functional groups significantly affected during the ageing of asphalt binder, which were
reported in many studies. Figure 4.10 shows the average obtained spectra of the aged binders
and the virgin bit. 50/70. The spectral peaks corresponding to the sulfoxide band and carbonyl
bands of all the aged binders increased during the oxidation phase compared to the virgin bit.
50/70. It is worth mentioning that the spectral peaks of PAV (40 h) were the highest among the
aged binders, followed by PAV (20 h). A similar intensified trend was not observed among
other long-term-aged binders. However, the oxidative ageing could be identified by the
increase in the peaks of sulfoxide and carbonyl bands. This was also observed in the case of

field-aged binders.

The calculated sulfoxide and carbonyl indices are summarised in Table 4.5. According to

the calculated indices, the binders aged using PAV exhibited higher indices than the loose
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mixture ageing method carried out in the oven. Overall, it can be deduced that the application
of air pressure during the PAV ageing method accelerated the chemical changes in the
significant functional groups in the bitumen. In contrast, due to the absence of air pressure and
the influence of the mineral aggregate composition in the loose asphalt mixture ageing
method, the intensity of the chemical changes was comparatively slower than that of the
binder ageing method. The spectrum analysis provided clear knowledge on the impact of
ageing in the chemical functional group; however, a comparable trend could not be observed
with this method. The calculated indices of RAP-1 and RAP-2 showed less ageing severity
compared to PAV (20 h) and PAV (40 h). For instance, the severity of PAV (20 h) and PAV (40
h) was 1.2 and 1.6 times greater, respectively, than that of the investigated field-aged RAPs.
The sulfoxide indices of both RAP binders exhibited comparable values to those of aged

binders from loose asphalt mixtures, regardless of the ageing durations.
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Figure 4. 10 Average obtained spectra of the investigated binders.

Table 4. 5 Calculated values of sulfoxide and carbonyl indices.

Binder Sulfoxide Index (SI) Carbonyl Index (CI)
Virgin Bit. 50/70 0.12 0.08
PAV (20 h) 0.31 0.48
PAV (40 h) 0.58 0.54
LTA 3 days 0.20 0.17
LTA 5 days 0.24 0.23
LTA 7 days 0.25 0.26
LTA 9 days 0.27 0.31
RAP1 0.24 0.45
RAP 2 0.27 0.40
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4.5.10 Comparative evaluation based on the ageing sensitivity index

The aim of this study was to investigate and compare the effect of the long-term ageing
sensitivity of asphalt binder using two thermo-oxidative ageing approaches. More specifically,
based on the results of the tests performed, it was shown that both ageing approaches were
able to accelerate ageing to a certain extent. In order to meticulously evaluate the intensity of
the investigated ageing methods, an ageing sensitivity index was deployed. This can be used
to assess the severity of ageing with respect to the original unaged properties of the asphalt
binder. This index tool can be utilised to identify the ageing sensitivity of each ageing approach
with the increase in ageing duration. The ageing sensitivity index can be calculated according

to the following equation:

|(Evaluated parameter after ageing—Evaluated parameter before ageing)|

Ageing Sensitivity Index = 4.1)

Evaluated parameter before ageing

Figures 4.11 and 4.12 depict the calculated ageing sensitivity index for all the assessed
parameters. The increase in the ageing sensitivity index signifies the severity of ageing with
respect to the unaged condition and its resultant impact on each test parameter. Based on the
observed results, among the various ageing methods examined, PAV (40 h) demonstrated the
highest ageing sensitivity index. It is worth noting that the standard binder ageing protocol,
PAV (20 h), and the loose asphalt mixture aged for 5 days exhibited a very similar ageing index
during the rheological evaluation. Significantly, it is noted that the degree of ageing of the
loose asphalt mixture approach was slower as the ageing duration increased. According to the
literature, the surface of the aggregates can adsorb the most polar compounds of bitumen in
the fractions of asphaltenes and resins [180], [181]. The adsorption, along with the thermal
conductivity of limestone aggregates, could decelerate the oxygen diffusion in the studied
loose asphalt mixtures. On the other hand, extending the PAV duration to 40 hours
considerably accelerated the ageing level due to the repeated application of 2.1 MPa pressure
and a temperature of 100 °C. It is essential to highlight that such an extension in ageing
duration did not align with the ageing of the studied field-aged RAP binders in both
rheological and chemical analysis. Consequently, the extension of PAV duration demonstrated
a more pronounced ageing effect compared to all the investigated binders. Considering the
sum of all the calculated ageing sensitivity indices for the physical and rheological parameters,
PAV (40 h) showed 2.1 times the severity of PAV (20 h) and 1.7 times with LTA 9 days. Since
data on the unaged properties of field-aged binders were unavailable, RAP binders were

excluded from this specific analysis.
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In the chemical analysis, the carbonyl and sulfoxide indices of PAV (20 h) and PAV (40 h)
were relatively higher than those of the aged loose asphalt mixtures, indicating a high
sensitivity to ageing among the investigated aged binders. In particular, LTA 5 days and PAV
(20 h) showed mostly identical results from the physical and rheological analyses. The FTIR
spectroscopy analysis, on the other hand, demonstrated that the ageing sensitivity index for
the chemical parameters of PAV (20 h) was 2.3 times greater than that of LTA 5 days, indicating

a varying trend among the rheological and chemical behaviours of the asphalt binder.

Carbonyl Index

B LTA 9 days
B LTA 7 days
B LTA 5 days
W LTA 3 days
EPAV (40 h)
EPAV (20 h)

Investigated Parameter

Sulfoxide Index

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Ageing Sensitivity Index

Figure 4. 11 Ageing sensitivity index of the investigated chemical parameters.
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Figure 4. 12 Ageing sensitivity index of the investigated physical and rheological parameters.
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4.6 Summary and Conclusions

This study addressed a comprehensive evaluation of the effect of thermo-oxidative ageing
methods on asphalt binder, their correlation, and their relevance to field-aged binders. For this
purpose, two artificial ageing approaches were employed in the study, one on the binder and
another on the loose asphalt mixtures with distinct ageing durations. The impact of these
ageing methods on the behaviour of asphalt binder was investigated using physical,
rheological, and chemical characterization. The ageing degree caused by these ageing methods

was meticulously evaluated using an ageing sensitivity index.

Based on the results, it was observed that both ageing approaches for the asphalt binder
could significantly accelerate the ageing degree to a certain level with an increase in the
duration. The ageing sensitivity analysis signified that PAV (20 h), which is the standard binder
ageing protocol, and the loose asphalt mixture aged for 5 days demonstrated a very similar
ageing trend among the investigated rheological parameters. Alongside that, the intensity of
oxidative ageing in the loose asphalt mixture decreased after a certain level of ageing, and
further increments in the ageing duration did not escalate ageing severity compared to that of
PAV ageing. The adsorption of the polar compounds of bitumen on the aggregate surface,
along with the thermal conductivity of limestone aggregates, could account for decelerating
the oxygen diffusion in the loose asphalt mixtures. In this regard, a decline in the oxidation
rate was noticed in the cases of the LTA 7 days and LTA 9 days aged binders. The highest
ageing degree was observed in the PAV (40 h) aged binder, which was higher than that of all
the studied approaches and field-aged binders, showing the severity of such an ageing
procedure. On the other hand, the rheological and chemical properties of the loose asphalt
mixture ageing method provided an analogous relationship with the studied field-aged RAPs.
However, these observed trends might not be evident enough to predict the ageing degree of
certain years of field ageing phenomena and require further investigation. The FTIR
spectroscopy analysis revealed that the ageing methods influenced the functional groups
associated with ageing in distinct ways, even though they exhibited similar rheological
behaviour. The studied chemical indices of binder aged in the PAV for 20 and 40 h exhibited

significantly high values, which were not consistent with the field-aged binders.

Overall, it can be inferred that this study could yield significant insights into various
accelerated ageing methods for asphalt binders and their correlation with the standard ageing
protocol. Thermo-oxidative ageing methods are consistently employed to assess the long-term

performance and ageing characteristics of asphalt binders, whether they include modifiers or
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not. Contrastingly, several factors influence the ageing behaviour of asphalt pavement;
oxidative ageing remains a crucial aspect. Based on the results, it becomes evident that in order
to evaluate the ageing behaviour or long-term performance of any asphalt binder, it is essential
to consider the thermal properties of the mineral aggregates, as well as their composition
within the mixture, to gain a comprehensive understanding. Additionally, due to the absence
of a standardised ageing protocol for loose asphalt mixtures, this study opens significant
possibilities for comprehending the ageing mechanisms within these asphalt mixtures. This
comparative assessment of the loose asphalt mixture ageing protocol could lead to a way to
implement this approach to evaluate the ageing mechanism and long-term performance of dry
method modification in asphalt mixtures, which was considerably challenging to evaluate. It
provides a cohesive evaluation of the expected life cycle of a binder and thus allows us to
understand the service life and the time window of the life cycle of a binder due to its ageing.
However, the presented results are only valid for the specified type of bitumen, and further
investigation is recommended with modified binders and other mineral aggregates in loose
mixture ageing to gain a prolonged knowledge of the ageing mechanism and its associated
mixture-level performance. Further study on the influence of UV rays, along with thermo-
oxidative ageing, on loose asphalt mixtures is also recommended to gain a broader

understanding.
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Chapter 5
Multi-recyclability study: From a binder-scale perspective

5.1 Introduction

Asphalt pavement, a crucial component of modern infrastructure, has undergone
substantial evolution over decades [182]. Advancements in material composition, design
approaches, and construction methodologies have transformed traditional asphalt into a
highly engineered product capable of addressing the diverse requirements of modern
transportation systems [183]. In this context, asphalt modifications play a significant role in
enhancing the performance and durability of the pavement. Several polymers have been
introduced in the binder or asphalt mixture and successfully implemented to improve the
elasticity and resistance to deformation of the pavement [184]. Subsequently, the growing
trend towards sustainability has led to the incorporation of alternative materials in the
modification process. Considering the increasing issue of plastic waste and policies aimed at
reducing the reliance on virgin materials, waste plastic has been repurposed for use in asphalt
pavement as a modifier or aggregate replacement [185], [186]. Technological advancements
have made it less challenging to integrate recycled plastic into asphalt mixtures using either
dry or wet methods [125]. Several studies have demonstrated that the incorporation of recycled
plastic in asphalt mixtures can improve mechanical performance while reducing the overall
carbon footprint involved in the production process [187], [188]. Furthermore, the
incorporation of recycled plastic as a potential modifier has reduced the need for extracting
and processing costlier virgin materials, thereby improving resource efficiency [189].
However, within the context of the circular economy of asphalt pavements, the recyclability

of recycled plastic-modified pavement is also a vital factor to be considered.

5.2 Scope and Objectives of the chapter

The technical performance of recycled plastic-modified asphalt binders and mixtures has
been extensively studied. However, there are still some aspects that need to be addressed, such
as the recycling of reclaimed asphalt pavements containing asphalt modifiers like recycled
plastic. With the increasing trend of high RAP recycling, the importance of understanding the
characteristics of RAPs containing recycled plastic remains crucial. Currently, limited research

exists on this topic; therefore, this study aims to investigate the characterization and viability
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of multi-recycling recycled plastic-modified asphalt mixtures at a 50% recycling rate for three

life cycles through a binder-scale study.

