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Abstract

Abstract

Our cities are constantly evolving and the necessity to keep them up to date with the
best technologies is vital. The focus of various research is the improvement of the
condition of the urban infrastructures and their safety. On the roads, the specific needs
of cyclists and pedestrians are often neglected.

The Vulnerable Road Users (VRUSs), among whom cyclists and pedestrians are, rarely
benefit from the most innovative safety measures. Inspired by playgrounds and aiming
to reduce pavement-impact related VRUs injuries, the development of Impact-
Absorbing Pavements (IAP) used as novel sidewalks and bike lanes surface layers
may help decrease injuries, fatalities, and the related societal costs. Safety on the road
constitutes a major challenge in cities. The possibility of generalizing the design of
shock-absorbing pavements in urban areas and addressing this challenge may
contribute to reduce road fatalities and injuries to almost zero.

To achieve this goal, the End-of-Life Tyres (ELTs) crumb rubber (CR) is used as a
primary resource, bringing its elastic properties into the surface layer. The thesis is
divided into five main chapters. The first concerns the formulation and the definition
of a feasible mix. The second chapter studies in detail the mechanical properties. The
environmental outcomes and the ageing effect are also assessed. The third chapter
explains the steps adopted while moving from the laboratory experiments to the
material modelling. The chapter describes the modelling of the material to be able to
simulate accidents and measure the impact of more accurate values on the injury
reduction, especially on the head. The fourth chapter is reserved for the field trial.
The fifth chapter gives some perspectives on the research and proposes a way to
optimize and improve the data and results collected during the doctoral research.

The main findings of this thesis come from the different studies described. The
formulations and mix design allowed a mixture classification thanks to several
parameters evaluation. It was observed that the specimens made following the cold
protocol have noticeable performances and reduce the overall carbon footprint impact
of this innovative material. The mechanical, leaching, and weather resistance results
allowed for shortlisting of the best mixtures. The material modelling and the accident
simulation proved the performance of the AP against skull fracture, and the field trial
confirmed the good results obtained in the laboratory for the cold made material.

Finally, the outcomes of this thesis open many prospective to the IAP development,
such as the use of a plant-based binder or recycled aggregates but also gave a positive
vision of the possibility of developing a material that can be an ally to the cities of the
future both regarding the safety of the users and the circular economy.
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Introduction

Introduction

Scientists have been discussing the consequences of urbanization and the issues
related to the development of cities and the increase of the urban population for a long
time [1]. As a result, potential solutions were studied and developed to make the cities
more livable. Today such issues are still under the lens but in a new framework: the
city of the future. This concept implies that the problems mentioned above are solved
thanks to technology and new, green, and smart strategies and approaches [2-9].

Among urban infrastructures, transport networks are fundamental. They permit the
transportation of goods and people, inside and outside the city. Still, today roads
represent the major transport infrastructure inside the cities as they connect with
capillarity every place. However, their safety is sub-optimal, especially for a specific
category of road users defined as Vulnerable Road Users (VRU) [4,10].

This research is part of the Horizon 2020-Marie Sktodowska-Curie Actions-
Innovative Training Networks SAFERUP! Project, which focuses on innovative
solutions for urban roads. One of the pillars of this project is the users’safety and the
willingness to decrease the number of injuries, fatalities and related health costs on
roads to almost zero.

When looking at the ecosystem of a normal urban road, it is easy to identify different
types of users, such as trucks, busses, cars, motorbikes, scooters, cyclists, and
pedestrians, a hint of this is given in Figure 1. The VRUs are the least protected and
the most at risk among these. Indeed, according to the World Health Organization or
European Conference of Ministers of Transport 2000 [10,11], VRUs are road users
who lack any shield, unlike car or bus users. Thus, users of motorcycles, scooters,
bicycles, or pedestrians fall into this category. For this reason, the focus is, in
particular, on these users.
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Figure 1: Road sharing iIIustratin, London, 2018

In terms of safety, for some of these VRUSs, various tools of individual protection have
already been developed and are used successfully, such as safety helmets or protective
clothing. This equipment protects in case of an accident, such as collisions [12,13]
and falls [14-16]. However, when laws do not make it mandatory, the use of this
equipment is left to the individual choice of the person. Moreover, it is difficult for
pedestrians to imagine the use of individual protection equipment to increase their
safety. This causes many injuries and fatalities. Indeed, 22 % of road deaths are
pedestrians, especially the elderly, representing 5% among cyclists [17,18].

As shown in Table 1 [19], many aspects have been considered to make roads safer for
VRUSs, in particular pedestrians, the most at risk in this category.

Among the presented measures, the main importance is to ensure reserved spaces on
the road for cyclists and pedestrians. It is vital to provide more sidewalks and bike
lanes, especially after the breakdown of the Covid-19 pandemic in the last years that
convinced many to use bikes or commute walking and increased the number of VRUs
[20-23]. Moreover, different sources [10,24-26] have advised the construction of
more bike lanes to help to stop the overuse of cars during the pandemic time in which
people were avoiding public transportation to prevent infection. Although all of these
are valuable measures, one aspect is missing: the role of the road pavement.
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Table 1: Key measures and specific interventions for improving pedestrian safety. [19]

Key measures Examples of interventions

Provide sidewalks

Install and/or upgrade traffic and pedestrian signals

Construct pedestrian refuge islands and raised medians

Construct enhanced marked crossings

Provide vehicle restriction/diversion measures

Install overpasses/underpasses

Improve mass transit route design

Reduce traffic volumes by switching journeys from the car to public
transport, walk and cycle for distances and purposes where these
options work well

Reduce speed limit

Implement area-wide lower speed limit programmes, for example, 30
km/h

Implement road-narrowing measures

Reduce pedestrian
exposure to vehicular
traffic

Reduce vehicle

speeds Install speed management measures at road sections
Install speed management measures at intersections
Provide school route improvements
Provide crossing enhancements
Improve sight Implement lighting/crossing illumination measures
distance
and/or visibility Reduce or eliminate obstruction by physical objects including parked
between motor vehicles
vehicles and Install signals to alert motorists that pedestrians are crossing

pedestrians
Improve visibility of pedestrians

Provide education, outreach, and training

Develop and/or enforce traffic laws on speed, drinking and driving,
pedestrian right-of-way, red light disobedience, commercial roadside
activity and traffic control

Improve
pedestrian and
motorist safety
awareness and

behaviour Implement ‘walking school bus’ programmes

Improve vehicle design ~ Develop vehicle safety standards and laws for pedestrian protection
for pedestrian protection

Improve Enforce vehicle safety standards and
vehicle design laws for pedestrian protection
for pedestrian Publicize consumer information on pedestrian safety by make and
protection model of car, for example, results of New Car Assessment Programmes

Improve care Organize pre-hospital trauma care systems

for the injured Establish inclusive trauma care systems
pedestrians Offer early rehabilitation services
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Some studies [27-29] show that the stiff pavement has a role in the injuries of the
VRUs. Therefore, proposing and working on developing softer versions is a promising
way to reduce them. Indeed, thanks to impact attenuation tests and user-feeling
surveys conducted during the studies mentioned above, such an approach’s potential
was confirmed, and the results obtained were encouraging. Additionally, the
outcomes proved that this could convince people to cycle or walk instead of massively
using the car. By employing softer and less stiff materials, the main objective is to
make sidewalks and bike lanes less dangerous and reduce possible human injuries
resulting from falls caused by collisions or not.

Furthermore, softer pavement can act as collective protection, available to all the
VRUSs, against injuries and beneficial for all the users. Employing this material while
restructuring the urban infrastructures can decrease injuries and fatalities to the lowest
in the near future.

As inspiration, rubber-based playground materials have been successfully used as
pavements to minimize injuries. Nevertheless, the possibility of generalizing the use
on roads has been poorly investigated. To extend the utilization, two aspects need to
be considered together. First, the material must abate the risk of injuries thanks to a
considerable amount of rubber, similar to the quantity used in playgrounds (around
100%). At the same time, it must be produced, laid, and maintained using already
known road paving methods. Ultimately, a largescale development of the material will
allow using rubber coming from ELT, a waste product of the evolution of urban cities.
This action will also foster the use of this material in alternative applications and not
anymore in the burning, which is responsible for large greenhouse gas (GHG)
emissions.

Indeed, every year, millions of tonnes of tyres are produced. Recycling the rubber
coming from ELTs is a good way to reduce the use of raw resources and positively
impact the circular economy model while exploiting rubber properties to prevent
injuries (Figure 2).

Reusing end-of-

Manufacture Usage of Tyres life tyres
S— h !r POSITIVE
. & ) \ RESOURCE
: F%: ) L 1 IMPACT
: f

Towards net
Raw materials, positive impact
energy, water
and land use to | Fuel consuMsgtion
produce tyres for road grip

RESOURCE
IMPACT

Natural resources
are freed up

Figure 2: Resources impact of the reuse of ELTs [30].
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Figure 3 compares different applications for ELTs from two perspectives, GHG
savings and circular economy. The goal is to reuse the rubber in as many ways as
possible, prioritizing the ones with the highest environmental benefit. For every new
reuse step, the negative impact on the planet’s resources and greenhouse gas emissions
are reduced. The use of rubber in asphalt materials is considered a very impactful
solution because, as shown in Figure 3, it saves on greenhouse emissions and can
reuse rubber already recycled previously in other applications. Incorporating ELT
rubber into roads will have a double effect, increasing the users’ safety and fostering
responsible consumption and a circular economy.

~
d Mycelia with
Asphalt bacteria that

transform the
rubber to nutrition

Cement
works

Urban 1
heating

Saving of greenhouse gases (COze) in tonnes

Steelworks

0:¢) Based on the European life cycle analysis from Aliapur 2010

Gravel Reservoirs
substitute

(Ct

< Circularity (Possibility to use the matenial again)

Figure 3: Circularity and GHG saving of several application recycling end-of-life tyres at a different
stage of the rubber recycling life [30].

Finally, these are the context and the inputs of the research described in this thesis.
This study provides a unique solution to different the need for cities to be safer,
especially for the VRUs and to adopt sustainable and circular production and
construction: the design of a highly rubberized material to create an impact-absorbing
pavement (IAP) which improves the safety of the VRUSs, minimizing their injuries.
Figure 4 represents the intersection of different fields involved in this research.

The focus is made all along with this thesis on the development of bituminous
mixtures incorporating rubber, which has been studied for decades. The innovative
aspects are the increase in the quantities of rubber used, the possibility of using
traditional production and construction methods and machines, and the willingness to
reduce externalities (smell, fumes...) [31-35].
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Impact Pavement
Recycling P

Management

absorbing Engineering
pavements and design

Biomechanics of
Injuries

Figure 4: Intersection of the field of the research project.
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Research questions

The objective of this research project was to propose the design of innovative,
functional, and durable impact-absorbing materials for bicycle lanes and sidewalks
pavements. Several research questions arose from the investigation of the background
and previous studies.

The first experiments were focused on the formulation and the proof of the feasibility
of the material. These aspects led to the following questions:

= How to design pavement materials with a high quantity of recycled rubber
from ELT and suitable for building bicycle and pedestrian lanes?

= How much rubber is possible to incorporate into the mix for it to be viable and
effective regarding the impact-attenuation?

= How does the rubber need to be incorporated to positively affect the technical
but also environmental and economic aspects?

» How to avoid or reduce the smell and fumes released during the production
process?

= How to solve problems linked to the use of large quantities of rubber, such as
high binder consumption?

Thus, after collecting data on the mix design, the need to understand the newly
developed materials' overall properties arose. Indeed, new materials need to be
assessed in several aspects. In this case, the focus was on the mechanical and chemical
parameters. Also, the influence of the outdoor conditions was considered, and the
following questions needed to be explored:

= How to test this novel material accurately?

» What is the overall mechanical structure of this material?

= Can this pavement be hazardous to the environment?

= How will this pavement react in real outdoor weather conditions?
= Can this newly developed pavement be recycled?