5.3 Materials and methods

5.3.1 Materials

In this study, limestone aggregates were used to produce a dense graded asphalt mixture
for a wearing course. The design gradation used in this study was in accordance with an Italian
technical specification for the highways [174]. As for the asphalt binder, a paving grade
bitumen 50/70 was used in the study. The bitumen was selected based on firstly, the local
availability and secondly, as the commonly used binder in the production of asphalt mixtures

for the highways of the Sicily region in Italy.

Considering the main objective of this study, a recycled plastic asphalt modifier was used
for the modification of the asphalt mixture. The additive shown in Figure 5.1 was made of
recycled hard plastics and graphene nano materials so-called Graphene-enhanced Recycled-
Plastic additive, hereinafter (GRP). Some of the given technical properties are summarized in
Table 5.1. It is worth mentioning that the waste plastics used to produce this asphalt modifier
are hard plastics, such as toys, bins and baskets, plastic tables, etc., and not softer ones like

plastic bags and water bottles.

Figure 5. 1 Graphene-enhanced recycled plastic modifier.
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Table 5. 1 Technical properties of the Graphene-enhanced recycled plastic.

Properties Unit Value/Aspect
Material State - Granules
Colour - Black
Apparent density at 25 °C g/cm3 0.4-0.6
Softening Point °C 160-180

In addition, this study employed a bio-based rejuvenator, hereafter (R), composed of
vegetal derivatives as the recycling agent, as shown in Figure 5.2, considering the high
recycling rate during each cycle. The choice of the rejuvenator was based on material screening
according to the proven performance of the commercially available rejuvenators on the
market. Among many available rejuvenators, the quality and performance of this rejuvenator
have been examined in several broad research works that ascertained its choice. Some of the

technical properties of the rejuvenator are presented in Table 5.2.

Table 5. 2 Technical properties of the rejuvenator.

Properties Unit Value/Aspect
Material State - Liquid
Colour - Dark brown-purple
Density at 25 °C g/cm3 0.85-0.95
Viscosity at 25 °C cP 50-150
Flash point °C >200

Figure 5. 2 Bio-based rejuvenator.
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5.3.2 Research plan

Considering the objective of this research, two sets of asphalt mixtures were investigated:
i) unmodified asphalt mixtures as the control mixtures without any asphalt modifier, and ii)
recycled plastic-modified asphalt mixtures. The multi-recyclability of the asphalt mixtures was
evaluated by applying a defined research plan, shown in Figure 5.3. According to the defined
plan, a 50% recycling rate was considered at each recycling cycle. It is worth mentioning that
in addition to the binders extracted from the mentioned mixtures, as reference, bitumen 50/70
at unaged and aged states was also considered during the experimental work and the data
analysis. This study aimed to investigate the viability of multi-recycling via a comprehensive
binder-scale characterization. According to the literature, high RAP incorporation is restricted
due to the high stiffness of the aged binder, which is one of the prime reasons. Within this
context, the properties of RAP from recycled plastic-modified asphalt mixtures are still
unknown or not yet broadly researched. Responding to the lack of knowledge about the
circular economy of plastic-modified asphalt mixtures, the study of RAP from such a modified
asphalt mixture is inevitable. Currently, according to most of the Italian technical
specifications, the maximum allowable rate of RAP inclusion is 15-20% in the wearing
course. The choice of 50% RAP incorporation in the study was based on the foreseen level of
recycling in the Italian asphalt industry and the feasibility of the recycling approach in many
existing asphalt plants.

The abbreviations used for this study, along with their descriptions, are provided below:

e  Mix-CA™ long-term aged control asphalt mixture of the recycling cycle n; where n =
0,12

e  Mix-GRPA™ long-term aged GRP-modified asphalt mixture of the recycling cycle n;
wheren=0, 1, 2.

e CA™ extracted aged binder from Mix-CA", wheren=0, 1, 2.

e  GRPA™ extracted aged binder from Mix-GRPA", wheren=0, 1, 2.
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Figure 5. 3 Research plan.

5.3.3 Mix design

The mix design used in the study was according to an Italian technical specification [174]
for wearing courses with a nominal maximum aggregate size of 12.5 mm. The grading
distribution curve of the designed mix is demonstrated in Figure 5.4. The control mixture was
optimized using both the Superpave and Marshall methods. The volumetric characteristics of
the control mix were evaluated using the gyratory compacted cylindrical specimens up to a
gyration level of 210 gyrations. As per the technical specifications, determining air voids
content at specific gyration levels such as 10, 120, and 210 is crucial for approving mixtures
intended for use on highways. Based on this, as shown in Figure 5.5, the optimum binder
content was identified as 5% by the weight of the aggregates, which exhibited air voids content
within the recommended limits at these specified gyrations. Additionally, indirect tensile
strength (ITS) test was also performed on these specimens; the results of the test were within
the prescribed limit of the technical specification, which is presented in Figure 5.6. Moreover,
the Marshall stability of the control mixture with different binder contents was also studied

using Marshall specimens compacted with 75 blows at each side according to EN 12697-34,
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and the results are shown in Figure 5.7. The analysis of the volumetric characteristics of
Marshall compacted specimens with different binder contents is illustrated in Figure 5.8.

Hence, all these studied factors affirmed the quality of the mix design.
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Figure 5. 4 Mix design gradation.
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Figure 5. 5 Volumetric characteristics based on Superpave method.
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Figure 5. 8 Air voids content based on Marshall mix design.
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Furthermore, for the mix design of the asphalt mixture containing recycled plastic asphalt
modifier, 6% GRP (on the weight of the bitumen) was added to the mixture using the dry
method, maintaining a total binder content similar to that used in the control mixture. During
mixing, as shown in Figure 5.9, the GRP granules were added to hot aggregates and
maintained in an oven at a temperature of 170 + 5 °C for approximately 1 hour until they

softened before adding hot bitumen maintained at 160 °C.

Figure 5. 9 GRP granules placed over the hot aggregates.

5.3.4 RAP manufacturing

Although evaluating the properties of in situ aged RAP is vital in any recycling study, due
to the theme of the research, which deals with multiple recycling and controlling the
consistency of the RAP, artificial RAP was manufactured. In addition, the introduced GRP
modifier is a novel product, yet the corresponding RAP was not available. Therefore, such
modified asphalt mixtures need to be produced in the laboratory to simulate the properties of

RAP.

For this purpose, to produce RAP, both sets of asphalt mixtures, the control and testing
asphalt mixtures, were artificially aged following the loose asphalt mixture ageing protocol
based on the findings of Chapter 4. The unmodified asphalt mixture and the GRP-modified

asphalt mixture were prepared according to their respective mix designs. After mixing, both
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asphalt mixtures were placed in separate trays with a maximum thickness of 25 mm. The trays
were then placed in an oven at 135 °C for 4 hours to simulate short-term ageing. Subsequently,
they were cooled down and kept at 95 °C for 5 days to simulate long-term ageing. This ageing
technique was utilised because it can deliver a more accurate simulation of the ageing
happening in the viscoelastic component of the asphalt mixtures, i.e., the binder, and thus
provide an enhanced understanding of the ageing mechanisms. The same procedure was
applied at each ageing cycle for producing the RAP of the recycled mixtures for the next
recycling cycles. At the end of the ageing procedure, the aged binder was extracted by the
standard binder extraction and recovery method. Tetrachloroethylene was the solvent used for

the extraction, and the distillation was done by means of rotavapor.

5.3.5 Binder ageing

The properties of bitumen 50/70 were considered as the reference during the optimisation
of the rejuvenator and the recycling process. As indicated in Figure 5.3, in order to have the
aged reference properties, a widely accepted protocol that simulates short-term ageing and
long-term ageing was also considered. The short-term ageing (STA) was performed using a
Rolling Thin Film Oven (RTFO) according to EN 12607. Afterward, the long-term ageing of
bitumen was carried out using a pressure ageing vessel (PAV) according to EN 14769. For this
purpose, 50 g of STA binder was placed on a circular tray and kept in the PAV at a conditioning
temperature of 100 °C with a pressure of 2.1 MPa for 20 hours.

5.3.6 Multiple recycling

The multi-recycling of the asphalt mixtures containing 50% RAP was simulated by using
multiple ageing and recycling of the mixtures using the loose mixture ageing protocol. During
each cycle of asphalt mixture recycling, 50% RAP from the prior cycle and 50% virgin materials
were used. It is worth mentioning that since the study was developed at the binder scale, the

extracted binders were recycled three cycles after each cycle of mixture ageing.

The required properties of the mixtures were achieved using the rejuvenator optimised
for each cycle of recycling. The rejuvenator was added to the hot unaged (virgin) bitumen at
160 °C based on the weight of the aged binder content. The asphalt binder blend was then
stirred manually for approximately 1 minute. Finally, to provide consistency and
homogeneity, the blend was kept in the oven for 10 minutes. The rejuvenator dosage was
optimised based on the equi-shear modulus temperature (Tsrsv) using the Binder Fast

Characterization Test (BTSV), along with a complementary upper critical temperature (Tc) to
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ensure that the optimised binder's upper PG range falls within the target range. The innovative
rejuvenation scheme used in the study is presented in Figure 5.10. In addition, the dosage was
additionally controlled by other tests, such as standard penetration and softening point
temperature, as a commonly used approach for the optimisation of the rejuvenators in Europe.
For this purpose, initially, different dosages of rejuvenator were added to the extracted aged
binders, and the blends were tested and compared with the reference bitumen values. Table

5.3 shows the optimized dosages of the rejuvenator used at each cycle of recycling.
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Figure 5. 10 Rejuvenation scheme used in the study.
Table 5. 3 The optimum dosage of the rejuvenator for each cycle of recycling.

. Optimum _ . Optimum
Binders from the Cycle of cfosa o* Binders from the  Cycle of dIZ)sa o
Control mix Rejuvenation © ;5 Testing mix  Rejuvenation © /%

o o
CA°+R 1 4.5 GRPA®+R 1 55
CA'+R 2 4.5 GRPA!'+R 2 4.5
CA2+R 3 4.4 GRPA?+R 3 44

*The dosage of rejuvenator is on the weight of the aged binder

5.3.7 Testing methods

According to the objectives of this research, the experimental plan shown in Figure 5.3
consisted of a full binder scale characterization by means of both conventional tests and
complementarily rheological analysis using a dynamic shear rheometer (DSR). In addition to

the physical and rheological analysis, the binders were chemically characterised using Fourier
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transform infrared (FTIR) spectroscopy. All the tests were carried out according to the

European standard testing methods.

5.4 Results and discussion
5.4.1 Penetration test

During the penetration test, the average of five readings was considered to determine the
penetration values, which are shown in Figure 5.11. According to the results of the penetration
test, the binders extracted from both the long-term aged control asphalt mixture Mix-CA° and
the long-term aged GRP modified mixture Mix-GRPA® have shown similar penetration values.
These values were also similar to the reference aged (RTFO + PAV) Bit. 50/70. Although, during
the first cycle of rejuvenation, different dosages were used (optimized), it can still be seen that
the penetration values of the extracted binder from GRP-modified asphalt mixtures are
comparable with the binder extracted from the control mixture and the reference Bit. 50/70. In
the further cycles of ageing and recycling, the dosages used for rejuvenations were the same,
and the obtained values were comparatively similar to the extracted binders from the control
mixture and reference Bit. 50/70. Having such values, it can be stated that except for the first-
round results that are impacted by the modification, the extracted binders of the further cycles

are similar.