In parallel, other questions concerned the collection of data on the biomechanical side
of injuries:

= What is the effect of this material if a pedestrian or a cyclist occurs to fall on
it?

= Does this pavement have a real effect on the injury reduction?

= How can it be improved to maximize the injury reduction?

The pavement is meant to be laid on large portions of urban infrastructures. Naturally,
the reproducibility of the laboratory development must be assessed in situ, and thus
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the upscaling possibility verified to confirm laboratory criteria and optimize other
parameters:

= Can the process developed in the laboratory be upscaled and reproduced in-
situ, maintaining the same quality and performances?

= Is it possible to maintain this pavement over time, and which methods are the
best?

= What is missing in the pavement design for it to be durable?

Finally, thanks to some outcomes of the research, the perspective to ameliorate the
material technically, environmentally, and financially were drawn:

= Which optimization can be done to ensure the environmentally friendly effect
of this material, increase the recycling impact and make possible its
recyclability after the exploitation?
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Layout of the thesis

The thesis consists of a compilation of scientific articles organized into five Chapters,
as shown in Figure 5. Each chapter addresses a specific subject that aimed to be
solved through the doctoral research. The main problematics of the design of a new
IAP are stated through the sections and the main research questions are answered
through the different articles selected for this thesis. Each chapter starts with a
contextualization of the study in the full project and ends by listing the main outcomes

that the study gave.

v
Chapter 2

Chapter 1

Laboratory
Development
and Design

Mechanical,
Chemical and
Freeze-thaw cycles
analysis

f

Chapter 4

v
Chapter 3

Material modelling
and accident cases
simulations

Field trial

Chapter 5

Optimization to
extend the
industrial

perspective of the
IAP

Figure 5: Research layout scheme
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Chapter 1: Laboratory Development and Design contains two articles describing
the formulation and design steps to obtain feasible formulations. These papers mainly
explain several experimental stages from the material analysis, the formulation, and
the production.

Chapter 2: Mechanical, Chemical and Freeze-thaw cycles analysis contains two
papers explaining the different methods of characterization used to analyse
mechanically, environmentally, and against weather change the selected material and
define common criteria and properties for the future steps.

Chapter 3: Material modelling and accident cases simulations contains a unique
paper on the material modelling that led to the simulation of two accident cases: one
involving a pedestrian and one with a cyclist. Focused on the biomechanics of injuries,
it gave preliminary results of the actual injury reduction allowed by the developed
material.

Chapter 4: Field trial contains one paper on the field trial construction and analysis.
This chapter mentions the upscaling of the laboratory work and testing of the selected
formulation under real urban conditions.

Finally, Chapter 5: Optimization to extend the industrial perspective of the IAP
contains a paper about the possible rubber functionalization that can be useful for
improving the mixture and optimising the overall performance of the developed
material. This chapter also mentions other perspectives for possible future research,
thanks to the results of the doctoral project.

10
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Chapter 1. Laboratory Development
and Design
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Chapter 1. Laboratory Development and Design

1. Overview

The first section focuses on the laboratory formulation and the preliminary tests to
develop an impact-absorbing paving material for bicycle lanes and sidewalks. The
section aims to describe the approach used in the laboratory, prove the feasibility of
the material, propose a production procedure, and choose the best mixtures to be
selected for more complete analysis. Also, the environmental impact of the mixture is
investigated. Indeed, the final aim for the newly developed material is to be functional
and as green as possible.

This section contains two papers. The first one is a study on the variation of the rubber
and binder amounts during the mix design. Therefore, only one type of rubber and one
type of binder were used. The main objective was to propose a method with partial
substitution of the aggregates. Moreover, the goal was also to define the right rubber
amount to permit the mixture's production and compaction and possibly obtain
impact-attenuation properties on the pavement specimens. Subsequently, after
defining the best amount of rubber, the type of rubber and binder were changed and
became the variable parameters. The study of the influence of these changes is the
focus of the second paper. The aim was to study five types of binders with different
characteristics, taking into consideration their possible modifications and their
temperatures of production and laying.

In this section, each paper starts by introducing the concept and the background. Then,
the materials and methods part is described, followed by the results and discussion
one. Finally, the articles are concluded with the valuable results of the studies.

12
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2. Development of Functional Rubber-Based Impact-Absorbing
Pavements for Cyclist and Pedestrian Injury Reduction

2.1. Vulnerable Road Users’ Safety and Public Health

Road traffic injuries result in an alarming and non-negligible amount of death in the
world. More than half of deaths occur among people classified as Vulnerable Road
Users (VRUs), including pedestrians and cyclists [10,36]. Several previous studies
have shown that stiff surfaces are one of the main reasons for vulnerable users' traffic
injuries. To protect these users, research on innovative and sustainable Impact-
Absorbing Pavements (1AP) surface layers has now become crucial [28,29].

Moreover, because roads are an essential part of the human living environment and
the urban population is increasing, VRUs are increasingly subject to fall accidents
impacting mostly heads, shoulders and hips [1,2]. In 2021, the World Health
Organization specified that a critical number of people (between 20 and 50 million)
are forced to live with disabilities resulting from non-fatal injuries caused by the
design of roads, which is often unsafe and inadequate for pedestrians, cyclists or
motorcyclists. [10].

In addition to the injuries and disabilities resulting from road traffic accidents, the
safety of roads also influences other public health issues. Indeed, urban roads that do
not include safe walking and cycling infrastructures can result in more reliance on car
transportation. In these cases, people are less likely to walk or cycle, leading to other
health problems that are related to a sedentary lifestyle, for instance, ischaemic heart
disease and even obesity [10]. The fear of falling, especially for the elderly, can also
be observed and cause social isolation or even anxiety. All these points are assembled
in the European Sustainable Development Goal (SDG) 3, which aims to ensure
healthy lives and promote well-being for all ages. In particular, target 3.6 aims to
considerably decrease the death rates caused by road traffic accidents and related
injuries [37].

2.2. Recycling and Responsible Consumption for Sustainable Urban
Communities

While designing new solutions, the environmental and sustainable perspective must
be included in the technical performance requirements. Undeniably, using recycled
materials instead of non-renewable resources is an effective method. The pavement
industry represents one of the open improvement sectors where the use of recycled
tyre rubber, in different shapes, offers a means to increase the life cycle of the overly
engineered tyres, reduce CO. emissions, reduce the use of raw virgin mineral
materials, and improve citizens’ quality of life [38]. Numerous SDGs are associated
with this approach to encourage cities to become more resilient and sustainable. The
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responsible consumption of already existing materials also impacts the protection of
lands and reduces ecosystem degradation. The climate can also be indirectly
preserved. Therefore, along with SDG 3, SDGs 11, 12, 13 and 15 are also linked
directly or indirectly to the research on the development of 1APs [37].

For pavement materials, the stiffness modulus is a crucial value in the analysis of the
stress-strain response behaviour under a traffic load [39]. The traditional flexible
pavements need high stiffness that allows heavy vehicles to apply a load without large
deformation. Contrary to the currently used road materials, a low-stiffness elastic
pavement can withstand larger deformations and spring back to its original
dimensions. The deformation of the material makes possible the absorption of the
impact forces. This is the reason why cars’ external materials can deform to absorb
the energy created by the impact of an accident. Therefore, a low stiffness pavement
is considered a valid development to reduce the risk of injuries in case of a fall onto
the pavement, thanks to the elastic properties of the recycled crumb rubber, which
have been exploited for many years to enhance the flexibility and elasticity of road
pavements. This material can be used as a carrier of the required stiffness. In fact, the
incorporation of crumb rubber (CR), itself a low-stiffness material, in substantial
quantities can decrease the stiffness of traditional pavement surfaces while
contributing to their durability (fewer cracks) and the waste management of End-of-
Life Tyres (ELTSs) [32,40]. Therefore, the main objective of this research is to design
an innovative surface layer by using CR from ELTs, allowing the reuse of waste
materials in parallel with reducing the risk of injuries for fallen VRUs in the urban
environment [28,29].

2.3. Inspirations and previous studies

The present research is inspired by playground paving materials that are used to
reduce children’s injuries in parks and are often partly made of recycled rubber. To
rethink them for applications in urban pavements is the main challenge in terms of
developing Impact-Absorbing Pavements [28,29]. The proposed innovative paving
material should be able to abate the risks of injuries for VRUs in all weather conditions
and, at the same time, be durable and friendly to the environment, including the
absence of emissions, fumes, or odours, without chemical leaching and particle
release. Furthermore, the developed material should be produced and laid using
existing technologies, and it should withstand occasional slow and heavy traffic
during maintenance. Two major studies have recently been conducted on cement
concrete, and asphalt concrete mixes containing high rubber contents to develop
shock-absorbing properties for pavements [27-29]. The main application for those
low stiffness pavement layers is limited to sidewalks and bicycle lanes. According to
these studies, while mentioning 1APs, the comfort and appearance (survey-based), the
stiffness (compressive strength and elastic compressive modulus), the friction or ice-
affinity properties (friction tester), and impact-attenuation capabilities (according to
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falling speed, height, area of impact, and severity, as measured via the Head Injury
Criterion (HIC)) [41] are the main criteria to be adopted for the materials’
characterisation [2].

Another study on rubberised shock-absorbing concrete [27] showed that it is possible
to produce rubber-modified (from 59 to 77% rubber volume) concretes with sufficient
load-bearing capacity for cyclists and pedestrians. The results were based on the
compressive strength and elastic modulus inputs of the succession of produced
samples (up to 7 MPa). These values were compared to the pressure applied by an 80
kg human walking on the material with flat-heeled shoes. The tested materials resisted
the deformation applied by this pressure. However, constraints were raised about the
unknown behaviour of those materials over time, as well as adverse weather
conditions.

Previous studies on concrete and asphalt concretes [28,29] have demonstrated the
effectiveness of high-rubber-content material on the significant decrease in HIC
values. The feasibility of laying a 63% (volume) rubber content material was also
proven. In Sweden, laboratory results were confirmed by field trials at the AstaZero
testing facility [29]. This in situ experiment was conducted to collect information on
the behaviour of the material in outdoor conditions and to evaluate the users’ comfort
and riding impressions regarding the experimental materials.

At present, the preliminary studies on high-content rubber materials to reach valuable
shock-absorbing properties are considered the starting point of the ongoing research.
Considerable assessment efforts are necessary for the durability of the proposed
materials. Furthermore, the impact-absorbing properties must be consistent over time
and in different weather conditions [28].

2.4. Implementation of the current study

As previously mentioned, this research focuses on bituminous mixes for flexible
pavements with shock-absorbing properties. It should be used as an alternative
pavement for footpaths and bicycle lanes, improving the life cycle of tyres while
reducing VRUSs’ injuries through durable, softer, safer and recycled material.

Tyre rubber is being used successfully as the primary component in terms of volume
on playground materials. However, the mixing, production and construction methods
are significantly different from those of bituminous asphalt paving (for example,
handwork and non-bituminous binders). The challenge with this material is to ensure
that it is produced and laid following the same methods as those already used in the
asphalt industry. In this industry, when it comes to rubberized asphalt, the amount of
rubber in the mix is limited and never reaches values comparable to those of
playgrounds.
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With this study, the objective is to introduce a new manner of producing impact-
absorbing pavements. The aim is to implement and deploy this solution on urban roads
and lay several meters with better conditions for the workers. By using known
methods and existing machinery and facilities, the development of such material can
have a better future, for instance, in terms of costs. Different formulations with distinct
quantities of recycled rubber and binders have been produced and tested. The selected
starting mixture is based on a typical Hot Rolled Asphalt (HRA), also known for
containing a relatively large quantity of fine aggregates compared to other standard
dense mixes. The mix design goal is to substitute a volume of natural fines with a
graded quantity of CR (04 mm). The supplied CR was preliminarily analysed,
focusing on the possible release of chemicals, using the most suitable types of PAH
(Polycyclic Aromatic Hydrocarbon) analysis [42].

Traditional bituminous mixture characterisation has been performed at different
temperatures, including the Indirect Tensile Stiffness Modulus test [43], the Indirect
Tensile Strength test [44] and the Cantabro loss test [45]. The tests aimed to quantify
the stiffness and the abrasion resistance properties of the different asphalt materials.
Furthermore, due to the significant amount of rubber inside the mixtures, the
specimens were also tested to comply with the playgrounds’ or artificial tracks’ testing
methods, i.e. the HICs and the CFHs were also measured.

Those preliminary tests were meant to optimise the material in terms of the use of
recycled materials, their stiffness and strength, their layer durability and the impact-
attenuation performance of the 1AP.

2.5. Materials and Methods

2.5.1. End-of-Life Tyre rubber
The waste management of the ELTs and the CR production were undertaken in
Sweden. These CR were used for the experimental production of IAP samples. They
were produced using the ambient shredding process and were classified into three
different size distributions ranging from 0 mm to 4 mm, as illustrated in Figure 1.1.
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Figure 1.1: CR particles used in the experimental mixtures: Coarse, Medium and Fine.

Several tests were performed to measure the main characteristics of the rubber
samples (Table 1.1). The parameter linked to the chemical characteristics and
exposure risks for the workers and daily users of products containing rubber granules
(e.g., playgrounds, road pavements, artificial turfs and suchlike) was also measured.
One of the most significant values was that representing the presence of eight
Polycyclic Aromatic Hydrocarbons (PAHs 8), which were limited to a total
concentration of 20 mg/kg (0.002 % by weight) by the European Chemicals Agency
[42,46,47].

Table 1.1: Typical properties of the experimental crumb rubber.
Bulk Density*

PAHs 8 REACH!

Crumb Rubber  Particle size Specific gravity?
(kg.m?) ) (mg/kg)
(CR) granulates (mm) EN 1097-3 EN 10976 pecification <20)
Fine (F) 0-1.2 0.440 1.028 6.5
Medium (M) 1-2.8 0.440 1.028 6.5
Coarse (C) 2.5-4 0.440 1.028 6.5

! Value given by the supplier. 2 Measured values.

In addition to the values of PAHSs 8 given by the supplier, a complete analysis of 16
PAHSs was performed. PAHSs represent a class of organic compounds that can cause
severe health issues if not under control. Eight of them are usually subject to
limitations (PAHSs 8). At the same time, it is strongly recommended by the European
legislations to analyse the group of sixteen (PAHs 16) for their potential health and
ecological influence by skin contact, inhalation or ingestion through food, for instance
[42,46,48]. The lower the amounts of detected PAHS, the better the tested materials
are in terms of risks for the health and the environment. The objective of the limitation
is to ensure that the cancer risk from PAH exposure remains at a low level for the
users who are in contact with the rubber granules. That includes workers installing
and maintaining the rubberised surfaces, players using the pitches or playgrounds
[42,47], or the potential VRU of the developed IAP.
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Determination of the PAH content was made following the AfPS GS 2014:01 PAK
standards [46]. The results and limits are presented in Table 1.2.

Table 1.2: Results from the PAH analysis.

PAH 16 Concentration Sum of PAH
detected (mg/kg) detected (mg/kg)

Sum 16 PAH

TOTAL PAH 16 Approx.2.3

Naphthalene <05

Acenaphthylene <05 iulmSPAH-L

Acenaphthene <05 '

Fluorene <05

Phenanthrene <05

Anthracene <05 ium PAT-(')VI

Fluoranthene <05 pprox. L.

Pyrene 1.0

Benzo a anthracene <05

Chrysene <05

Benzo b,j fluoranthene 1.3

Benzo k fluoranthene <05 Sum PAH-H

Benzo a pyrene <5 Approx.1.3

Indenol123cdpyrene <5

Dibenzo ah anthracene <5

Benzo ghi perylene <5

2.5.2. Bituminous binder
The binder used in this study was a 25/55 Styrene-Butadiene-Styrene (SBS) modified
bitumen (PmB 1) specifically designed for the incorporation of rubber into the
bituminous binder at lower production temperatures (i.e., 160°C). The density of the
binder was 1.050 g/cm®. The typical binder parameters values are shown in Table 1.3.

Table 1.3: Characteristics of 25/55 Polymer-Modified Bitumen.

Measured Properties? Unit Value Standard
Penetration @25 °C 0.1 mm 25/55 EN 1426
Softening point °C >70 EN 1427
Flashpoint °C >250 EN 2592
Dynamic viscosity @160°C Pa-s >04 EN 13702-1
Fraass breaking point °C <-15 EN 12593

YValues from the binder supplier.

2.5.3. Virgin aggregates
Limestones, basalt, mixed sand and a commercial limestone filler were used as natural
lithic skeletons and additives for the asphalt mixture. The aggregates came from
different Italian suppliers, and their characteristic values are shown in Table 1.4.
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Table 1.4: Properties of the virgin aggregates.

_— 1 Particle size (mm) Specific Gravity
Virgin aggregates EN 933-1 EN 1097-6
Limestone 1 8-14 2.661
Limestone 2 4-8 2.669
Sand 0-4 2.608
Basalt 0-2 2.685
Limestone filler <0.063 2.667

1 Measured values.

The entire experimental plan is represented in Figure 1.2. The work was divided into
three main sections: the mix design, the production of specimens and the compacted
materials’ characterisation.
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Figure 1.2: Scheme of the experimental investigations’ approach.

2.5.4. Mix design and production of specimens
The chosen reference mix is a Hot Rolled Asphalt (HRA). It is a dense material
containing a considerable amount of sand and other fine materials. The mix design
process and its proposed formulations were designed using the weight and the volume
units to calibrate the substitution of sands with large amounts of rubber in the
mixtures. Firstly, the rubber bulk density (given by the supplier) was used for the
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initial mix proportions to obtain an estimated volume fraction [29]. All experimental
values are reported in Table 1.5.

The production of samples required mixing the aggregates with bitumen (160°C)
before adding the rubber. All constituents were mixed into a homogeneous binder
coating before being compacted using a standard gyratory compactor. The compaction
was performed using an angle of 1.250°, an applied pressure of 600.000 KPa, and a
speed of 30.000 Rpm, and by applying 80 cycles (Figure 1.3)

; &
Final.Mixture AN Rubb’é?dditidn i

Figure 1.3: Production steps for the rubberised impact-absorbing pavement (IAP) samples.

Firstly, IAP samples with fixed amounts of rubber (IAP 2a, IAP 2b and IAP 2c) were
produced to identify the quantity of binder needed to prevent the loss of particles.
Afterwards, samples with a fixed amount of bitumen were produced with four
different amounts of rubber (REF, IAP 1, IAP 2a, IAP 3). All mixtures’ proportions
are detailed in Table 1.5.

Table 1.5: Content of each mix by weight and by volume based on the aggregate and the total mix.
Mixtures % Weight % Volume

Name Rubber % Rubber 9% Rubber % Binder % Rubber 9% Rubber % Binder

size (aggregates) (total mix) (total mix) (aggregates) (total mix) (total mix)
REF AC / 0 0 8 0 0 8
IAP1 FM 17 14 18 35 30 14
IAP2a FM 34 28 18 63 52 16
IAP2b FM 34 27 21 63 51 19
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IAP2c FM 34 27 23 63 50 21
IAP3 FMC 41 33 18 66 56 15

2.5.5. Characterisation
A procedure was developed using standard asphalt mixture characterisation methods
to analyse the samples and evaluate the different rubberised bituminous mixtures’
mechanical and impact-attenuating performances. The laboratory test and their order
are schematised in Figure 1.4. The developed protocol includes geometrical and
volumetric analysis and mechanical, abrasive and impact-attenuation tests.

| Laboratory production \

- =

EN 12697-5618
Geometrical and Volumetric analysis
I } l
EN 12697-26
ITSM

} } I
ASTM C131 (M) EN 12697-23 EN 1177:2018
Cantabro Loss ITS HIC

Figure 1.4: Developed testing procedure for the assessment of the basic performance of 1AP.

2.5.5.1. Geometrical and volumetric analysis

After producing the cylindrical samples, the first characteristics to be measured were
the weights and dimensions. After compaction, the vertical and horizontal expansion,
which mainly occurred due to rubber swelling, were also measured. Indeed, after
compaction, an internally measured height value was given by the compactor. This
height was verified manually a few minutes after compaction, and an expansion was
recorded. This manual measurement was also repeated 15 days and 1 month, and 6
months after the time of the samples’ production.

2.5.5.2. Cantabro loss test
The Cantabro loss (CL) method [45] is generally used to determine the abrasion loss
of compacted asphalt samples using the Los Angeles abrasion machine. This machine
can induce the loss of abraded material via rotation for several cycles at a fixed speed
(30-33 rpm for 300 revolutions).

The CL can function as an indication of the durability and the resistance to abrasion
of the sample by means of the following equation:
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m; mf
CL [%] = ——L x 100 (1.1)
mfi
CL: Cantabro loss (%)
m;: the initial mass of the specimen (g)
ms: the final mass of the specimen (g)

Only the IAP 2 and REF AC (as the first produced samples) were tested using the
Cantabro loss testing procedure. This was because of doubts that arose regarding the
method’s effectiveness for the designed samples. This doubt was clarified later, thus
confirming the Cantabro test method as effective for testing highly rubberised IAP
samples.

2.5.5.3. Indirect Tensile Stiffness Modulus (ITSM) and Indirect Tensile
Strength (ITS)

The preliminary mechanical characterisation was mainly performed by employing the
Indirect Tensile Stiffness Modulus (ITSM) [43] and the Indirect Tensile Strength
(ITS) [44] tests on cylindrical samples. These are very common and referenced testing
methods for compacted samples of asphalt concrete. The ITSM, determined by the
IT-CY method, is a non-destructive test that provides data on the stiffness of the
sample at a specific temperature (it was conducted at 5°C and 10 °C), while the ITS
measures the maximum tensile stress, calculated from the peak load applied at failure
of the sample. The ITS test was conducted at 10°C and 25°C.

2.5.5.4. Head Injury Criterion (HIC)

Several injury criteria exist to determine the effects of a collision, a fall or an impact
as the origin of injuries. The neck injury criteria (NIC), the tibia index (TI1) and the
HIC are related to head injuries [49]. Determined after a series of tests on cadaveric
heads in the 1960s, this value is nowadays derived from the measurement of
acceleration and fall time thanks to accelerometers and sensors inside of an artificial
concentric head (approx. 5 kg in mass). The falling device simulates a simplified
version of adult human head behaviour during an impact. Frequently used in impact
sports or collision studies, the HIC is an excellent indicator of the damage that could
be caused to the skull and brain, and it is defined as:

HIC = {[ ! fttf a(t) dt]z'5 (t, —tl)} , (1.2)

ta=t2 max

t1: start time
to: end time
a: acceleration
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1: Support

2 Headform (containing accelerometers)
3: Fixing tool

4: Test specimen

5: Signal conditioner (wireless)
6: Computer (data mining)

Figure 1.5: Scheme of the impact-attenuating properties testing method.

To test the IAPs, the present study used testing methods that were established for the
assessment of the impact-attenuation properties [10] and which are usually employed
to measure the impact attenuation of surfacing materials. A scheme and pictures of
the test device and the testing set-up are shown in Figure 1.5 and Figure 1.6,
respectively. Through the measurement of the severity of a head injury that is likely
to arise from an impact, i.e., HIC, the method allows the calculation of the Critical
Fall Height (CFH) of the pavement and the maximum Free Height of Fall for which a
paved surface provides an adequate level of impact attenuation. A HIC lower or equal
to 1000 is considered an acceptable limit for playgrounds [41]. The HIC can also be
related to the Abbreviated Injury Scale (AIS) used to classify injuries from abrasion
(1) to a fatal injury (6) [50]. Table 1.6 shows the classification of the injuries
according to the HIC values.

Table 1.6: Abbreviated Injury Scale AIS classification of the injury type by HIC [20].