GRPAZ+R 58
GRPA? [HEEErrrrrrddaezd 25
GRPA!+R 57

GRPA! [EErradiitd 24
GRP A + R R ] 53
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§ CA2 23
2 CA'+R 51
CA! 21
CA+R 56
CAO 21
LTA Bit. 50/70 21
Ref. Bit. 50/70 53
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Penetration (dmm)

Figure 5. 11 Penetration values.
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5.4.2 Softening point test

The results of the softening point test are summarised in Table 5.4. Considering the
obtained values, the extracted binder from the long-term aged GRP-modified asphalt mixture,
Mix-GRPA?, showed a higher softening point compared to the extracted binder from the
control mixture, CA%, and the LTA Bit. 50/70. It is noteworthy that the higher softening point
was also recorded for the binder extracted from the GRP-modified asphalt mixture
immediately after the production, where 55.3 °C was obtained compared to 51.7 °C for the
control mixture. The increase in the softening point of GRPA® was expected due to the addition
of the GRP additive. This higher performance with the GRP additive, in fact, would allow a
higher resistance to permanent deformation of the mixture. Considering the target of this
research to bring back the properties to the original one, at the first cycle of recycling, a
comparatively higher dosage of rejuvenator, shown in Table 5.3, was used for the binder
GRPA?. Accordingly, during the further phases of ageing and recycling, the used rejuvenator
dosage (optimised dosage) and softening point values of the extracted binders were
comparable. From another point of view, it was noted that the mixtures containing rejuvenator
from the last cycle show less susceptibility to aging. This can be seen where, for both sets of

the extracted binders, the softening point values are less than the cycle before.

Table 5. 4 Softening points of the binders.

Reference Softe.mng Binders from the Softe.mng Binders from the Softe.mng
binders Point Control mix Point Testing mix Point

Q) Q) 8 Q)
LTA Bit. 50/70 60.8 CA® 60.8 GRPA? 62.5
Ref. Bit. 50/70 49.6 CAO+R 49.7 GRPA?+R 50.2
LTA Bit.50/70 60.8 CA? 60.6 GRPA! 59.4
Ref. Bit. 50/70 49.6 CAI+R 50.3 GRPA'+R 49.3
LTA Bit. 50/70 60.8 CA? 58.6 GRPA? 58.5
Ref. Bit. 50/70 49.6 CA2+R 49.2 GRPA2+R 48.8

5.4.3 Dynamic viscosity test

According to the results shown in Figures 5.12 and 5.13, the extracted binders of both sets
of testing and control asphalt mixtures showed the same trend after each ageing and recycling
cycle. The trend recorded was very similar to the penetration and softening point tests. It is

noteworthy that, as it was expected due to the presence of GRP, the binder extracted from the
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first round aged modified mixture, GRPA?, showed a higher viscosity compared to the control

mixture. However, after the first cycle of recycling, the extracted binder from both control and

GRP-modified mixtures performed comparably, and the same optimum dosage of the

rejuvenator was optimised for recycling the aged binders at recycling cycles 2 and 3.
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Figure 5. 12 Dynamic viscosity of the binders from the control asphalt mixture.
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Figure 5. 13 Dynamic viscosity of the binders from the GRP-modified asphalt mixture.
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5.4.4 Temperature Sweep test

Figures 5.14 and 5.15 display the loss factor curves of the binders, while Figures 5.16 and
5.17 illustrate the isochronal plots of the binders in terms of the complex shear modulus.

According to the obtained results, the following observations can be drawn:

e As expected, both short-term and long-term ageing increased the stiffness of the
reference Bit. 50/70; however, within the loss factor figure, the significance of short-
term ageing is more visible compared to other testing methods.

e  None of the recycled binders, neither the control mix binders nor the GRP mix binders
were shown to have the same loss factor plots compared to the Ref. Bit. 50/70 virgin
bitumen. It is worth mentioning that if a higher dosage of rejuvenator had been added
during the recycling cycles, the binders would become excessively soft, and the
corresponding mixtures would be susceptible to rutting. This fact is also attested by
the loss factors at high temperatures, where the recycled binders showed similar loss
factors at these temperatures.

e It is noteworthy that despite the difference between the recycled binders’ loss factor
curves and Ref. Bit. 50/70 at unaged (virgin) state, the aged binders showed very
similar curves after long-term ageing with the PAV aged bitumen 50/70 (LTA Bit.
50/70).

e Regardless of the Ref. Bit. 50/70, as it was observed via other testing methods, the
extracted binders from the control and the GRP-modified asphalt mixtures after the
first cycle of recycling showed comparative performance.

e Not similar to the loss factor plots, the G* isochronal plots of the extracted binders
from the aged/recycled control and testing asphalt mixtures were comparable to the
reference bitumen 50/70 in its un-aged state. This could assure the accuracy of the

optimised rejuvenator dosage.
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Figure 5. 14 Loss factor versus temperature curve of the binders from the control asphalt mix.

1000

100

Loss Factor

10

Ref. Bit. 50/70
STA Bit. 50/70
——LTA Bit. 50/70
—— GRPA®
——GRPA®+R
——GRPA!
GRPA!+R
——GRPA?
——GRPA2+R

10 20 30 40 50 60 70 80 90

Temperature (°C)

100

Figure 5. 15 Loss factor versus temperature curve of the binders from the GRP-modified asphalt mix.
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5.4.5 Upper Performance Grading

The upper-performance grading of the samples was tested to confirm the performance of
the binders at high temperatures. The test results are summarized and compared in Table 5.5.
According to the obtained results, the upper PGs complied with the trend obtained via
softening points and loss factors. Similar to the other tests’” results, the PG values showed that
the presence of the GRP increased the upper PG value as a modifier. At each recycling cycle,
the addition of the rejuvenator reduced the PG of the binders extracted from the control and

the testing mixture to the target value of reference bitumen 50/70.

Table 5. 5 Upper Performance Grading.

Upper Upper Upper Upper Upper Upper

Binders Binders

Reference PG  Critical PG Critical PG Critical
] from the from the
binder Temp. Control mix Temp. Testing mix Temp.
(°C) (°O) (°Q) °O) (°C) (°O)
LTA Bit.50/70 76 80 CA0 76 80 GRPA? 82 82.2
Ref. Bit. 50/70 64 67.5 CA°+R 64 68.5 GRPA%+R 70 70.6
LTA Bit.50/70 76 80 CA? 76 80.1 GRPA! 76 78.4
Ref. Bit. 50/70 64 67.5 CAT+R 64 69.4 GRPA!+R 64 68.0
LTA Bit.50/70 76 80 CA2 76 78.2 GRPA? 76 78.4
Ref. Bit. 50/70 64 67.5 CA2+R 64 68.3 GRPA2+R 48.8 68.2

5.4.6 Binder Fast Characterization test

The BTSV test results in terms of equi-shear temperature and phase angle are summarised
in Table 5.6. As it can be seen, not only the equi-shear temperatures but also the respective
phase angles obtained at the optimum dosage of the rejuvenator were comparable. This could
also confirm the quality and right dosage of rejuvenator in recovering the rheological
parameters that have been considered during the rejuvenator optimisation in this study.
Moreover, the obtained equi-shear modulus temperature of all the binders was similar to their

corresponding softening point values.
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Table 5. 6 BTSV results.

Reference Tersv  Osrsv Binders from the Tsrsv Osrsv Binders from the Tsrsv  Osrsv
binder (°C) (°) Control mix ) Testing mix (°C) ()
LTA Bit. 50/70 61.0 81.9 CA0 60.9 82 GRPA?Y 62.2 81.7
Ref. Bit. 50/70 499  85.3 CA°+R 499 828 GRPA°+R 504  83.2
LTA Bit. 50/70 61.0  81.9 CA! 60.8 81.7 GRPA! 59.1 81.9
Ref. Bit. 50/70 49.9 85.3 CAT'+R 50.1 82.2 GRPA!+R 49.2 82.7
LTA Bit. 50/70 61.0 819 CA2 58.7 81.6 GRPA2 58.6 82
Ref. Bit. 50/70 499  85.3 CA2+R 494 823 GRPA2+R 48.7  82.7

5.4.7 Fourier Transform Infrared spectroscopy

The obtained spectra of all binders are shown in Figures 5.18 and 5.19. In addition, the
calculated values of sulfoxide and carbonyl indices are summarised in Table 5.7. As shown in
the literature, comparing the spectra of the reference bitumen unaged and LTA aged, it can be
clearly seen how the oxidation is represented by increasing the peaks of the sulfoxide and
carbonyl bands. This phenomenon was also observed for the binders of both control and
testing mixtures to different extents. Adding the rejuvenators at each cycle of recycling could
also restore some of the chemical properties, especially at the first cycle of recycling, where
both oxidation representative bands were reduced compared to the original state. However,
the same trend was not observed during all the recycling cycles. This could be due to, firstly,
the chemical components and nature of the rejuvenators and the recycled plastic modifier, and
secondly, the dosage of the rejuvenator, which has been reported in several studies. From
another point of view, the significance of the rejuvenation impact was not the same for both
sets of binders, but still, the same trend can be observed considering each cycle of ageing and
rejuvenation. Overall, it is worth mentioning that for further information and quantifying the
impact of the recycled plastic modifier, particularly the dry method, a further chemical
investigation should be carried out, i.e., different dosages of the asphalt modifier, which was

out of the scope of this research.
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Absorbance (a.u.)

Table 5. 7 Calculated values of sulfoxide and carbonyl indices.

Binders Sulfoxide Index (SI) Carbonyl Index (CI)
Ref. Bit. 50/70 0.16 0.08
LTA Bit.50/70 0.58 0.36
CA?° 0.60 1.13
CAO+R 0.15 0.08
CA! 0.36 0.19
CAT+R 0.31 0.26
CA2 0.29 0.59
CA2+R 0.25 0.62
GRPA? 0.36 0.26
GRPA? + R 0.33 0.21
GRPA? 0.31 0.37
GRPAT+R 0.19 0.41
GRPA? 0.23 0.32
GRPAZ2+R 0.23 0.34
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Figure 5. 18 Average obtained spectra of binders extracted from the control asphalt mixtures.
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Figure 5. 19 Average obtained spectra of binders extracted from the GRP-modified asphalt mixtures.