HIC AlS code  Severity Description

> 1860 6 Maximum  Fatal, not survivable.

[1859-1575] 5 Critical Unconscious for >24 hours; large hematoma
[1574-1255] 4 Severe Unconscious for 6-24 hours; open skull fracture
[1254-900] 1000 3 Serious Unconscious for 1-6 hours; depressed skull fracture
[899-520] 2 Moderate  Unconscious for <1 hour; linear skull fracture
[519-135] 1 Minor Headache or dizziness

<135 0 Null No injury

The instrumented artificial head strikes the tested surface from different drop heights.
The signals emitted by the accelerometers in the device during each impact are
processed to yield a severity from the measured impact energy, defined as the HIC,
and to determine the peak acceleration (gmax). The method determines the drop heights
at which HIC is at a maximum of 1000, and the gmax is 200. This procedure is used to
calculate the CFH of the impacted pavement [3].
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The IAPs’ samples were tested at different temperatures ranging from —10°C to +40°C
to obtain an extensive range of values corresponding to the various climate conditions.

testing

2.6. Results and Discussion

2.6.1. Geometrical and Volumetric assessment
For each mix, a minimum of three replicates were produced to perform the planned
tests. The preliminary visual assessment and test measurements provided valid initial
information on the overall performance of the rubberised samples. Specific
geometrical and mass measurements allowed the calculation of the specimens’
densities and air void content. The results are listed in Table 1.7.

All compacted samples were in satisfactory initial conditions, and their inner cohesion
and adhesion appeared to be sufficient to keep the lithic and rubber particles together
after the extraction from the compaction mould. The specific weight of AP specimens
containing high amounts of rubber was approximately 1/3 less than the reference
asphalt concrete specimens’ value. Figure 1.7 directly compares the two pictures of
the reference standard asphalt and the IAP 2a specimens.

Figure 1.7: Overall aspect of compacted IAP 2a (left) and reference AC (right).

The geometrical measurements of the specimens showed an anisotropic volumetric
expansion that occurred independently of the origin or type of rubber and bitumen.
This phenomenon was due to the content of the rubber, its elastic recovery after
compaction, and the swelling reactions that occurred due to the bitumen/rubber
interactions. This expansion also caused the loss of some rubber particles from the
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external specimen surface after compaction. The expansion developed with a high-
volume rate variation directly after the compaction and slowly faded with time.
Figure 1.8 describes the development of the vertical expansion one month and six
months after the time of production for most of the mixes.

This phenomenon was hardly visible with the AC reference samples, while it was
more evident in the rubberised samples. The average expansion value of IAP 3 was
lower than those of IAP1 and IAP 2a, despite containing more rubber in terms of
percentage. However, IAP 3 contained coarse aggregates while IAP 1 and IAP 2a did
not. By reducing the available surface and porosity for the diffusion causing the
swelling, this phenomenon, initiated between the bitumen and the rubber, was
reduced, and expansion of the sample was consequently limited.

Table 1.7: Densities and air voids content values for each tested mixture.

Mixes  EN12697-6D Eﬂ':iizr?]frf EN12697-8  EN12697-8 EN12697-8
H 3 0] 0, o)
Density (g/cm?) Density (g/cm?) VA (%) VMA (%)  VFB (%)
REF AC 2.273 2.207 29 33.7 914
IAP 1 1.740 1.605 7.8 38.0 79.6
IAP2a 1.460 1.383 5.2 38.9 82.8
IAP2b 1.541 1.423 1.7 42.4 80.3
IAP 2¢ 1.654 1.586 4.1 30.1 90.4
IAP 3 1.443 1.371 5.0 33.7 83.4
4.00 - IAP 2a
] ,;;;,:::::;,,,J IAP 1b
3.50 + ,,,J;f:f—f—f*‘/(;i;:;;i}} A
1 - % 1AP3
__3.00 ] A
1S 1 /
E 250 ] //
£ 1 /
8 2.00 ﬁ/
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0.00 B ‘ ‘ ‘ ‘ ‘ ‘
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Time [months]

Figure 1.8: Vertical expansion after one month and six months for the mixes REF AC, IAP 1, IAP 2a
and IAP 3.

2.6.2. Cantabro loss and abrasion results
Figure 1.9 shows that the material abrasion was reduced (by approximately 4-5
times) for the reference sample as compared to the rubberised samples. This seemed
to be caused by the addition of high quantities of rubber in the mix, which provided
elastic properties to the samples that could partially bounce inside the Los Angeles
apparatus. Even if the binder significantly influenced the particle’s loss, the difference
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between IAP 2a (18% wt. binder) and 1AP 2b (21% wt. binder) was negligible.
Although the severity of the tests seemed to be reduced with bouncy samples, the
results of the rubber specimen were still noteworthy.

Even if the test was conducted only for the REF AC and IAP 2 samples, the results
with IAP 3 would most likely be comparable to those of IAP 2a. and with IAP 1
having higher loss values than the IAP 2 samples.

REF AC, 1.32%

IAP 2a, 0.32%

IAP 2b, 0.27%

W

IAP 2c, 0.26%

0.00% 0.50% 1.00% 1.50%
Cantabro loss [%]

Figure 1.9: Cantabro loss showing the abrasion properties of the tested specimens.

2.6.3. Pavement mechanical performances

ITSM and ITS tests could give valid insights into the stiffness modulus and the
required stress for the initiation of tensile cracking of the sample. However, even if
the tests were conducted at cold temperatures, it was challenging to measure
consistent values. The prominent elastic behaviour of the material influenced the
actual observation of the cracks and, thus, the effective value of the indirect tensile
strength. Table 1.8 shows that at 5°C, the mechanical properties of the rubberised
asphalt differed from the reference material, and the stiffness was considerably
reduced by the addition of rubber even at low test temperatures (5°C and 10°C). The
obtained modulus was reduced by more than six times when comparing the reference
material with IAP 3, the mix that had a higher quantity of rubber (Table 1.8).

The tested samples gave promising results in terms of the final objective of reducing
the impact severity by decreasing the material’s stiffness. Alternative methods such
as direct tensile, stress relaxation and compression tests are foreseen to improve and
optimise the mechanical measure of the rubberised materials.

Table 1.8: Average tensile strength and stiffness modulus of the different mixes.

Stiffness Stiffness

Mixes Il'(I)'?C(MPa) IZ'EI;OSC(MPa) modulus (MPa) modulus (MPa)
5°C 10°C

REF AC 2.69 1.78 12,496 11,654

IAP 1 0.91 / 1236 /

IAP2a 0.36 0.35 301 229

IAP2b 051 0.31 273 194
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IAP2c 0.48 0.26 202 124
IAP 3 0.44 0.29 248 /

2.6.4. Attenuation of impacts and injury prevention

2.6.4.1. Influence of the rubber amount

The use of CR in large quantities had a beneficial effect on the circular use of tyres,
the recycling of the rubber and the elastic properties of the newly formulated impact-
absorbing bituminous material. The IAP 3 samples attenuated more the impacts than
the IAP 2, IAP 1 or REF AC samples. Indeed, from the same dropping height, the AIS
code was reduced to 0 (null) with IAP 3, while it was 3 (severe) for the REF AC
samples (Table 1.9). Moreover, as shown in Figure 1.10, by increasing the amount of
rubber, the drop height could be increased, albeit still recording lower HIC values than
those obtained from the REF AC. A rough direct relationship can be seen between the
increase in impact-absorbing properties and the quantity of rubber.

Table 1.9: HIC and related AIS code corresponding to the fall for each specimen from an equal drop
height (0.2 m) at Tamp.

Mixes %Rubber Dr(_)p HIC Standgrd Related
(wt) Height (m) deviation HIC AIS code
REF AC 0 0.2 1111 6 3
1AP 1 14 0.2 470 46 1
IAP 2a 28 0.2 160 17 1
IAP 2b 27 0.2 170 19 1
IAP 2¢ 27 0.2 109 9 0
IAP 3 33 0.2 114 5 0
*PLAYGROUNDS > 50 0.2 22 / 0
*RUBBER CONCRETE 20-30 0.2 195 / 1

Values obtained in preliminary studies [29].

Furthermore, the head impact altered the REF AC sample surface after several drops,
while the IAP 3 sample was almost intact. This can also be considered a positive
outcome in terms of the surface durability of the highly rubberised samples. The
pictures in Figure 1.11 clearly support these observations. White tape was used as a
tool to delimitate the impacted zone during the HIC test. The impacted zone for IAP3
was higher. This variation was due to the need to modify the test head height more
often than for the reference (higher drop height). Thus, the impact zone precision was
lower, while the REF AC needed a few set modifications during the test. However,
at a lower drop height, the surface of the REF AC was more degraded. Therefore, the
achievement of the required impact-absorbing properties did not negatively affect the
surface durability of the material.
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Figure 1.10: Laboratory HIC values when increasing the dropping height at room temperature
(22°C+1°C).

Figure 1.11: Tape-delimited impacted zone after several drops of the HIC-meter head: REF AC (left);
IAP 3 (right).
2.6.4.2. Influence of the testing temperature
In addition to the rubber quantity, the temperature had a considerable influence on the
measured HIC values. Consequently, the CFH was also affected by temperature.
Intuitively, for these kinds of visco-elastic materials, the impact-attenuating properties
at 40°C are higher than those at -10°C. All the test results are shown in Figure 1.13.

Even if Figure 1.13 clearly shows that IAP 2c had better attenuation properties than
IAP 3 at 40°C, the influence of the rubber variable was predominant over the binder
dosage one. When the amount of bitumen increased, the sample with the largest
quantity of bitumen for a given volume of rubber exhibited a slight increase in the
CFH values at high temperatures. In general, the targeted amount of bitumen should
be as low as possible to limit costs. Moreover, the CFH at -10°C or -2°C for IAP 3
was still higher than the CFH of 1AP 2c at the same temperature and the CFH at +40°C
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for IAP 1. As the IAP 2 and IAP 3 mix had similar behaviour, IAP 3 was found to be
preferable as an impact-absorbing material for the above-mentioned reasons.

2.6.4.3. Influence of the testing layer thickness
To evaluate the thickness influence on the HIC values, samples were assembled by
simple superposition in the laboratory, as shown in Figure 1.12. Hence, the IAP 2ab
(approx. 90 mm) and IAP 2abc (approx. 130 mm) compositions made it possible to
compare the behaviour of HIC and CFH with different layer thicknesses. A double-
sided adhesive was used between the samples.

ww 98

IAP 2abc

ww /21

Figure 1.12: Scheme of the samples assembly to assess the influence of the layer thickness.

Augmenting the layer thickness from 4 cm to 9 cm increased the CFH values by
approximately 0.5 m. Besides, when the layer height was increased to 13 cm, the CFH
values were approximately doubled, as shown in Figure 1.13.

Even if the 4 cm thick IAP 3 sample had a positive effect in terms of lowering the AIS
code to 0 and, therefore, approached the recommendations for playgrounds (i.e. Table
1.9), the goal for the present application was to have a CFH above 1 m (even at low
temperatures). In fact, a CFH higher than 1 meter is considered the minimum
requirement for validating the formulation as adequate in terms of reducing injuries
from VRUs’ falls. The objective is to be far below the reference value of the
concussion HIC 1000 [51].
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Figure 1.13: CFH at HIC=1000 including IAP 2abc and IAP 2ab @ four temperatures: -10°C, -2°C,
23°C and 40°C.