5.5 Summary and Conclusions

In this study, the potential multi-recyclability of asphalt mixtures was investigated via
binder-scale characterization, where three sets of data were compared and analysed. These
three sets comprise i) a reference bitumen 50/70, ii) the extracted binders from a control
mixture without any asphalt modifier, and iii) the extracted binders from a mixture containing
recycled plastic asphalt modifier. The recycling rate was 50%, and the mixtures were designed
and optimised based on the Italian specifications for a dense-graded wearing course. The
study was structured to include three recycling cycles of the aforementioned materials. In this
case, analysing the obtained results, it can be seen that, as a modifier, the recycled plastic
asphalt additive increases the softening point, upper PG, and equi-shear modulus
temperature. However, in this study, it should be considered that since the method of
modification was the dry method (process), the asphalt mixture mixing and manufacturing
process could also impact the mentioned properties. Moreover, at the first cycle of recycling,
a slightly higher dosage of rejuvenator was found to be optimal for the binder extracted from
first-cycle aged GRP-modified asphalt mixtures. This was because the modifier enhanced the

properties of the mixture. During the following cycles, the same dosages of rejuvenator were
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found to be optimal for both control and testing mixtures. Furthermore, the rheological
analysis has shown that optimising the rejuvenator is a critical factor in asphalt recycling,
especially for mixtures with high RAP content. The non-optimal dosage can lead to an adverse
effect on the properties of the asphalt binder and the produced asphalt mixture. Accordingly,
a complete rejuvenator optimisation should encompass the properties of bitumen from
different aspects and at different temperatures. In addition to the physical and rheological
properties, the extracted binders with and without the modifier, at different cycles of ageing
and rejuvenation, were chemically characterised by means of FTIR spectroscopy. Although the
technique provided a clear image of the ageing impact on the reference bitumen, the same
impact was not observed at all three cycles of rejuvenation for the extracted binders, but the
influence of the rejuvenator was clearly observed by the reduction in the carbonyl and
sulfoxide bands. Finally, the binders corresponding to the reclaimed asphalt containing the
introduced recycled plastic modifier showed similar or comparable properties to the binders
of the control mixtures without asphalt modifier. This has been recorded at all three recycling
cycles of the extracted binders. Overall, through the obtained results and analysis, it is possible
to immediately understand that the partial substitution of virgin materials with recycled ones
can provide end products that have similar, or in some cases, depending on the investigated

property, better performance than the conventional ones.

Now, bearing in mind the importance of the sustainability and circular economy
implications of the pavement engineering sector, the relevance of this study becomes obvious.
The pavement engineering industry exploits tremendous amounts of natural, non-renewable
resources during the extraction of the materials, their transport, the production of binders,
and, of course, asphalt mixtures. The impacts even extend up to the construction of pavements
and eventually their end of life. Keeping this in mind, and in order to shift towards a more
circular and sustainable way of conducting business, the potential multi-recycling of materials
is of paramount importance. It is worth reiterating that in this study, a novel ageing technique
was utilised because it can deliver a more accurate simulation of the ageing happening in the
viscoelastic component of the asphalt mixtures, i.e., the binder, and thus provide an enhanced
understanding of the ageing mechanisms. Hence, overall, it is proven that for the asphalt
binders investigated, it is possible to expect at least 3 life cycles of service life with a
performance that falls well inside the acceptable window of the performance of conventional
binders. In other words, any asphalt binder can have a tremendous potential for multi-
recyclability, given that the optimal amount and appropriate type of rejuvenator are selected

and used according to a proper rheological characterization. This paradigm can enable a
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plethora of opportunities for the involved stakeholders and the relevant decision-makers
towards the actual implementation of the circular economy by cutting down on the usage of
virgin materials, transport costs, and distances, and allowing a product to be present in the
market for a longer period of time without losing its value or performance. Obviously, this is
a lab-scale investigation, proving the ability to recycle conventional and plastic-modified
asphalt mixtures for at least 3 life cycles based on a binder-scale investigation without any

mechanical performance degradation.
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Chapter 6
Multi-recyclability study: From a mixture-scale perspective

6.1 Introduction

The global shift towards a circular economy (CE) is driven by its regenerative growth
model, aimed at addressing environmental, climatic, and economic challenges. Its goal is to
expedite the transition from the traditional linear economic model to a CE that ensures
resource availability while minimising waste generation through sustainable practices [29],
[152]. In particular, CE promotes the recirculation of materials and energy within the same
(closed-loop) or alternative product system (open-loop) [153]. The significance of the CE in
reflecting on society's development is also evidenced by the activities and outcomes of the
technical committee of ISO/TC 323 “Circular Economy” [190]. Furthermore, the
implementation of circular economy principles and sustainability in asphalt pavement
construction has prompted exploring cost-effective and eco-friendly alternatives. Asphalt
recycling is one such promising alternative, as the use of reclaimed asphalt pavement (RAP)
in new asphalt production reduces the demand for non-renewable resources, energy
consumption, environmental pollution, waste accumulation, and production costs [15], [41],
[153]. However, technical issues concerning production, mechanical performance, and
durability have restricted the high rate of RAP incorporation in asphalt mixtures, even though

it is beneficial [10].

Besides, unpredictable weather conditions and increased traffic volume have influenced
the service life and performance of asphalt pavements, leading to pavement deterioration such
as rutting, fatigue cracking, and thermal cracking. Consequently, polymer modification has
been adopted as a feasible approach to address these premature pavement distresses [12]. It
involves the integration of various polymers into either asphalt binders or mixtures to enhance
its properties, such as durability, elasticity, resistance to ageing and deformation, thus
contributing to the overall quality and extended service life of the pavement structure [90],
[91]. In asphalt modification, polyethylene (PE), ethylene-vinyl acetate (EVA), polypropylene
(PP), styrene-butadiene-styrene (SBS), styrene-isoprene-styrene (SIS), styrene-butadiene-
rubber (SBR), and styrene-ethylene/butylene-styrene (SEBS) are the most widely employed
polymers [191]. The application of these polymers has the potential to improve either the
mechanical performance of the asphalt concrete or the rheological characteristics of the asphalt
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binder, depending on their type and method of application [22]. However, the cost of polymers
and their modification methods can be a significant concern, as high-quality polymers and
their modification processes tend to be more expensive, thereby contributing to the overall

expenses of road construction [98].

Meanwhile, the increasing concern over plastic waste generation, estimated at
approximately 300 million metric tonnes annually worldwide, along with its inherently low
biodegradability, has prompted the exploration of innovative applications for effectively
repurposing plastic waste [17], [18], [192]. Consequently, asphalt practitioners and researchers
have shifted their emphasis towards incorporating waste plastic into asphalt concrete, thereby
addressing the issue of plastic waste to some extent while also enhancing the performance of
asphalt concrete through plastic modification. The recycled plastics can be incorporated into
asphalt mixtures via two methods: the wet method and the dry method [193]. In the wet
method, recycled plastic is directly introduced to the bitumen and blended with the aid of a
high-shear mixer, typically at high temperatures ranging from 160 to 180 °C. The rheological
properties of the bitumen can be improved using a typical dosage of 1-8% recycled plastic,
based on the weight of the bitumen, and thereby it could enhance the pavement performance
at high, intermediate, and low temperatures [19], [109]. Several studies indicated that the
addition of recycled polyethylene terephthalate (PET) via wet method can increase the rutting
resistance, bonding strength [123], moisture susceptibility, low temperature properties [124]
and cracking resistance [125]. In addition, binder modification with low density-polyethylene
(LDPE) has showed an enhanced impact on workability, resistance to rutting, antistripping
and adhesive strength [126], [127]. However, this approach of modification is limited to
recycled plastics with a considerably low melting point. Some studies reported that although
adding recycled plastics enhanced binder qualities, some, such as PVC, could emit harmful

chloride emissions, making them unsuitable for binder modifications [128].

While in the dry method, recycled plastic can be introduced directly to preheated mineral
aggregates prior to being mixed it with bitumen in the production of asphalt concrete. On the
basis of the characteristics and type of recycled plastic, such modifications can be served as
either a partial substitute for aggregate or as a modifier for asphalt binder or mixture [14]. It
has been stated that incorporating recycled plastic using the dry method could also effectively
enhance the mechanical characteristics of asphalt concrete. There are several recycled plastics
being incorporated using this approach despite of their melting point [130]. For instance,
several studies indicated that the addition of recycled polyethylene via the dry method to the

asphalt mixture showed improvements in compactability, rutting resistance, and fatigue
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cracking resistance [21], [134], [194]. In a study, two different recycled plastic modifiers were
studied using the dry method. The findings of their study showed that the stiffness modulus,
rutting resistance, and fatigue cracking properties of both the asphalt mixtures modified with
recycled plastics were similar to those of the reference SBS-modified mixture [132]. From an
environmental perspective, recycled plastic incorporation raised a concern over health and
safety of the road workers. In response to this, Boom et. al conducted a study investigating the
release of carcinogenic compounds from asphalt modified with recycled plastic additives. The
findings of their study suggested that recycled plastic-modified asphalt reduces the non-

carcinogenic and carcinogenic risk compared to the conventional asphalt [136].

The potential recyclability of plastic-modified asphalt is worth investigating from the
perspective of a circular economy. In this regard, Lu et al. studied the recyclability of plastic-
modified asphalt mixtures without a rejuvenator and found that asphalt mixtures containing
30% RAP from plastic-modified asphalt exhibited no detrimental effects on rutting and
cracking performances [24]. However, the increasing prevalence of incorporating waste
plastics into asphalt as modifiers necessitates further research to better comprehend the

potential recyclability of pavements modified using such alternatives.

6.2 Scope and Objectives of the chapter

The literature extensively explored the efficiency of various recycled plastics in enhancing
the rheological and mechanical performance of asphalt binders and mixtures. However,
certain aspects, such as the characteristics of RAPs containing recycled plastics and their
recyclability, are some of the missing information that needs to be addressed. It is crucial to
gain a comprehensive understanding of RAP-containing recycled plastic modifiers,
considering the increasing trend of incorporating recycled plastic as an asphalt modifier and
the significance of RAP recycling. Currently, limited research exists on this topic; meanwhile,
the multi-recyclability of asphalt mixtures has not been properly investigated. Therefore, the
present study focuses on investigating the feasibility of multi-recycling the asphalt mixtures,
with and without a recycled plastic modifier, at a 50% recycling rate for two recycling cycles

using a comprehensive volumetric and mechanical performance evaluation.

6.3 Materials and methods

6.3.1 Materials

In this study, limestone aggregates in various fractions were used based on local

availability. It was observed that these aggregates are commonly utilised for highway
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construction in the southern region of Italy. Table 6.1 summarises the characteristics of the
aggregates and the particle size distribution of the aggregates can be found in Appendix A.
Moreover, in this research, a paving grade bitumen with a penetration of 50/70 was utilised.

Table 6.2 provides some of the physical properties of the bitumen.

Table 6. 1 Characteristics of the aggregates.

Properties Unit Value Standard

Apparent density of aggregates ~ g/cm? 2.80 EN 1097-6
Resistance to fragmentation % 20 EN 1097-2
Flakiness index % 7 EN 933-3

Sand Equivalent % 88 EN 933-8
Polished stone value PSV 46 EN 1097-8

Table 6. 2 Properties of the bitumen.

Properties Unit Value Standard

Density at 25 °C g/cm3 1.03 EN 15326
Penetration dmm 53 EN 1426
Softening point °C 49.6 EN 1427
Dynamic viscosity at 135 °C Pa.s 0.43 EN 13302
Fraass breaking point °C -6 EN 12593

Furthermore, the study used an innovative recycled plastic modifier, as shown in Figure
5.1 in the previous chapter, to modify the asphalt mixture. The modifier, referred to as
graphene-enhanced recycled plastic (GRP), was already described in detail in the previous
chapter, which comes in pellet form, typically ranging from 3 to 5 mm in size. In this study, a
bio-based commercial rejuvenator, referred to as R, was used as the recycling agent, chosen
based on its proven performance in previous research. The technical properties of the

rejuvenator were already described in the previous chapter.
6.3.2 Experimental plan

The experimental plan aimed to assess the feasibility of multi-recycling the asphalt
mixture modified with recycled plastic, as compared to the conventional mixture. Figure 6.1
presents the experimental plan for this research, which included two sets of asphalt mixtures:
unmodified and GRP-modified asphalt mix. The study focused on evaluating the recyclability

of these mixtures, at a recycling rate of 50% for two recycling cycles through comprehensive
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volumetric and mechanical performance characterization. The abbreviations used for the

studied mixtures, along with their descriptions, are provided below:

CA-0: unmodified asphalt mixture (conventional asphalt mix), consisting of 100%
virgin materials.