2.7. Conclusions

The laboratory work performed on the different formulations provided noteworthy
results. The main relevant and preliminary conclusions that can be drawn are as
follows:

e Adopting the dry process method made it possible to produce samples with a
rubber content larger than 30% total weight (larger than 50% total volume).
Those bituminous samples also contained coarse crumb rubber particles (0
mm to 4 mm size).

e The bitumen quantity should be kept as low as possible for a given rubber
amount as the CFH variation observed between the IAP 2a 2b 2c and IAP 3
was not significant.

e The swelling reaction played a role in the geometrical expansion of the
material. However, the addition of a high amount of rubber did not cause
critical abrasion behaviour when tested with the Cantabro loss method. The
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percentage of loss was four times less than the reference asphalt, but future
work will have to specifically assess the reliability of the applied test method.

e Asaresult of ITSM measurements, it was observed that for the IAP 3 samples
containing 33% wt. rubber, the stiffness modulus was 40 times smaller than
the reference asphalt. Additional stiffness or mechanical tests are needed to
investigate different testing methods or conditions (i.e. simulating different
climates).

e The greater the amount of rubber that was added, the higher the impact-
attenuation effect that was measured through HIC, and the higher the
calculated CFH. The addition of rubber consistently enhanced this property
even at low testing temperatures.

e The obtained HIC and CFH were approaching the recommendations for
playgrounds. IAP 3 samples lowered the AIS parameter from 3 (REF AC) to
0, thus reducing the risk of severe injuries.

e The optimal thickness of the pavement rubber layer appeared to be between 4
and 9 cm. The thickest samples recorded auspicious results even at cold
temperatures. Thicker layers can require multiple layers using the traditional
paving techniques.

The obtained results align with the targeted material characteristics; however,
additional work is required to investigate other temperature conditions, as well as
durability and surface properties. Furthermore, the mechanical analysis must be
improved, and stress—relaxation or compression tests need to be incorporated within
the mechanical characterisation procedure. The tests also raised interesting questions,
especially regarding bitumen’s actual role in optimising the required impact-
absorbing properties in terms of its quantity, costs and actual sustainability. The use
of alternative binders, possibly bio-based ones, will be considered a means of
increasing the sustainability of the materials.

31



Chapter 1. Laboratory Development and Design

3. Impact-Absorbing Pavements made with cold and warm asphalt
binders and recycled rubber: a preliminary laboratory study.

3.1. Pedestrians and Cyclist safety and protection: the Impact-absorbing
pavements concept for urban road infrastructures.

Pedestrians and cyclists are among the Vulnerable Road Users (VRUS), who are the
most at risk in traffic and are not protected by an external shield [11]. However, while
considering their safety, especially in an urban area, pavement which can be
responsible for incidents and is often the first contact surface for the VRU after a fall,
is rarely the first element to be considered. In fact, road safety devices are mainly
designed for wheeled vehicles even if already in 1998, up to 40% percent of the
journeys in Europe were travelled by foot or bicycle [11]. Nowadays, the number of
VRUs has increased, especially in the past months, due to the Covid-19 crisis. The
immediate necessity to avoid shared transport means increased the need for urban
areas to be correctly equipped to be able to welcome the amount of news VRUSs
encouraged by the governments to reduce car overuse [24].

However, several aspects, including the negative perception of bicycles and
pedestrians’ safety in cities, are making the habit change and the willingness to use
the roads as a VRU difficult. Therefore, to foster safer shared urban space, the effort
made on the VRUSs’ protection, through the development of more adapted and safe
surfaces, is crucial to obtain a positive change [24]. Creating Impact-Absorbing
Pavements (IAP) can be a starting point to the design of more adapted roads and policy
changes to encourage the people to cycle or walk instead of massively using the car,
another path to terrible environmental results and climate degradation. The role of
such materials is to make the sidewalks or bicycle lanes' surface layer less dangerous
and reduce possible humans’ traumas and injuries resulting from falls (mainly).
Playground materials are successfully used as paving materials to minimise injuries.
However, the possibility of extending it to a more general use has been poorly
investigated since then [27,29,52]. Indeed, adapting it to everyday use would mean
that the IAP material should be able to abate the risks of injuries for VRUs in an urban
area and be possibly produced, laid, and maintained using already known road paving
methods.

3.2. End-of-life tyres, waste management and recycled rubber.

Alongside the technical properties required, the design of new solutions must consider
and include an environmental perspective in the overall performance assessments. The
responsible consumption of the resources through recycling has an essential role in
the material’s effect on the climate and the conservation of raw resources. To achieve
this, recycled rubber is successfully used in the road industry as a waste transformed
into a primary raw resource [31-33,53,54].
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The circular use of tyres by exploiting the End-of-Life Tyres (ELTs) has a central
place in the development of the flexible and impact-attenuating surfacing such as
playgrounds or artificial turf. Bringing into the layers their elastic mechanical
properties, the rubber crumb obtained after the shredding of ELTs can be introduced
both in the binder (wet process) or as an aggregate (dry process) [32,55,56]. As the
main component in a mix, the rubber can noticeably increase the impact attenuation
properties of the material [57,52]. However, the use of a relatively high quantity of
ELTs has shown several production-related issues such as reduced workability,
smells, or release of fumes at high temperatures. The type and shape of crumb rubber,
the adopted binder and the mixing temperatures are generally responsible for these
possible issues that limit the exploitation of highly rubberised materials.

3.3. Previous studies

Some studies have been made to assess the possibility of producing and laying a
material containing a consequent amount of rubber. Several mixtures with different
rubber and binder content have been prepared and characterised to design testing
procedure adapted from the bituminous mix one and be able to set reference values to
a preliminary stage material.

The previous studies gave reference values on the targeted stiffness needed to confirm
the good results of this material concerning the impact-attenuation properties. The
mentioned values are reported in Table 1.10. From these previous studies, the
production-related issues due to the high amount of rubber were the main constraints
raised. In addition, the unknown behaviour of those materials in time or natural
weather conditions has a significant role in the design method. The paper focuses on
the assessment of these two main characteristics.

Table 1.10: Preliminary results and values from [57] and [29,52] studies

Drop Standard

0 .

Mixtures (653212? [Sl;[/llf;r;; s Height HIC deviation i?lsa(t:ic(jje
[m] HIC

*Reference 0 10095 0.2 1111 6 3 Severe

*IAP 3 Test 1 (PmB) ~50% 248 0.2 114 5 0 Null

**PLAYGROUNDS >> 50 / 0.2 22 / 0 Null

**RUBBER 0.2 195 / 1 Minor

~ 0,
CONCRETE 50% /

* Preliminary study from [57]** Preliminary studies [29,52]

3.4. Paper Focus

The innovative material intended to be designed originates from ELT management
and recycling. It could not have existed without bringing this waste into new raw
materials. The current article focuses on the feasibility of Impact-Absorbing
Pavements (IAP) made with warm and especially cold asphalt binders, and a
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significant amount of recycled rubber. The preliminary results obtained are discussed
in this article.

The described research focuses on the temperature-related variables, studying warm
(160°) and cold (20-25°C) temperature mix production using the dry process. The
tested samples contained more than 30% weight (i.e., more than 50% volume) of
rubber and were produced with five different binders: a Polymer Modified Binder (1),
a 50-70 pen neat binder (2), a Latex modified bitumen emulsion (3), an SBS modified
bitumen emulsion (4) and a synthetic non-bituminous emulsion (5).

The selection of mixes followed previous studies to optimise the rubber amount to get
impact absorbing properties verified utilising the head injury criterion or with accident
simulations [57]. The first mix contained more rubber particles (A), while the second
had less rubber but more large aggregates to enhance the internal structure and
possibly reduce the binder quantity (B).

Standardised and purposely adapted methods have been used for the production and
the volumetric and mechanical characterisation of the materials, as well as for the
conditioning and ageing of the various samples. The adaptation of known methods
was needed to assess an unusual mix containing more rubber than generally.
Furthermore, to evaluate the durability and the effects of natural weather, the analysis
was performed before and after a Natural Ageing Procedure (NAP) of 3 months under
light-exposed, cold, and humid weather conditions. Temperatures ranged between 15
and -7 °C, with around 82% of humidity on average, including several rain and snow
events and an estimated Ultra-Violet (UV) index of 2-3 corresponding to a low to
moderate exposure level were reported.

After possibly identifying the best mixture according to the defined criteria like the
workability, cohesion of the mixture, fume and smell release, impact attenuation, and
durability, this research may enable the trials in the field to scale up the process. The
favourable scaling of such a process may open the prospect of developing new
production methods, implementing IAP, and observing good injury reduction
numbers. Finally, after its end-of-life, the future of this material must be investigated
to allow, if possible, its reinsertion in the process. Figure 1.14 summarises the
approach of the paper.
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Figure 1.14: Article approach for impact-absorbing pavement design.
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3.5. Materials and Methods

3.5.1. Crumb rubber
The main component of the mixture is the recycled rubber. Crumb rubbers (CR) from
End-of-life tyres (ELTs) coming from the European market were used. The CR was
made using the ambient shredding process and classified into seven different granulate
size distributions (from 0.8 to 7 mm). Only two fractions (Fine/mix 0.8-3.0 mm and
Coarse 2.0-4.4 mm) were used for this trial to comply with the partial substitution of
the mineral aggregates and fit the granulometric reference curve.

Before using the CR in the asphalt mixture, several tests have been generated to have
typical information compiled in Table 1.11. Also, the parameter linked to the chemical
characteristics and exposure risk of the worker and daily users of products containing
rubber granules (Playgrounds, roads, artificial turfs ...) was included. One of the
significant values is the Polycyclic aromatic hydrocarbons (PAHS) 8, strictly limited
to 20 mg/kg (0.002 % by weight) [42]. The typical value for those rubber is below 15
mg/kg.

The rubber was not pre-treated to fully evaluate its behaviour in this novel mixture
during the durability evaluation.

Table 1.11: CR typical values

Recycled Crumb | Particle Bulk Density | Specific Density | PAHs 8 REACH
Rubber (CR) | size [kg.mq] [kg.m?] [mo/ka]
granulates [mm] EN 1097-3 ASTM D1817-05 | (specification
ISO 13322- <20)
2
Fine (Fm) 0.8-3 0.420 1.160 <15
Coarse (C) 2.0-4.0 0.455 1.160 <15

Typical properties are given by the manufacturer

3.5.2. Aggregates
Limestones aggregates (4-14 mm) and limestone filler were used. The aggregates
came from different Italian suppliers, and the typical values are shown in Table 1.12.

Table 1.12: Aggregates typical values

Virgin aggregates (VA) Particle size [mm] Specific Gravity
EN 933-1 EN 1097-6
Limestone 1 8-14 2.661
Limestone 2 4-8 2.669
Limestone filler <0.063 2.667
3.5.3. Binders

Five different binders have been used in this study. The objective was to evaluate the
effect of the binder type (cold or warm), its additives or base (bitumen or not) and the
material properties for our purpose/application. Two warm binders (140-160°C),

36



Chapter 1. Laboratory Development and Design

including a Styrene-Butadiene- Styrene (SBS) modified bitumen designed to facilitate
the work with a rubber using the dry method (1), and a 50/70 neat bitumen (2) were
used. In addition, three cold emulsions (containing the same binder content), including
two bitumen-based emulsions, one is Latex modified (3) while the other is SBS
modified (4) and finally synthetic-based “yellow” emulsion (5), were also used.
All the typical values of the binders are shown in the Table 1.13 and Table 1.14

Table 1.13: bitumen’s typical values

Resistance to hardening RTFOT (EN

12607-1)
change retained increase
¢ in mass penetration in softening Flash  Dynami
o o .
d Penetration  Softening  (absolute  at25°C point point c
. Bitumen Type at25°C point value) (Severity 1)  coc  viscosity
Standards EN EN
UNI EN UNI EN UNI EN UNI EN
ISO 13702
1426 1427 1426 1427
2592
Units dmm °C % % °C °C mPa.s
Bitumen SBS 295
1 25-55 >70 <0.5 >65 <8 >250
1 (135°C)
Bitumen Neat 400-700
2 50-70 46-54 <0.5 >50 <8 >250
2 (160°C)
Table 1.14: Emulsions typical values
Viscosity at
. Binder Breaking 40 ° C (cup . Penetration  Softening
Emulsions Type ) . Adhesiveness )
Content index discharge at 25°C point
Code .
time 4 mm)
Standards UNI EN UNI EN UNI EN UNI EN UNI EN UNI EN
1428 13075-1 12846 13614 1426 1427
Units % sec % dmm °C
Emulsion Latex
3 1 63-67 110-195 5-70 >90 <100 >55
Emulsion SBS
4 ) 63-67 70-155 5-70 >90 45-80 > 60
Emulsion Synthetic
5 3 63-67 >170 15-70 >90 <150 >50
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Given the highly innovative nature of this material, especially by using a cold protocol
approach, the feasibility of the production needs to be assessed. The description of the
procedures used from the design to the production is illustrated in Figure 1.15 and
given in the following paragraphs.
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Aggregates %
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Figure 1.15 Experimental programme

3.5.4. Reference mix and size distribution

The known Hot Rolled Asphalt (HRA) type of mixture was defined as a reference for
this study. The HRA is a very dense material containing a substantial amount of sand
and fines. The whole work of mixture design and formulation was made using the
HRA gradation curve, both applying the weight and the volume approach to obtain
accurate values regarding the addition of a significant amount of rubber in the
mixtures, a material less dense than mineral aggregates. Firstly, the rubber bulk
density was used for the recipe proportions to have an estimated volume fraction based
on this density [29]. Considered as aggregates, the crumb rubber partially replaces the
0-4 mm portion of the mineral limestone aggregate. The mixture gradation includes
granulate from 0 to 14 mm.