CA-1: First-cycle recycled mixture of the conventional mix, consisting of 50% RAP of
CA-0 and 50% virgin materials, along with a rejuvenator.

CA-2: Second-cycle recycled mixture of the conventional mix, consisting of 50% RAP
of CA-1 and 50% virgin materials, along with a rejuvenator.

GRPA-0: asphalt mixture modified with recycled plastic, consisting of 100% virgin
materials and GRP modifier.

GRPA-1: First-cycle recycled mixture of the recycled plastic-modified asphalt mix,
consisting of 50% RAP of GRPA-0 and 50% virgin materials, along with a rejuvenator.
GRPA-2: Second-cycle recycled mixture of the recycled plastic-modified asphalt mix,
consisting of 50% RAP of GRPA-1 and 50% virgin materials, along with a rejuvenator.

Types of asphalt mixtures J

I I

Unmodified asphalt mixture ] [ Recycled plastic-modified asphalt mixture ]

CA-0
[100% Virgin materials]

CA-2
[50% RAP-CA-1 +50%
Virgin materials + R]

GRPA-0
[100% Virgin materials
+ GRP modifier]

GRPA-1
[50% RAP-GRPA-0 + 50%

Virgin materials +R]

GRPA-2
[50% RAP-GRPA-1 + 50%

Virgin materials + R]

CA-1
[50% RAP-CA-0 +50%
Virgin materials + R]

Recycling Stage-0

»

Artificial ;|

Recycling Stage-1

Recycling Stage-2

A

Recycling Stage-0

Artificial :

Recycling Stage-1

i i Artificial Artificial
4 RAP | 4 RAP 4 RAP | 4 RAP
production : production : production : production :

Recycling Stage-2

»

—--Testingmethods- —  —— — — - —

‘ Volumetric properties

’ ‘ Indirect Tensile Strength (ITS) ’ ‘

Wheel Tracking test

Indirect Tensile Fatigue Test (ITFT)

[Indirect Tensile Stiffness Modulus (ITSM)]

[ Indirect Tensile Strength Ratio (ITSR) ]

Figure 6. 1 Experimental plan.
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6.3.3 Mix design and sample preparation

The mix design for unmodified and GRP-modified asphalt mixtures was carried out in
accordance with the Italian technical specifications for highways [174]. In this study, both
asphalt mixtures were prepared for a dense-graded wearing course with a nominal maximum
aggregate size of 12.5 mm. Figure 6.2 presents the grading distribution curve of the designed
mix. For the unmodified asphalt mixture, the binder content was optimised based on the
Superpave volumetric method, which resulted in an identified binder content of 5% by weight
of the aggregates. The specimens prepared using the gyratory compactor demonstrated 4 +
0.5% air voids at 120 gyrations, adhering to the recommended limit prescribed by the technical

specification.

Meanwhile, the recycled plastic-modified asphalt mixture was prepared using the same
mix gradation as previously stated. The GRP modifier was incorporated into the asphalt
mixture via the dry method; specifically, 6% GRP modifier by weight of bitumen was added
to the hot aggregates approximately 1 hour prior to the mixing phase with bitumen. This
process enables the recycled plastic granules to soften, enhancing the workability of the
mixture. Furthermore, a total binder content of 5% by weight of aggregates was used for
producing the GRP-modified asphalt mixture, and a mixing temperature of 170 + 5 °C was
employed based on the softening point of the GRP granules. The detailed descriptions of the
mix design and sample preparation for recycled mixtures are reported in the subsequent

section.
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Figure 6. 2 Grading distribution curve of the mix.
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6.3.4 Artificial RAP production

Considering the crucial aspect of this research regarding the recyclability of recycled
plastic-modified asphalt mixtures, it is essential to study the characteristics of the RAP coming
from plastic-modified asphalt pavements. In this study, an innovative recycled plastic,
specifically the GRP modifier, was utilised for the modification of the asphalt mixture.
However, RAP sources from GRP-modified asphalt pavements were unavailable, so the study
necessitated manufacturing such RAP within the laboratory. Moreover, this research utilised
the dry method approach for incorporating the GRP modifier into the asphalt mixture, as there
is no established standard protocol for ageing loose asphalt mixtures. Although multiple
factors influence the ageing process of asphalt concrete, thermo-oxidative ageing is one of the
predominant factors among them. Therefore, this study employs a loose asphalt mixture
ageing protocol based on the findings of Chapter 4 to simulate the effects of ageing and the
end-of-life scenarios on both the asphalt mixtures, unmodified and GRP-modified, to provide

a comprehensive understanding of their characteristics.

In order to prepare the RAPs, the unmodified asphalt mixture and the GRP-modified
asphalt mixture were produced according to their defined mix design. After the mixing
process, these two asphalt mixtures were placed in separate trays with a maximum thickness
of 25 mm. The trays were then kept in the oven at 135 °C for 4 hours to simulate the short-term
ageing. Afterwards, the trays were taken out to cool, and to simulate the long-term ageing
effect, the trays were again kept at 95 °C for 5 days in the oven. The procedure was repeatedly

applied to produce RAPs of both the recycled mixtures for their further recycling stages.

6.3.5 Simulation of multiple recycling

The research comprehensively evaluates the viability of recycling asphalt mixtures, with
and without a recycled plastic modifier, to ascertain if these mixtures can be effectively
recycled multiple times in a comparable manner. To achieve this goal, as shown in Figure 6.1,
a systematic approach was formulated to assess their recyclability, which involves multiple
ageing and recycling phases with a consistent recycling rate of 50% at each cycle. Initially, both
asphalt mixtures were prepared according to their defined mix designs. Subsequently, the
subsets of these mixtures were subjected to the accelerated ageing process explained in the
former section to produce their respective RAPs. The recycling process involves systematically
using 50% RAP from the preceding cycle along with 50% virgin materials (aggregates and

bitumen) to produce their subsequent recycled mixtures. For instance, GRPA-1, the first
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recycling cycle for the plastic-modified asphalt mixture, was produced by combining 50%
virgin materials with 50% RAP derived from the GRPA-0 mix, along with an optimised
rejuvenator dosage. The process is repeated for its second recycling cycle, where, in this case,
the recycled mixture is composed of 50% virgin materials and 50% RAP derived from the
GRPA-1, along with an optimised dosage of rejuvenator. The same methodology was applied

to recycle the conventional mixture as well.

The mix design for all the recycled mixtures, regardless of the recycling cycle, was kept
similar to that of the conventional asphalt mix. This approach was chosen for comparative
analysis with the conventional asphalt mix and to better understand the activation level of
aged binders in the RAPs during recycling. Consequently, an optimal binder content of 5% by
weight of the aggregates was maintained for all recycled mixtures at both cycles. Considering
a 50% recyclability rate, 2.5% virgin bitumen (based on the weight of the total mixture) along
with an optimised dosage of rejuvenator was added at each stage of recycling under the
assumption that the remaining portion of binder from RAP would fully activate upon the
mixing phase and blend with bitumen. Furthermore, before the mixing phase, the optimised
rejuvenator dosage was added to the pre-heated virgin bitumen at 160 °C. Subsequently, the
bitumen-rejuvenator blend was manually stirred for about 1 minute and then placed in an
oven at the mixing temperature of 160 °C for 10 minutes to ensure consistency. Table 6.3
summarises the optimised dosages of rejuvenator used in the study to attain the targeted

characteristics for the recycled mixtures at each cycle, based on the findings from the previous

chapter.
Table 6. 3 The dosage of rejuvenator at each recycling cycle.
Recycled Recycling Optimum Recycled Recycling Optimum
mixture cycle dosage* mixture cycle dosage *
CA-1 1 4.5% GRPA-1 1 5.5%
CA-2 2 4.5% GRPA-2 2 4.5%
*The dosage of rejuvenator is on the weight of the aged binder in RAP
6.3.6 Testing methods

The test methods used in the study were performed in accordance with the European
standard testing methods and adhered to the Italian technical specification for highways. The

following laboratory tests were conducted to achieve the goal of this study:

e  Volumetric properties (EN 12697-8)
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e Indirect Tensile Strength (ITS) at 25 °C, to evaluate the strength and cohesion of the
mixture (EN 12697-23)

e Indirect Tensile Stiffness Modulus (ITSM), to assess the stiffness modulus of the
mixtures at temperatures of 10 °C, 20 °C, and 30 °C (EN 12697-26)

e Indirect Tensile Strength Ratio (ITSR), to evaluate the moisture susceptibility of the
mixtures (EN 12697-12)

e Wheel Tracking test at 60 °C, to assess the rutting resistance of the mixtures (EN 12697-
22)

e Indirect Tensile Fatigue Test (ITFT), to evaluate the fatigue resistance of the mixtures

at 20 °C (EN 12697-24).

6.4 Results and discussion
6.4.1 Volumetric properties

The volumetric properties of the asphalt mixtures were evaluated in accordance with EN
12697-8 guidelines [142]. To achieve this, three specimens with a diameter of 100 mm from
each mixture were compacted using a gyratory compactor up to 210 gyrations, as stipulated
by the Italian technical specification. As per the technical specifications, determining air voids
content at specific gyration levels such as 10, 120, and 210 is crucial for approving mixtures
intended for use on highways. Moreover, other volumetric parameter such as voids in mineral
aggregates (VMA), voids filled with binder (VFB) and the bulk density (Gmb) of each mixture

were also studied.

Table 6.4 provides a summary of the determined volumetric characteristics of the asphalt
mixtures. The obtained results indicate that all the studied mixtures comply with
recommended technical limits, affirming the validity of the mix design. It is worth noting that,
at 120 gyrations, all mixtures exhibited an air voids content within a range of 4-5%. The data
obtained from the compaction process was used to create the densification curves for the
asphalt mixtures, depicted in Figure 6.3, indicating the relationship between the applied
number of gyrations and the relative density of the compacted specimen. In this analysis, a
slightly higher air voids content was observed in the curve of the recycled plastic-modified
mixture (GRPA-0) compared to the conventional one. However, this trend did not persist
across subsequent cycles of recycling, as evidenced by GRPA-1 and GRPA-2. The densification
curve significantly illustrates the compaction trend of all the mixtures, and from that, it is clear
that the dry method modification with recycled plastic did not adversely affect the

compactability of the mixture. Notably, all the recycled mixtures at both recycling cycles
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demonstrated comparable densification curves with those of the conventional mix, indicating
that the rejuvenator reactivates the aged binder during mixing phases and leads to workability
comparable to that of a conventional mix. In addition, the mixture GRPA-0 showed a slightly
lower bulk density among others, as the incorporation of the modifier lowers the density of
the modified mixture. However, other volumetric parameters, such as VMA and VFB, of all

the studied mixtures are within the acceptable threshold, ensuring good volumetric

performance.
Table 6. 4 Volumetric properties of the gyratory compacted specimens.
. Air voids content (%) VMA VFB Gmb
Mixture ; : : 0 o
10 gyrations 120 gyrations 210 gyrations (%) (%) (kg/m?3)
CA-0 13.3 44 2.6 15.8 72.0 2461
CA-1 13.5 4.2 2.2 16.2 74.0 2467
CA-2 13.1 3.9 2.1 15.9 75.1 2476
GRPA-0 13.7 5.1 3.3 17.8 714 2452
GRPA-1 13.6 4.3 24 16.2 73.7 2465
GRPA-2 13.0 4.1 2.1 16.0 74.4 2462
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Figure 6. 3 Densification curves of the mixtures.

6.4.2 Indirect Tensile Strength

In accordance with EN 12697-23 [143], three specimens from each mixture compacted at
120 gyrations were tested after being conditioned at 25 °C for 4 hours. The results of the ITS
test are shown in Figure 6.4. The findings indicate that the ITS value of the recycled plastic-

modified asphalt mixture is significantly higher than that of the unmodified mixture, with a
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29% increase. It signifies that the addition of the GRP modifier improved the cohesion and
tensile strength of the mixture, which resulted in a high ITS value. In particular, in first-cycle
recycled mixtures, CA-1 and GRPA-1 showed superior performance in ITS compared to the
reference conventional mix (CA-0), consistent with previous studies suggesting that
incorporating RAP into asphalt mixtures increases their tensile strength [50]. However, as
anticipated, there was a slight decline in the ITS values for GRPA-1 (3.6%) and GRPA-2 (7.3%)
compared to GRPA-0 because rejuvenator dosage was optimised to achieve comparable
performance to conventional asphalt at each cycle; however, these recycled mixtures
outperformed the reference mixture. Overall, all results for the recycled mixtures at both
recycling stages comply with the technical limits (ITS = 0.90-2.2 MPa) suggested by the Italian
highway authority. Based on this, it is obvious that modifying the asphalt mixture with
recycled plastic did not have a negative impact on its tensile strength throughout the recycling

cycles.
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Figure 6. 4 ITS of the mixtures.

6.4.3 Indirect Tensile Stiffness Modulus

In this study, in order to investigate the linear viscoelastic behaviour of the asphalt
mixtures, three test temperatures of 10 °C, 20 °C and 30 °C were carried out following the
Annex C of EN 12697-26 [144]. Figure 6.5 illustrates the average ITSM values for the tested
mixtures at three different temperatures. The asphalt mixture modified with recycled plastic,
GRPA-0, consistently exhibited a significantly higher stiffness modulus compared to the
unmodified mix, CA-0 across all the test temperatures, confirming the substantial impact of

the GRP modifier on mixture stiffness. In the first recycling phase, both CA-1 and GRPA-1
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demonstrated a marginal reduction in ITSM values compared to the conventional mix. This
minor decline in stiffness modulus could be attributed to the effects of rejuvenation and
aggregate distribution within the recycled mixtures. Despite the varying dosages of the
rejuvenator in CA-1 and GRPA-1, both exhibited comparable ITSM values throughout all
tested temperatures, affirming that recycling asphalt mixtures containing recycled plastic
performs similarly to that of the conventional asphalt. Furthermore, this trend of a slight
decrease in stiffness modulus was also observed in subsequent recycling phases. CA-2 and
GRPA-2 showed comparable ITSM values among themselves and with their prior cycles. It is
worth noting that the rejuvenated mixtures did not undergo severe ageing compared to their
predecessors during multiple ageing cycles, which can be identified by the similar dosage of
rejuvenation used for both CA-2 and GRPA-2 compared to the first-cycled recycled mixtures.
It is obvious that if severe ageing occurred, it would have substantially influenced the stiffness
modulus of the recycled mixtures and could be identified with a higher magnitude; however,
this trend was not observed in this study. This suggests that, with the right selection and
dosage of rejuvenators, recycled mixtures exhibit less severity of ageing compared to non-
recycled mixtures. Besides, the Italian technical specification requires the ITSM value at 20 °C
to be within the range of 3000-8000 MPa for a conventional asphalt mix. The obtained results
showed that all the recycled mixtures at both recycling cycles are within these recommended
limits, indicating that the recycled plastic modifier has no detrimental effect on recycling

asphalt mixtures containing such a modifier.
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Figure 6. 5 ITSM results of the mixtures.
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6.4.4 Indirect Tensile Strength Ratio

The moisture susceptibility of the asphalt mixtures was determined using the ITSR, in
accordance with EN 12697-12 [145], three specimens from each asphalt mixture were
conditioned in a water bath at 40 °C for 72 hours, followed by conditioning in an air chamber
at 25 °C for 4 hours. The average ITSR results are presented in Figure 6.6. The results showed
that all mixtures demonstrated significantly high ITSR values, exceeding the recommended
threshold limit of 75% suggested by the Italian technical specification. In this assessment, it
was observed that the conventional mix performed better than the recycled plastic-modified
asphalt mixture. The effect of recycled plastic in GRPA-0 mixture slightly reduced the ITSR
value, which is 16% less than that of CA-0. Furthermore, the first-cycle recycled mixtures, CA-
1 and GRPA-1, demonstrated a slight decline in ITSR values, i.e. 8.9% and 13.5% respectively,
compared to CA-0, while the second-cycle recycled mixtures outperformed among all other
mixtures. However, an increasing trend of resistance to moisture susceptibility was observed
in the recycled plastic-modified mix over two recycling cycles. It is important to note that
limestone aggregates, which are known for being less susceptible to moisture impact, were
utilised in this study. Consequently, the adhesive bonding strength between the aggregates
and the binder remains unaffected by moisture, and wet conditioning may contribute to
increased stiffness, ultimately resulting in a higher ITS of the wet subsets. This could
potentially contribute to the overall superior performance observed during the moisture

susceptibility evaluation.
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Figure 6. 6 ITSR results of the mixtures.
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6.4.5 Wheel tracking test

The wheel tracking test was conducted to evaluate the rutting resistance of the asphalt
mixtures under repetitive wheel loads. The samples were prepared in accordance with EN
12697-22 [146], which involved producing two slabs measuring 305 x 305 x 50 mm for each
mixture using a roller compactor. To ensure consistency, all specimens from each mixture were
compacted to achieve a targeted air void range of 4 + 0.5%. The results presented in Figure 6.7
shows the evolution of rut depth obtained from the wheel tracking test over the load cycles,
while Table 6.5 provides a summary of rutting parameters such as rut depth, WTS, and PRD
for all mixtures. The results indicate significant differences in these parameters between the
asphalt mixtures containing recycled plastic and the conventional mixture. Specifically, the
recycled plasticcmodified mixture (GRPA-0) exhibited a reduced rut depth of 2.9 mm
compared to the reference unmodified mixture (CA-0), which had a substantially higher rut
depth of 52 mm. Furthermore, comparing other rutting parameters between these two
mixtures reveals that GRPA-0 showed an 82.6% reduction in wheel tracking slope and a 44.8%
reduction in proportional rut depth compared to CA-0. The improved resistance to rutting
observed with the recycled plastic-modified mix demonstrates its efficacy for high-
temperature performance, which aligns with existing literature [195]. Furthermore, improved
resistance to rutting was also evident in all the recycled mixtures during two recycling cycles
when compared to the conventional mix. It is worth noting that during wheel tracking slope
evaluation, GRPA-1 showed a marginally steeper slope compared to that of CA-1; this could
be attributed to different rejuvenator dosages (1% more) used during the recycling stage of the
GRPA-1 mix. However, this variation in wheel tracking slope did not affect their final rut
depth, which was identical. Some previous studies have reported that a higher dosage of
rejuvenation can lead to increased rutting depth due to excessive softening of the binder [9].
Among all the evaluated mixtures, GRPA-2 exhibited the highest resistance to rutting, with a
minimal rut depth of 2.3 mm and a proportional rut depth of 4.6%. The higher resistance to
moisture susceptibility identified in the ITSR test for the second-cycle recycled mixtures is
consistent with the results of the rutting test, indicating their improved high-temperature

performance.
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Figure 6. 7 Results of the wheel tracking test.
Table 6. 5 Evaluated rutting parameters.
Mix CA-0 CA-1 CA-2 GRPA-0 GRPA-1 GRPA-2
Rut depth (mm) 52 3.2 2.8 29 3.1 23
WTSair (mm/10° cycles) 0.24 0.07 0.10 0.04 0.11 0.08
PRDair (%) 10.4 6.3 5.6 5.7 6.1 4.6

6.4.6 Indirect Tensile Fatigue Test

The study included three stress levels (150, 250, and 350 KPa) for each mixture. A
minimum of three cylindrical specimens were prepared for each stress level, resulting in a total
of nine specimens tested per mixture to assess the fatigue life. The fatigue life refers to the total
number of load cycles that lead to the failure of the specimen. Figure 6.8 illustrates the fatigue
life of asphalt mixtures in relation to their initial tensile strain and the total number of load
cycles until failure. The fatigue life equations along with the co-efficient of determination are
included in the figure. It is significant that that all the fatigue lines have co-efficient of
determination higher than that of 0.90, which indicate a good statistical correlation within the
obtained results to predict the fatigue behaviour. Figure 6.9 demonstrates the fatigue
behaviour of the studied mixtures over various applied stress levels. The results indicate that
incorporating recycled plastic via dry method improved the fatigue life of the modified asphalt

mix, potentially extending its service life compared to conventional pavements, aligning with
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previous research. The enhancement in fatigue life can be identified by the lower slope of the
fatigue line. Conversely, the conventional mix (CA-0) exhibited higher initial strain at all stress
levels compared to other mixtures, leading to inferior fatigue performance. In contrast, GRPA-
0 showed lower initial strain across all stress levels than other mixes, although it showed
higher stiffness modulus at the test temperature. Notably, the recycled mixtures from both
plastic-modified and conventional mixtures showed higher fatigue performance at each
recycling cycle compared to the conventional mix, which can be observed from the fatigue
model. This could be attributed to the influence of rejuvenation, which altered the viscoelastic
behaviour of these mixtures, which was also evident by the lower stiffness modulus obtained
in the ITSM test at 20 °C. The same enhanced trend was also observed in the second-cycle
recycled mixtures (CA-2 and GRPA-2). Furthermore, in order to compare the fatigue life
within the investigated mixtures, an initial strain of 75 um/m has been considered. The
comparison with this initial strain revealed that the asphalt mixtures such as GRPA-0, GRPA-
1, GRPA-2, CA-1, CA-2 have a fatigue life more than 74%, 67%, 36%, 41%, 23% respectively to
that of conventional mix. In this regard, it is evident that the influence of recycled plastic
enhanced the fatigue life of the mixtures at each recycling cycle nevertheless fatigue life over
each cycles decline compared to their predecessors. This was expected, as during the repeated
recycling at a 50% rate, the content of the recycled plastic-modified mixtures gets reduced over

the recycling phases, along with the rejuvenation could impact the behaviour of the mixture.
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Figure 6. 8 Fatigue line of the mixtures.
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Figure 6. 9 Fatigue life over various stress levels.

6.5 Summary and Conclusions

1000000

In this chapter, the study investigated the feasibility of multi-recycling asphalt mixtures

modified with and without a recycled plastic modifier at a recycling rate of 50% for two

recycling cycles. An innovative recycled plastic, the GRP modifier, was used in this study to

modify the asphalt mixture using the dry method. The viability of recycling these asphalt

mixtures for two cycles was comprehensively evaluated through volumetric and mechanical

characterization. The following conclusions can be drawn based on the findings:

The incorporation of the innovative recycled plastic modifier in the asphalt mixture

via the dry method significantly improved the volumetric and mechanical

performance of the asphalt mixture, as evident when compared to the unmodified

mixture.