3.5.5. Mixture’s design
The dry process consisting of mixing the aggregates and binder before adding the
rubber was used. In this method, the rubber is part of the aggregate portion. Two
mixtures have been designed. Mix A contain 10% more rubber than mix B, as shown
in Figure 1.16. The latter contains 10% added bigger aggregates to reduce binder
consumption and increase the material’s mechanical properties. Different binders
have been used to decrease mixing and production issues due to the usage of a
significant amount of rubber in the asphalt mixture. It is known that the use of rubber
can cause workability, cohesion and fume and smell issues. The use of warm and cold
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binders (modified or not) helps to identify when and how the issues occur and to
address some of them.

MIX B % Volume MIX A % Volume

¥ Rubber mix Filler Aggregates mBinder ¥ Rubber mix  Filler =~ Aggregates m Binder

Figure 1.16: Graphical representation of the mixtures’ proportions

3.5.6. Production of samples

Several samples of 150 mm diameter were produced following two main compaction
methods: the gyratory compaction (EN 12697-31:2019) and the static compaction
(EN 12697-56:2019). The mixture using the bitumen was mixed for 20-30 min @
160°C, and Gyratory compacted using 80 cycles and 1.250 ° and 600.00KPa at 80
+5°C (Bitumen 1) or 50 £5°C °C (Bitumen 2). However, the cold formulations were
mixed for 5 min at 23 £2°C and Static compacted at 23 +2°C (room temperature). The
specimens were subjected to curing after being extracted from the mould and cured at
room temperature. The tests were conducted on 40 mm thickness samples. However,
the variation of height has interesting use in measuring the impact attenuation
properties. In fact, the thicker samples, the more the impact could be reduced.
Therefore, 70 mm thickness samples were also successfully produced.

3.5.7. Characterisations
All samples were characterised following a visual and organoleptic, volumetric, and
mechanical analysis to evaluate and assess the different asphalt mixtures’ behaviour.
The description of the methods is explained in the following paragraphs.

3.5.7.1. Organoleptic mixture descriptions.
The coating degree of the aggregates and rubber, the mix’s consistency and cohesion,
and the hydric or fluidity aspect assessment of the mixture were determined before
and after compaction using the organoleptic methods described by the EN 12697-55
standard. This standard is meant to mainly assess the mixtures done with emulsion
binder but was also used as a help to assess the mixtures done with warm bitumen.
The classification given by the standard is explained in Table 1.15.

Table 1.15: Organoleptic assessment characterization

Class of Binder Class of Assessment Class of Assessment
Coating coverage [%] | Consistency Hydric aspect
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Co <75 CSso Low HAO Dry

C1l 751090 Cs1 Normal HAL Normal

Cc2 90 to 97 CS2 High HA2 Soup effect
C3 > 97

3.5.7.2. Expansions and swelling phenomenon

To assess the evolution of the cohesion of the compacted samples, the vertical and
horizontal expansion was measured. In fact, the considerable amount of CR led to the
swelling phenomenon between the rubber and the binders. Besides, rubber is a porous
yet elastic material. Its compaction can lead to the formation of more void and
expansion after the realised of the compaction load. The diameter and height of each
sample were measured right several times to evaluate this phenomenon on the aspect
of the samples.

3.5.7.3. Volumetric analysis
The bulk and the maximum densities of the samples were calculated following the EN
12697-5 and EN12697-6. After obtaining the densities values, the air void content
was calculated as specified in the EN 12697-8 standard as the ratio between the bulk
and the maximum densities experimentally obtained before.

3.5.7.4. Stiffness measurements

The Indirect Tensile Stiffness Modulus (ITSM) method described in the EN 12697-
26 standards was used to assess the mechanical properties of the compacted samples.
The method IT-CY giving information on the stiffness of the sample was performed.
The standard suggests a test temperature of a minimum of 10°C. However, due to the
presence of a considerable amount of rubber, making the sample highly soft in the
apparatus, the test was performed at 5 £ 2°C to be able to have exploitable values.
This temperature also allows the assessment of stiffness in a cold environment when
the samples are the stiffest.

3.5.7.5. Head Injury Criterion (HIC) and Abbreviated Injury Scale (AIS)
According to the EN 1177:2018 standard, a drop test was used to evaluate the impact
attenuation properties of each material. The test consists of the drop, from different
heights, of approx. 5 kg hemispheric and concentric impactor (Figure 1.5). Thus, the
impact speed and acceleration of the impactor were recorded and permitted the
calculation of the Head Injury Criterion (HIC) and the Critical Fall Height (CFH) for
a HIC equal to 1000. The standard suggests a sample size of at least 250250 mm.
However, cylindrical samples of smaller dimensions (150 mm diameter) were used
due to the compaction parameters. A laser was used before the drop to impact the
centre of the specimen. The test was assumed to be done by putting the rubberised
samples on a rigid and constant ground and fixed with tape. Besides, the obtained HIC
at 0.20 m for each material were compared using the Abbreviated Injury Scale (AIS)
to assess the severity of the injury for each asphalt rubber and a neat HRA reference.
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3.5.8. Natural ageing procedure (NAP) conditions

In parallel with the other characterisations, some samples were aged to evaluate the
effect of the weather conditions on the overall properties of the asphalt rubber
material. A Natural Ageing Procedure (NAP) of 3 months under light-exposed, cold,
and humid weather conditions was made. The temperatures ranged between 15 and -
7 °C, with 82% of humidity on average, including several rain and snow events. An
estimated Ultra-Violet (UV) index of 2-3 corresponding to a low to moderate
exposure level was registered during this period. The weather conditions are recorded
in Table 1.16. After the ageing, the organoleptic, volumetric, and mechanical tests
were newly conducted. For certain of the samples, only the characterisation before
ageing was done because they were not exploitable after the ageing.

Table 1.16: Natural Ageing Procedure (NAP) weather conditions

Units Month 1 Month 2 Month 3

°C Max Ave Min Max Ave Min Max Ave Min
Temperature

10 4 -2 11 2 -7 15 5 -6

Rain mm 251.4 89.1 17.9
Snow cm 0 55 8.5
Humidity % 86 82 77
UV index / 2 2 3
Sun hours hours 155 163 232

References: WorldWeatherOnline.com & Accuweather.com

3.6. Results and Discussion

3.6.1. Visual and Organoleptic properties of the mixtures and samples.

The analysis of loose mixture properties could give information on the future
compatibility of mixtures. Given the novel aspect of this mix design, the organoleptic
and visual assessments were highly used to define the overall aspect of the mix before
compaction and after compaction. Both with the cold and the warm mix procedure, a
dry or too wet aspect of the mix gave trouble during compaction. The mixing time
had a substantial effect on the different organoleptic observations (EN 12697-55).
Figure 1.17 shows different aspects of the mixtures.
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Figure 1.17: Visual and organoleptic assessment mixtures made with cold process.
a. dry (too long mixing time); b. normal; c. soup effect (too short mixing time) (EN 12697-55)

After all the adjustments of mixing time, the mixtures, regardless of the binder type,
were possibly compacted even if the rubber amount was above 50% (volume).

The mixtures made with the warm process resulted in a high coverage percentage of
the aggregates. The mixtures done with the emulsion permitted a lower coverage
percentage. In general, the lack of coverage was mainly observed on the samples’ side
in contact with the mould.

Besides, the workability is considerably increased using the emulsion, especially
because of the presence of water during the mix, which decreases the mixture’s
stickiness. Furthermore, the emulsion curing time was slightly longer than the warm-
made samples. However, this time is similar for the three types of emulsion. It was
also seen that the slower curing, the better aggregate coverage.

Besides, the passage from the mix design A to B allowed the skeleton structure to be
stronger and the mechanical properties to improve.

The passage from the warm process to the cold process allowed the decrease of energy
consumption due to the heat of the binder, absence of fumes and smell occurring will
heating the bitumen and rubber contained inside of the mixture and finally increased
the workability while mixing.

After the NAP, two main phenomena were observed. Firstly, the loss of the shining
aspect of the binder on the surface was making the surface more subject to particle
loss Figure 1.18 a and b. This phenomenon can be explained by the presence of dust
in the air sticking to the surface and oxidation of the surface-initiated by the UV and
the light.
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Figure 1.18: Visual aspect of the samples before and after the Natural Ageing Procedure (NAP).
(a) A4 before NAP, shining; (b) A4 after NAP, dimness. (c) Al shining and with low particle loss;
(d) dimness with more particle loss. (€) samples made with binder 1 and samples made with binder
2 after the NAP.

In addition to this deterioration of properties due to the ageing, the expansion of the
samples, especially those made with binder 2, was observed. Even if this phenomenon
was also registered before the NAP, it was highly enhanced by the exposition to the
real weather conditions. The calculated expansions are shown in Figure 1.19. The
illustration of the considerable expansion of the samples made with binder 2 is shown
in Figure 1.18e.

In general, the use of more than 50% of rubber in the mix made the assessment of the
mixture’s consistency different from traditional asphalt mixtures. The use of
organoleptic tools enabled the repeatability of the obtained results and must be
considered indispensable in the production process.

The visual assessment was used to evaluate the behaviour of the samples before and
after the NAP and foster the classification of binder 2 as the less effective with this
specific mixture. In fact, the cohesive properties were deficient and made samples A2
and B2 not reusable for testing after the NAP.

43



Chapter 1. Laboratory Development and Design

3.6.2. Volumetric properties of the different asphalt mixtures
As summarised in Figure 1.18 and Figure 1.19, the type of binder influences the
volumetric properties of the asphalt mixture.

The expansion of the sample is not the synonym for the increase of the air void. In
fact, A2 or Al has a low air void content and a very high vertical and horizontal
expansion behaviour.

This behaviour can be explained by the swelling process that permits the CR to expand
and partially fill the voids [32,58]. However, this swelling is also causing macroscopic
changes. In fact, Binder 2 allows significant expansion and causes fewer particles
cohesion. The phenomenon is notably illustrated in Figure 1.18e.

However, with the B2 mixture, the use of bigger aggregates combined with the lack
of cohesion given by binder 2 can be responsible for the increase of void but less
expansion than A2. This can be explained by the decrease of the rubber amount and
thus the swelling of the rubber, which helps with the filling of the voids and causes
this release of particles after their compaction.

The same explanation can also be given for Al and B1, considering the use of SBS as
a modifying agent in the binder that enhances the control of the swelling reaction and
limits the overexpansion of samples. By reducing the rubber amount, the swelling
phenomenon is less occurring and thus, the expansion of the sample too.