The influence of the rejuvenator did not have a negative effect on the compactability

and mechanical behaviour of the recycled mixtures over two recycling cycles.

However, a slightly lower stiffness modulus was observed at 20 °C compared to the

conventional one, although the results are within the recommended limits of Italian

technical specifications.
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e The asphalt mixtures, both modified with and without the recycled plastic, at a
recycling rate of 50% over the two cycles demonstrated higher tensile strength and
improved resistance to moisture compared to the recommended technical limits.

e All recycled mixtures, regardless of their origin and recycling cycle, exhibited
substantially higher resistance to rutting compared to the conventional mixture.

e The analysis of fatigue life indicated that the asphalt mixture modified with recycled
plastic has superior fatigue resistance compared to the conventional mixture.
Additionally, all the recycled mixtures with a 50% recycling rate also showed
significant improvement in the fatigue life cycle. This implies that an effective
recycling approach could enhance the fatigue resistance of mixtures containing a high

RAP content, regardless of their origin.

Overall, based on the findings, it is evident that the asphalt mixture, when modified with
a recycled plastic modifier, can be effectively recycled over multiple life cycles without
compromising their volumetric and mechanical characteristics, which are comparable to
conventional asphalt. The study contributes to understanding the potential recyclability of
asphalt mixtures containing recycled plastic, which is crucial for promoting circular economy
practices in the road engineering sector. This approach creates confidence and opportunities
for stakeholders and decision-makers to implement closed and open-loop recycling strategies,
integrating more waste alternatives into the road industry. Consequently, this reduces the
reliance on virgin materials, thereby lowering costs and energy consumption while enabling
products to maintain their value and performance in the market for an extended
period. Further research is underway to explore a wide range of recycled plastics and

incorporate them into asphalt via both wet and dry methods to gain a broader perspective.
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Chapter 7

A proposed model to evaluate the multi-recyclability potential of
asphalt mixtures under the scope of circular economy

7.1 Introduction

The civil engineering industry, particularly the pavement engineering sector, is a major
consumer of natural resources, which are extensively used in the production, construction,
and management of transportation infrastructure. Natural aggregates are one of the most
highly exploited resources to produce asphalt mixtures and even unbound layers and
earthworks, which in turn compose the main components of an asphalt pavement
infrastructure. The use and maintenance phases of pavement assets also involve the extraction
and utilisation of significant amounts of raw materials. Hence, the implementation of circular
economy principles in the road engineering industry can lead to substantial reductions in
energy and material consumption [196]. One notable example is the use of reclaimed asphalt
pavement (RAP), which, despite being considered waste, holds considerable market value,
and offers an excellent opportunity to minimise resource depletion through reuse and

recycling.

Circular Economy, as stated previously, is restorative and regenerative and aims to keep
products, components, and materials at their highest utility and value at all times. Specifically,
it supports the “re-circulation” of materials and energy within the same (closed-loop process)
or alternative product systems (open-loop process) and, thus, leads to the elimination of
avoidable wastes [197]. In this context, RAP is perceived as an ideal material that can re-enter
the cycle of asphalt mixture production [198]. Although the concept of CE is not new, it has
not been widely and formally implemented in transportation infrastructure projects,
specifically in asphalt pavements. The concept of CE first emerged as a proactive policy goal
for many businesses and political agendas in the late 1970s, driven primarily by concerns about
climate change and rising resource prices raised by Carson and Boulding [15]. It encompasses
principles from multiple schools of thought, including industrial ecology, performance
economy, biomimicry, cradle-to-cradle design, blue economy, regenerative design, cleaner
production, and natural capitalism [3], [199]. However, when it comes to transport

infrastructure, specifically asphalt pavements and RAP, it becomes complex to integrate all
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aspects of CE into their life cycles. As a result, there are no records of studies or approaches
relevant to quantifying their circularity. Highways England, London’s Waste & Recycling
Board (LWARB), Ellen MacArthur Foundation (EMF), and Opportunity Peterborough are
among the institutions and companies that are driving towards introducing CE principles and
its metrics within their agenda with hopes of influencing a wider decision-making audience
[31], [200]. Highways England, in collaboration with two of the most reputable global
construction companies, published an "Approach and Route Map" detailing how to achieve
CE implementation through their initial strategies. LWARB recently released London's CE
Route Map to accelerate the growth of CE across London [153]. The roadmap includes an
ambitious plan of action for the built environment and transportation infrastructure. "Cities in
the Circular Economy: An Initial Exploration,” a report by the Ellen MacArthur Foundation,
highlights the challenges of the linear economy and promotes urban-scale implementation
benefits within built environments [34]. In 2018, Opportunity Peterborough published its
"Circular City Roadmap," providing a resourceful plan and performance monitoring
framework for 2021 that outlines next steps towards realising circular infrastructure goals,
ultimately aiming for a "circular city [201]." Some attempts have also been made by companies
trying to specifically implement the principles of CE in the production of asphalt mixtures.
Tarpaper recycling, along with Super Asfalt, have proposed the production of REC100.
Additionally, SYLVAROAD™ RP1000 is an additive derived from crude tall oil that can

increase levels of RAP incorporated into asphalt mixtures [153].

Although many researchers and companies have shifted their focus to implementing
circular economic principles in the road engineering sector, ongoing debates persist on how to
measure and identify the circularity value of a product [202]. Such measurement is imperative
in many applications, such as product design, material selection, etc [203]. In this regard, the
EMF has proposed a model called the Material Circularity Indicator (MCI), a methodology to
measure the material circularity of products, mainly designed for technical cycles [204], [205].
This model can be significant in understanding the relative transition of any product from a
linear economy to a circular economy. Later, Mantalovas and Di Mino [3] developed an
analytical model named the Product Material Circularity Index (MClmvra), as shown in Figure
7.1, specifically tailored for road pavements. This index enables the determination of the
circularity potential of an asphalt mixture containing RAP and provides a comprehensive

assessment of the product by evaluating its environmental and mechanical performance.
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Figure 7. 1 Analytical model developed by Mantalovas and Di Mino to quantify the product circularity [3] .

7.2 Scope and Objectives of the chapter

The adoption of circular economy principles in the road construction industry is vital for
addressing the escalating environmental concerns related to climate change, resource
depletion, and pollution. The recycling of asphalt pavement has been recognised as a
significant solution to tackle these challenges, as implementing CE in this way can reduce the
reliance on virgin materials, leading to lower costs and energy consumption while maintaining
product value and performance over an extended period in the market. However, the
increasing use of alternative materials like waste plastic via an open-loop recycling approach
in asphalt pavement has raised concerns about their recyclability. Therefore, it is crucial to
assess the circularity of such asphalt mixtures across multiple lifecycles within a circular
economy framework. With the growing interest in implementing circular economic strategies
in the road engineering sector, the metric to identify product circularity has become
increasingly significant. Currently, there is limited research on material circularity at the
product level, while focusing on the significance of implementing product circularity
indicators for multiple cycle scenarios, which could be instrumental in promoting both open-
loop and closed-loop approaches for a long-term strategy. Hence, this chapter aims to develop
a novel methodological approach for quantifying product circularity for asphalt mixtures,

both with and without a recycled plastic modifier, over two life cycles.
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7.3 Methodology

In line with the circular economy framework, this study solely focuses on the technical
cycles and evaluates the recirculation capability of asphalt mixtures. The study considered
both scenarios of asphalt mixtures, with and without recycled plastic modifier, using a circular
economic model for multiple life cycles. The goal is to assess their recyclability potential at the
end of their service period. To quantify the product's circularity for multiple life cycles, an
analytical model was developed, as represented in equation 7. 1. To formulate this circular
economic model, certain key parameters were defined and are described in general terms as

following.

e  PMRI, - Product Multi-Recyclability Index at n cycle
*  «,—performance factor at n cycle

e 9 -recycling rate

e  S,- sum of the series of n cycle.

e P! —Mechanical performance in terms of rutting

e  Pi- Mechanical performance in terms of fatigue

e Pm-mechanical performance in terms of moisture susceptibility.

PMRI, = ay,.9.S, (7.1)

In the equation, PMRI,, represents the product multi-recyclability index for n life cycles. It
directly depends on the performance factor (a,), the recycling rate (8), and the sum of the
series (Sp). To better understand the framework's scheme and the definition of S,,, a table has
been provided to demonstrate the circularity of a product at a constant recycling rate of 50%
over 7 typical recycling cycles. In this specific case, V represents the virgin materials' rate at
each recycling cycle, set constantly as 50%, and @, represents the multi-recycling rate of the
product. The table clearly shows that with increasing recycling cycles, there is a gradual
decrease in the multi-recycling rate of the product due to both virgin material and recycling
rates being kept constant. Therefore, in this specific instance during cycle 7, we observe that
multi-recycling rate tends to be less than 1%. Thus, we set the multi-recyclability concept as a

sum of the fraction replacing a part of recycled product.
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Table 7. 1 Scheme of the product circularity over multiple recycling cycles.

Cycle A" ol 02 03 o4 05 06 o7
(%) (%) (%) (%) (%) (%) (%) (%)
0 100 0
1 50 50
2 50 25 25
3 50 25 12.5 12.5
4 50 25 12.5 6.25 6.25
5 50 25 12.5 6.25 3.125 3.125
6 50 25 12.5 6.25 3.125 3.125 1.56
7 50 25 12.5 6.25 3.125 3.125 1.56 0.78

Considering this scheme, S, is defined as the sum of a series representing the product
circularity for n recycling cycles. Since the series is geometric, having a constant ratio between

successive terms, equal to 9. Thus, Sn can be formulated as follows:

-3

Jj=0

As geometric series, the S, can be expressed as follows

Sp = (7.3)

Furthermore, the performance factor (a,) is a crucial parameter in assessing the product
multi-recyclability index (PMRI,,), as it is directly proportional to this index. The performance
factor (a,) is defined as the ratio between product performance at n cycle to that of the
reference/original product, as shown in equation 7.4. The significance of this parameter is that
it determines the product’s efficiency for multiple life cycles, which depends on various factors
such as the method of recycling, recycling agents, the recycling rate, and the quality of
materials used. In this study, the performance factor («,) is calculated as the ratio of product
of the evaluated performance parameters of the recycled mixture to those of the reference
mixture, as seen in equation 7.5. The performance factor can also be interpreted as the
normalised value of overall recycled product performance to the overall performance of the
reference one. Considering the main goal, performance parameters such as resistance to
rutting, fatigue and moisture susceptibility were considered; these are significant in

identifying durability and mechanical performance of asphalt mixtures.
1—[ [ n recycled] (7.4)
re ference
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H[Pr_l’Pf’ Pm]
B H[P‘r_1; Pf; Pm]

nrecycled

a, (7.5)

reference

Where, P! is the resistance to rutting, evaluated according to EN 12697-22, is represented
here by the inverse of rut depth of the asphalt mixture in mm. A higher value indicates better
resistance to rutting. Prrepresents the number of cycles to fatigue failure at a controlled stress
level of 250 kPa, chosen according to EN 12697-24. Pm represents resistance to moisture and is

evaluated via indirect tensile strength ratio measured in % as per EN 12697-12.

7.4 Results, analysis and discussion

After establishing the methodological framework for the product multi-recyclability
index, a case study was structured and carried out to validate the framework. Initially, an
analysis of the performance of the product - bituminous mixtures with and without a recycled
plastic modifier at a 50% recycling rate over two life cycles - was conducted. To evaluate overall
product performance, resistance to rutting, fatigue, and moisture susceptibility were taken into
consideration. The values of these evaluated performance parameters for both reference
mixtures and their corresponding recycled mixtures across two life cycles are presented in
Tables 7.1 and 7.2 respectively. The results presented here were the outcomes of the study

discussed in the previous chapter.

Table 7. 2 Evaluated performance parameters of the reference mixtures.

. p;1 Py P,
Mixture (mm™) (cycles) (%)
CA-0 0.19 18773 111.1
GRPA-0 0.35 90475 93.0

Table 7. 3 Evaluated performance parameters of the recycled mixtures.

. ) P P,

Mixture (mm1) (cycfes) (%)
CA-1 0.32 39115 101.2
CA-2 0.36 48603 113.9

GRPA-1 0.33 72214 96.1
GRPA-2 0.44 109105 112.9
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Table 7. 4 Case-1: Product multi-recyclability index of asphalt mixtures with reference to their non-recycled

counterparts.

Mixture n 9 Sn On PMRI,
CA-1 1 0.5 1 3.14 1.57
CA-2 2 0.5 1.5 4.91 3.68

GRPA-1 1 0.5 1 0.77 0.39

GRPA-2 2 0.5 1.5 1.83 1.37

Table 7. 5 Case-2: Product multi-recyclability index of asphalt mixtures with reference to the conventional asphalt.

Mixture n 9 Sn On PMRI,
CA-1 1 0.5 1 3.14 1.57
CA-2 2 0.5 1.5 491 3.68

GRPA-1 1 0.5 1 5.65 2.81

GRPA-2 2 0.5 1.5 13.41 10.06

The results in Table 7.4 indicate an increasing trend in the performance factor (a,) for both
asphalt mixtures, with and without a recycled plastic modifier, over two life cycles. However,
there is a difference in the magnitude of this factor between the two types of mixtures. This
disparity can be attributed to the fact that for the recycled plastic-modified asphalt mixture,
the product multi-recyclability index was calculated based on its original performance (100%
virgin materials with a recycled plastic modifier). As expected, the performance factor at
recycling cycle 1 for this mixture was lower than that of the non-recycled one; however, in
subsequent cycle, it demonstrated superior performance compared to their original mixtures
and contributed to better PMRI, relative to their predecessor. Furthermore, since the recycling
rate of these mixtures over two cycles remained constant, their other circularity parameters
also remained unchanged between them. In contrast, conventional asphalt mixtures exhibited
a different trend: as recycling continued over multiple cycles, the performance factor (o)
improved significantly, leading to higher PMRI, values compared to those achieved by
recycled plastic-modified mixtures at each cycle. The higher PMRI, value indicates its high
multi-recyclability potential, which aligns with the principles of the circular economy.
Obviously, this is preliminary evidence, and further investigation is needed to confirm that as

a rule, which requires a higher number of recycling cycles than two.

However, considering the main objective of the thesis, its significance is to investigate
whether asphalt mixtures modified with recycled plastic can be recycled like conventional
mixes. Therefore, this aspect can be explored using the proposed circular economic model. In

this regard, the performance factors of the recycled mixtures from the plastic-modified mixture
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were calculated with reference to conventional asphalt, as shown in Table 7.5. The analysis
revealed a significant improvement over each cycle, indicating a higher performance factor
compared to the conventional mix. This suggests that both asphalt mixtures, with or without
a recycled plastic modifier, have potential for re-circulation within the closed loop using

optimised recycling technologies.

Based on the proposed novel approach, it is evident that the product multi-recyclability
index (PMRI,) could increase for any asphalt mixtures if their recycled mixtures at n cycles
have a performance factor greater than 1. Taking into consideration the scheme shown in Table
7.1, one can determine the maximum recycling cycle that contributes to circulating the product
at its highest utility. Based on these parameters, the product multi-recyclability index for any

asphalt mixture can be quantified.

7.5 Summary and Conclusions

This chapter dealt with the development of a novel circular economic framework to
quantify the product circularity across multiple life cycles. The study introduced a
mathematical model, the product multi-recyclability index (PMRI,), and employed it to assess
the multi-recyclability potential of various asphalt mixtures, including those with and without
recycled plastic modifiers, over two life cycles at a 50% recycling rate. Certain key parameters
were identified for this evaluation, including the performance factor which plays a crucial role
in determining PMRI,,.. The study analysed different case studies within the scope of the thesis.

Based on this analysis, the following conclusion can be drawn:

e The product multi-recyclability index, PMRI, significantly depends on the
performance factor of the recycled mixtures at their respective recycling cycles. An
improvement in the performance factor directly contributes to a higher potential for
multi-recyclability of the mixture.

e  The case study of PMRI,, of asphalt mixtures with and without a modifier at a recycling
rate of 50% for two life cycles revealed that the recycled plastic-modified mix showed
comparatively lower PMRI, than the unmodified one. This can be attributed to two
factors: firstly, the performance was compared with its respective non-recycled mix,
which served as a baseline for this case study; and secondly, the performance
evaluation on these asphalt mixtures showed a significant improvement in resistance
to moisture for the unmodified asphalt mix.

e The case study of PMRI, in asphalt mixtures, with and without a modifier, at a

recycling rate of 50% for two life cycles compared to the conventional mix revealed
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that the PMRI of the recycled plastic-modified mix showed significantly higher
performance than the unmodified one. In this case, performance was significantly

improved, as evidenced by a higher performance factor compared to its counterpart.

Based on the findings, it can be deduced that assessing the multi-recyclability potential of
a product within the context of a circular economy relies significantly on factors such as
recycling rate (9) and product performance (ay), as seen in asphalt mixtures. Therefore, the
performance factor of any recycled product after n cycle demonstrates a value greater than or
equal to 1, contributes to an increase in PMRI,. In this respect, the findings indicate that
recycled plastic-modified asphalt mixtures can be recycled multiple times, exhibiting its higher
recyclability potential in terms of maintaining durability and mechanical performance. A
higher PMRI, value indicates a high potential for multiple recycling, aligning with the
principles of the circular economy. However, this is preliminary evidence and further
investigation is needed to confirm this trend, which requires evaluating several recycling

cycles.
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Chapter 8

Conclusion and Future Perspectives

The current thesis has addressed a significant research question related to the recyclability
of recycled plasticcmodified asphalt mixtures. Understanding this aspect is crucial for
promoting alternative materials like waste plastics in modifying asphalt pavement within the
context of the circular economy. To achieve this, the study scientifically investigated the
feasibility of recycling asphalt mixtures modified with recycled plastic and assessed their
physical, rheological, chemical, and mechanical performance over multiple life cycles. It
ultimately developed and validated a circular economic model that quantifies material
circularity over multiple life cycles, which can be used as a tool for stakeholders and decision-
makers looking to implement circular economy principles in asphalt pavement. This chapter
concludes by presenting the major findings from this research, along with recommendations

and future perspectives.

In this thesis, after introducing the scope and objectives, the research was structured into
four significant tasks aimed at achieving the main goal of this study. The study initially
identified the urge to establish an operational method to simulate the ageing behaviour of
asphalt mixtures within the laboratory. Several accelerated ageing methods were attempted
on both asphalt binder and mixture. Consequently, a specific ageing protocol has been
implemented, which served as a significant driver for simulating end-of-life scenarios across
multiple life cycles for the investigated asphalt mixtures, as well as for the properties of
recycled material. The findings suggest that oven ageing of loose asphalt mixtures at 95 °C for
5 days following short-term ageing could simulate similar behaviour observed in the existing
standard binder ageing method. Additionally, it highlighted that the ageing severity occurring
within the asphalt mixture and binder as independent components becomes distinct with the
increasing duration of ageing. However, this ageing protocol is useful for comprehending the

ageing mechanisms of dry method modified asphalt mixtures specifically.

Considering the main goal of this study, after establishing the ageing protocol, the multi-
recyclability of asphalt mixtures modified, with and without a recycled hard plastic modifier
was evaluated preliminarily on the basis of binder-scale evaluation for three recycling cycles
via physical, rheological, and chemical characterisation. Furthermore, the impact of recycled
plastic as a modifier, incorporated via dry method in the asphalt mixture, was found out and

it indicated an improvement also in the rheological properties of the subjecting binder. The
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characteristics of RAP derived from both conventional and recycled plastic-modified asphalt
mixtures, as well as RAP from their recycled counterparts, were investigated. As the study
considered a recycling rate of 50% over each cycle, the rejuvenator was employed and the
impact of rejuvenation over each recycling stage was investigated according to the objectives
of the thesis. The findings suggest that the rejuvenation effectively worked on both asphalt
mixtures, with and without a recycled plastic modifier. However, interestingly over multiple
recycling cycles, it was found that the rejuvenated mixtures were marginally less subjected to
ageing compared to the virgin mixtures. However, the choice of type and dosage of
rejuvenator is crucial in asphalt recycling, specifically for high recycling rate. The binder-scale
evaluation clearly showed no adverse effects on recycling the recycled plastic-modified asphalt
mixture, which performed similarly to unmodified mixtures. To comprehensively investigate
the multi-recyclability of recycled plastic-modified asphalt compared to conventional mix at a
50% recycling rate over two life cycles, volumetric and mechanical performance properties
were evaluated. The mixture-scale performance evaluation at each recycling cycle is crucial for
understanding the feasibility of incorporating high RAPs in the asphalt mixtures, especially in
the case of RAPs from plastic-modified asphalt pavement. The experimental results clearly
exhibited its potential recyclability and its benefits in ensuring superior performance

compared to virgin asphalt mixtures.

Furthermore, within the context of research on circularity metrics, the ultimate goal of this
research was to develop a circular economic model for quantifying material circularity over
multiple life cycles. The study introduced a novel analytical formulation called the Product
Multi-Recyclability Index (PMRI,), which served as a tool for quantifying the multi-
recyclability of asphalt mixtures, both with and without a recycled plastic modifier for two life
cycles. The PMRI, depends significantly on the recycling rate and performance factor of
recycled mixtures over multiple life cycles. Consequently, PMRI, was observed to increase
with each subsequent recycling cycle, highlighting that maintaining the performance of
recycled mixtures through optimised techniques is crucial to increase PMRI,,. Overall, based
on the findings of the experimental campaign and the novel formulation introduced, it is
evident that recycled plastic-modified asphalt mixtures can be recycled multiple times without
compromising rheological and mechanical performance properties compared to conventional
asphalt. In this regard, reclaimed asphalt pavement derived from such a plastic-modified

mixture can be treated similarly to conventional RAP.

The research contributes to advancing insights into the potential recyclability of asphalt

mixtures modified with recycled plastic, which is important for promoting sustainable
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practices in road engineering. This approach foster confidence and provide opportunities for
stakeholders and decision-makers to implement recycling strategies, reducing reliance on new
materials and cutting costs while extending product performance in the market. Further study
is recommended to better understand the influence of UV rays on ageing behaviour.
Additionally, it would be beneficial to explore recyclability from the perspective of wet
method modification and considering a wider range of recycled plastic. Finally, the future
work will be focused on considering a range of recycling rates and several cycles of recycling

to establish a consistent trend for PMRI, and its sensitivity to each driver.
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