The expansion is naturally kept very low in the emulsion-based samples, but the air
void content is high. A3 has a similar air void content to A1. However, A4 and A5 air
void content is higher. These results find their answer in the different binder
compositions. A3 seems to allow the rubber swelling that partially covers the voids,
while binder 4 (similar to binder 1) and 5 allow less swelling.

This can be explained by the production method. The mix is not heated, and the
swelling seems less developed in this case. Besides, the static compaction and the
nature of the binder (including water that will evaporate during the curing) can
promote the creation of voids after curing caused by the evaporation of water.
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Figure 1.19: Volumetric properties and expansion values of the different asphalt mixtures

Generally, mixture B allows less expansion than mixture A and reduces the amount
of rubber and the swelling phenomenon. In addition, the type of binder influences the
volumetric behaviour of the mixture before and after compaction and before and after
ageing.

The statically compacted samples have a different bulk density behaviour towards
ageing.
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The results show that the mixtures done with the binders 1, 3,4 and 5 have better
ageing behaviour while focusing on the overall cohesion assessed thanks to the
expansion of the samples.

3.6.3. Mechanical tests

3.6.3.1. Stiffness and mechanical properties assessment pre- and post-
natural ageing procedure.
The weather influence on the mechanical properties of the IAP samples is shown in
Figure 1.20.

The first indirect tensile modulus was obtained in the original state of the mixtures.
The ageing promotes the oxidation of the binder, which tends to make the sample
stiffer. In fact, the ITSM increased after the NAP.

Besides, the samples made with the emulsion have lower ITSM values. This can be
explained by the high air void content or by and higher resistance to the oxidation
caused by the temperature or UV exposure during the NAP. The volumetric behaviour
also influences the testability of the sample. Indeed, due to the significant expansion
of A2 and B2 samples, primarily due to the use of binder 2, they couldn’t be tested
under the same conditions as provided before the NAP. This result is shown in Figure
1.20.

Previous studies have shown that to have acceptable mechanical performance together
with good impact attenuation properties, the value of the stiffness modulus is between
200 and 300 MPa at 5°C [57]. As shown in Figure 1.20, apart from B1 values, the
other ITSM values are contained inside this range both before and after the ageing
period.

Generally, mixtures A 1, 3, 4 and 5 have good stiffness values to be used as an 1AP.
The mixture B1 has better mechanical performance with respect to the bearing of
heavy loads but does not comply with the impact attenuation needs. Finally, mixtures
A2 and B2 registered an expansion too high to be tested after the ageing. This can be
interpreted as an unusable material if applied in natural conditions.

Table 1.17: Classification of the injuries type by HIC of the designed mixtures at 0.2 m of drop.

Mix Rubber amount Head injury Criterion AIS code
HRA 0 1000 3

Al 66 96 0

B1 56 128 0-1

A2 66 59 0

B2 56 69 0

A3 66 89 0

A4 66 83 0

A5 66 91 0
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Figure 1.20: Stiffness and mechanical properties assessment pre and post NAP. ITSM [MPa] 5°C

3.6.3.2. Impact attenuation and injury prevention
The experimental results of the Critical Fall Height are reported in Figure 1.21 with
a standard deviation of £ 0.5 m. These results were obtained in the original state of
the mixtures before the NAP. The values of the HIC and CFH are comprised in the
acceptable range from 1 meter and above regarding the ability of the materials to
reduce the injuries.

Apart from B1, all the mixes comply with the identified needs, such as enough impact
attenuating property. In fact, the stiffness modulus of B1 is much higher than all the
other mixtures.

Despite their good results regarding the impact attenuation performance, A2 and B2
do not represent suitable formulations for extended use under real weather conditions.
The mix Al is within the range but does not have very notable results.

The samples made with emulsions 3, 4 and 5 have the best results for the impact
attenuation.

Generally, the mixtures A3, 4 and 5 have shown the best impact attenuation
performance compared with the other mixtures.
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3.7. Conclusions

The focus of this paper was the proof of feasibility and the assessment of Impact-
Absorbing Pavements made with cold especially and warm mix asphalt binders and
recycled rubber. The characterisation has given several results that allowed
identification of the best mixture according to the defined criteria such as workability,
the cohesion of the mixture, fume and smell release, impact attenuation and durability.
This research may conduct to the organization of field trials to optimise and scale up
the process with the development of a lower number of possible mixtures and
formulations.

e The proof of the feasibility of 50%-+ rubberised bituminous mixture has been
made with cold mixing procedures and confirmed with the warm. The samples
were produced and tested before and after a natural ageing period. Adapted
standardised methods have been used to test all the samples.

e The samples produced with the cold binders made possible the absence of
fumes and smell release. In parallel, the workability is considerably enhanced
using the cold procedure. Altogether, the IAP A4 obtained the best.

e The binder highly influences the cohesive properties. The SBS modified
binder (warm or cold) increases the mixture’s cohesion and diminishes the
expansion. The decrease of rubber amount gives better cohesive properties but
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limits the impact attenuation performances. The synthetic binder gives high
cohesive and low expansion results to the compacted samples.

e The obtained impact attenuation properties are similar to the previous studies'
results. Additionally, the samples made with the cold binders have better
impact-absorbing properties, and the A4 samples have the best results.

e The 3 months durability of the mixture made with binders 1, 3, 4 and 5 was
observed. They are the only remaining intact samples after the natural ageing
procedure. Indeed, the IAP A2 and B2 were already not exploitable after 3
months. A4 and A5 mixtures have shown the best overall results. However,
durability assessment must be further investigated and evaluated through
complete laboratory cycle procedures followed by field trials.

4. Outcomes

The section aimed to describe the approach used in the laboratory, prove the feasibility
of the material, propose a production process, and choose the best mixtures to keep a
limited number of formulations for further detailed analysis.

Thanks to the first study described, it was possible to propose a partial substitution of
the aggregates using rubber. The substitutions ranged between 30% and 56% of the
total mix volume. It was shown that the more rubber was added to the mix, the better
were the impact-attenuation performances. Moreover, the first study proved that the
mix with the highest amount of rubber was workable.

Thus, the variation of the binder was exanimated thanks to the second study. It was
possible to produce the mixture containing 56% rubber with five different binders,
two bitumen-based and one artificial emulsion poured at room temperatures (cold
mixture), and two bitumens added at 160 °C. This phase was also an indicator of the
viability of the substitution method developed in the first study. In all cases, the binder
was poured at the end, and the rubber was considered an aggregate in the mixture; this
complies with the dry process. The five mixtures were chosen as the ones to be deeply
characterized. However, the cold mixture gave better outcomes regarding its
possibility to be used without externalities such as the release of smell and fumes and
the stickiness observed when using the 160°C mixing temperature instead.

Chapter 2 will describe the types of characterisation used, their outcomes and their
usefulness for defining the best mixture among the five shortlisted.
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1. Overview

Together with the mechanical and environmental performances, the material's
durability has a crucial role in its functionality and technical success for a defined
application. The second section focuses on the wide analysis of the formulated
materials. The objective is to assess the technical performance of the material
(strength, durability, rheology). Then it was also verified that these performances
comply with the climatic need to reduce emissions and waste and propose non-
hazardous materials. Finally, some analysis of the durability of the two best
formulations (mechanically and environmentally) was assessed thanks to weather
stress cycles in the laboratory.

This section is composed of two papers. The first one describes both the mechanical
performances of the materials and the heavy metal leaching evaluation. Two major
test procedures were adopted to assess these points: uniaxial compressive tests and
dynamic leaching procedure. Finally, the second paper describes the role of freeze-
thaw cycles on the potential degradations observed and measured on the materials.

The first paper describes the test made on four of the five previously shortlisted mixes,
while the second focuses on only two shortlisted mixtures corresponding to the more
durable and mechanically stable.

The problem and methods are introduced for each paper in this section. Then the
procedure plan is explained, and the results are discussed. Finally, they are all
concluded with the main results. The papers of the previous Chapter and the first paper
of this Chapter helped with the reduction of the mixture list from five to two, thanks
to their main results. These two mixes were used and described in the second paper of
the Chapter.
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2. Mechanical and leaching characterization of impact-absorbing
rubberised asphalts for urban pavements

2.1. Introduction

The injuries and trauma caused by falls occurring on the pavement in urban areas are
responsible for physical and mental consequences for road users worldwide [10].
Vulnerable road users (VRUSs), as the most exposed users, are strongly impacted by
this issue that is deemed to rise as the number of pedestrians and two-wheeled users
is increasing [11,24].

Nowadays, rubberised (recycled or not) surface layers and pavements are successfully
used in playgrounds, sports fields and other civil engineering applications for their
lower stiffness if compared to standard paving solutions [30,59-61]. In particular, to
prevent injuries for the VRUSs, protective surfacing to be used at a larger scale in urban
and peri-urban areas (e.g. in the pavements of sidewalk and bike lanes), are being
developed to bring-in impact-attenuation properties that are essential to reduce severe
head, hips or shoulders injuries, including fractures, concussions, or internal bleeding
[52] and their connected costs for the society at large. In line with this perspective, the
proposed rubberised asphalt impact-absorbing material has been conceived and
studied to meet this goal. Its full development will possibly enable a wide
implementation in cities and wherever users’ falls are more likely to occur while
preserving the standard asphalt traditional production and construction methods.
Moreover, the use of recycled rubber from end-of-life tyres as the main layer
constituent fosters a circular economy approach instead of a linear one, allowing the
recycling of high quantities of End-of-Life tyre rubber [30,62].

Preliminary studies have confirmed the feasibility and potential effectiveness of the
impact-absorbing pavements starting from various mix designs, using both warm
[27,29,52,57] and cold bituminous binders; during their development process, a
complete mechanical analysis of the material was required in order to assess their
attenuation properties. The uniaxial compression test in different setups has usually
been adopted to investigate the basic loading and relaxation behaviour of these
materials [60,61] because the methods commonly used for traditional asphalt, like the
ITSM test (EN 12697-26), are not able to describe the relevant soft behaviour of the
samples.

Furthermore, along with the mechanical and durability performance of the material,
the environmental impact of the innovative paving solutions must be considered in
designing and building greener infrastructures [63,64]. A recent study by Fathollahi
and Coupe (2021) showed that the extraction, transportation and end of life stages of
using virgin aggregates for pavement construction purposes have the largest
contributions toward life cycle environmental and cost impacts. This is the reason
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behind the objectives of many studies conducted worldwide aiming to replace virgin
aggregates and binders with recycled materials, thus reducing the pressure on the
environment. Crumb rubber from end-of-life tyres goes in this direction, and it is one
of the most popular recycled materials to replace natural aggregates and improve
bituminous materials characteristics in pavements.

Up to now, limited scientific studies have investigated the behaviour of crumb rubber
in contact with water and its potential to release heavy metals and trace elements [66],
or reported the concentrations of leached As, Ag, Ba, Cd, Cr, Hg, Pb, and Se from
tyre rubber used in artificial turfs [67], or examined the zinc leaching from tyre crumb
rubber through column tests for a duration of 96 hours. The latter study reported an
initial pulse of elevated zinc leaching of 3 mg/L before settling down to a steady-state
value of 0.2 mg/L. Another study on crumb rubber samples from artificial turf
playgrounds showed that the granulates contained up to 500 mg/kg of aluminium [68];
while, concentrations of cobalt, cadmium, copper, sodium, magnesium and iron in
crumb rubber granulates from artificial playgrounds have been reported by other
literature [69-73]. Nonetheless, the systematic assessment of the release of heavy
metals and trace elements from asphalt specimens containing crumb rubber granulates
in contact with urban runoff is not common. For this reason, the present study aims to
evaluate the leaching performance of the rubberised asphalt according to the
Regulations recognised by the European Commission (EC). In fact, more than one
standard procedures have been identified by the EC for the investigation of the
leaching behaviour of construction materials including the CEN/TS 16637-2:2014
and the CEN/TS 14405. In particular, the Dynamic Surface Leaching Test (DSLT)
CEN/TS 16637-2:2014 standard aims to determine the release of "Regulated
Dangerous Substances” from construction products into soil, surface water and
groundwater and it has been utilised by a number of studies to evaluate the leaching
behaviour of construction materials [74-78]. The results from the leaching tests
should be compared with the thresholds set by the EC or other regulatory bodies
including the Water Framework Directive (WFD) [79] to ensure the safety of
materials under investigation to be used in the urban environment.

In the light of the above, this paper wants to provide a complete uniaxial compression
and leaching data analysis from the proposed innovative impact-absorbing material,
thus contributing to the developing research steps of a promising paving solution.

Six mixes were designed using two different percentages of crumb rubber granulates
content and four different binder types. Axial relaxation and recovery abilities and
compressive strength values were obtained and compared to known playgrounds or
rubber composites with sufficient shock-absorbing performances. In the leaching
experiments section of the present study, the release of heavy metals and trace
elements from the six rubberised asphalt concretes were evaluated according to the
mentioned CEN/TS 16637-2:2014 standard.
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2.2. Methodology

2.2.1. Experimental Plan
After the production of the specimens, the study was divided into two main
characterisations: mechanical and chemical. The experimental plan is schematized in
Figure 2.1
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Figure 2.1: Experimental plan of the study. The scheme describes the raw materials used, including the
rubber, the aggregates, and the different binders. The dry process was used to produce different
specimens compacted by means of gyratory and static compaction. These were tested with the DSLT
and UCT tests.

2.2.2. Rubberised impact-absorbing asphalt mixture
Six types of rubberised IAP mixtures were produced. The dry process, consisting in
mixing the aggregates and binder before adding the crumb rubber, was used. All the
mixtures contain, as the main constituent, the crumb rubber from ELTs. The rubber
was obtained from a company treating waste tyres utilising the common ambient
shredding process. In all the proposed mixtures, the size distribution of rubber is 0-4
mm and 2-4 mm, as shown in Figure 2.2.
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mm

Figure 2.2: Neat rubber SEM and granulometry curves from [80]. The figure contains a SEM picture
of the rubber mix and the granulometric data of the two adopted rubbers, allowing a rubber size
distribution of 0-4 mm [80]

Two main mixes containing different recycled rubber amounts were assessed: the A-
mixes with 56% rubber (by volume of the total mix) and the B-mixes with less rubber
(50%). The natural aggregates mix constituent were 0-14 mm limestone aggregates,
which were partially replaced by the rubber particles (in volume). In the A-mixes, the
aggregates are partially substituted by the same size of rubber granulates, while in the
B-mixes, a lower percentage of the largest size aggregates (10-14 mm) is adopted.
Finally, four different bituminous binders were used: two commercial asphalt binders,
including a Styrene-Butadiene-Styrene (SBS) modified bitumen purposely designed
to incorporate rubber using the dry method (1), and a standard 50/70 penetration grade
neat bitumen (2); and two cold bitumen-based emulsions (with the same residual
binder content), a Latex modified one (3), and an SBS modified one (4).

2.2.3. Production of samples
The bituminous samples of 150 mm in diameter and 40 mm in thickness were
produced following two main compaction methods: the gyratory compaction (EN
12697-31:2019) and the static compaction (EN 12697-56:2019), adopting the last one
for cold bituminous mixes. The mixing times were defined using the organoleptic
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assessment of mixtures (EN-12697-55:2019) to produce well coated and homogenous
mixtures. The hot/warm mixes were gyratory compacted with 80 cycles at
approximately 80°C (Al and B1) or 50°C (A2 and B2), permitting a correct adhesion
of all the components. Instead, the cold materials were statically compacted at
approximately 20°C (room temperature). These cold samples were subjected to curing
after being extracted from the mould and cured at room temperature. The leaching
tests were conducted on the full original samples, while the stress-relaxation and
compression tests required coring the samples to a smaller diameter to allow testing.
Therefore, the original samples were cored using a 40 mm coring rig, as shown in
Figure 2.3.

40 mm
>

150 mm

Figure 2.3: Scheme illustrating the 40 mm cores obtained from 150 mm samples for the uniaxial tests.

2.2.4. Testing criteria

This study is part of a research project aimed at developing new materials for users’
protection purposes, and that allow the recycling of ELT in large quantities. A
preliminary laboratory study was recently conducted by the authors in which a set of
initial physical and mechanical characteristics were determined on the impact-
absorbing materials. In parallel, a Head Injury Criterion (HIC) testing investigation
[50,81] was conducted on the same materials. All recorded data are listed in Table
2.1, and the same nomenclature has been used for the mixtures on which stress-
relaxation and compression tests have been performed to allow a more specific
mechanical analysis that could also be used for FEM modelling purposes. In addition,
the chemical analysis outcomes and their potential influence on the environment (in
specific on water) are very important for the comprehensive assessment and validation
of the proposed material.

This paper aims both to investigate the mechanical uniaxial-compressive
characteristics and to analyse the leachates in water, estimating the potential
environmental impact of the six rubberised mixtures under assessment. These data
will be used to optimize the material constituents in order to maximize the impact-
absorbing properties, maximize the amount of recycled rubber, and minimize the
contamination of waters while keeping the production and laying processes feasible
at an industrial scale. The latter will have to be assessed with an ad hoc experimental
site investigation already foreseen for the material development.
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Table 2.1: Impact-Absorbing Pavements made with cold and hot/warm asphalt binders and recycled
rubber: summary of the preliminary characteristics of the mixtures (Chapter 1, part 2).

Mixture Al A2 A3 A4 Bl B2
Rubber volume 56 56 56 56 50 50
(total mix) [%]

Bitumen type PmB-SBS 50/70pen  E-Lat E-SBS PmB-SBS 50/70 pen
Bitumen volume 15 15 15 15 15 15
(total mix) [%]

Bulk Density 1.351 1.292 1441 1.364 1.533 1.256
EN 12697-6

Voids content [%] 4 3 5 8 3 6

EN 12697-8

Indirect Tensile Stiffness 230 266 148 144 526 209
Modulus [MPa] (5°C)

EN 12697-26

CFH*at HIC** 1000 [m] 0.93 1.00 122  1.66 0.74 1.08
EN 1177

* Critical Fall Height ** Head Injury Criterion

2.2.5. Mechanical tests
The UCT (relaxation and destructive) were performed at room temperature (20°C) on
the 40 mm diameter cylindrical specimens using an Instron Electropuls E3000 testing
machine (Figure 2.4a) at the KTH Neuronic Laboratory, Sweden. Trial tests have
been performed to optimise the initial deformation allowing to record the complete
relaxation of samples and the required displacements to reach failure without
overcoming the compressive load limit of 3kN.

Various material parameters such as the elastic modulus, the elastic recovery and the
mechanical behaviour are determined and shown as stress-strain curves illustrating
the hysteresis during the testing phase (Figure 2.4 b).
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Figure 2.4: a. Compressive tests setup; b. Stress-strain graph of a stress-relaxation test illustrating
the hysteresis during the relaxation phase.

2.2.5.1. Uniaxial Unconfined Stress-Relaxation test and calculations

After the initial calibration phase, some relaxation tests were carried out. Samples
were compressed at approximately 5% (2.5mm) strain with a load application speed
of 20mm/s. When reaching the target strain, the load was held for 60 seconds, after
which the unloading phase was carried out at 0.6mm/s. Additionally, an elastic
recovery test was carried out to verify the applied strain and assess the sample’s
relaxation in time from 1 to 30 minutes after the release of the initially applied stress.
The machine-recorded parameters allow the calculation of the Relaxing Stress and
Strain (Engineering) and of the Relaxation Modulus.

Load [N]
Original cross sectional area [mm?]

Relaxing Stress [MPa] = 1)

Strain — Displacement [mm] @
ram = Sample Initial Height [mm]

Relaxing Stress [MPa] 3)

Relacation Modulus [MPa] = Strain

Then the Relaxation Modulus G(t) for a linear viscoelastic model (Standard linear
solid) was fitted through a MATLAB script using the following equation:

G(t) = Go + (Gy — Gor)e Pt (4)
where:

G (t) = Relaxation Modulus Curve Approximation using 1 term
G, = Initial Relaxation Modulus
G, = Final Relaxation Modulus
B=Time relaxation constant (s™)
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2.2.5.2. Axial Unconfined Destructive Compression Procedure
The compression strength test was conducted at two different application speeds,
corresponding to different strain rates, a quasi-static and a dynamic one. To calculate
the speed of application, starting from the strain rate, the following relation has been
considered:
v [mm/s]

8[1/5]=W => v =¢Xh (5)

with the strain rate ¢ being equal to:
e 0.01[1/s] (v =0.01.AVG Ho=0.43mm/s) — Quasi-Static (D)
e 1[1/s] (v = 1.AVG Ho = 43mm/s) — Dynamic (D)

The destructive uniaxial compressive test was carried out, and samples were
compressed at approximately 50% (25mm) strain with an application speed of 0.43
(QS) and 43 (D) mm/s. When reaching the maximum displacement of 25 mm, the
load was not held, and the unloading phase was carried at a speed of 0.43 (QS) and
43 (D) mm/s. Compressive Engineering stress, Engineering strain and Elastic
modulus are calculated as follows.

Load [N]

Compressive Stress [MPa] = Sample area [mm?] (6)
Strain — Displacement [mm] @
ram = Sample Initial Height [mm]
) Compressive Stress [MPa]
Elastic Modulus [Mpa] = 8

Strain

2.2.6. Dynamic Surface Leaching Test

The leaching behaviour of rubberised asphalt specimens in the present study was
evaluated based on CEN/TS 16637-2 standard for construction and building materials.
Rubberised samples for DSLT were of 150 mm diameter and 40 mm thickness and
compacted according to EN 12697-31:2019 and EN 12697-56:2019 standards. The
leachant in DSLT, was deionised water with a conductivity less than 0.5 mS/m
according to BS EN ISO 3696. A 0.1 mol/L nitric acid was used for rinsing purposes.
A set of glass vessels with lids, were used as leaching tanks to avoid prolonged contact
with the air and CO- uptake. Rubberised asphalt samples were placed in glass vessels
with a minimum of 20 mm distance between specimens and glass vessels in all
directions as shown in Figure 2.5.
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Figure 2.5: Glass vessel containing the rubberised asphalt in direct contact with the water.

Small glass pieces were placed under the specimens to avoid direct contact of asphalt
surfaces and leaching vessels and provide a direct contact between bottom side of
specimens and leachant. A representative leachant sampling procedure was performed
according to CEN/TS 16637-1 standard. The temperature of the lab was kept constant
between 20-25°C. A L/A ratio of 80 was selected the leaching tests and volume of
leachant was calculated according to the surface of specimens. The DSLT leaching
tests were carried out in triplicates for all mix designs of rubberised asphalt specimens.
Three glass vessels filled with deionised water and no asphalt specimens were
assigned as controls to detect and eliminate the contamination from lab equipment and
the surrounding environment. Samples from control replicates had to have less than
0.2 mS/m and elemental concentrations below the detection limit to fulfil the
minimum requirements, otherwise, DSLT experiments had to be repeated. Leachants
from control and asphalt specimens were sampled and renewed after 0.25, 1, 2.25, 4,
9, 16, 36, and 64 days from the experimental setup. Therefore, the leaching tests
comprised of 8 stages with durations of 0.25, 0.75, 1.25, 1.75, 5, 7, 20 and 28 days.

Electric Conductivity and pH of the leachants were measured at the end of all stages
of leaching tests according to the BS EN 16192:2011 standard, using an EC and pH
meter. Leachant samples were then filtered off-line using 0.45 um membrane filters.
Samples were then centrifuged at 2000 g for 5 hours prior to storage at 5°C and
elemental analysis. The concentration of heavy metals and trace elements in filtered
samples from DSLT was evaluated using a Perkin-Elmer optima 5300 DV ICP-OES
instrument. The elements under investigation in the present study included Al, As, B,
Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Sh, Se, Si, Tl, V and Zn.
Analytical methods for quantification of mentioned elements were developed and
commissioned for ICP-OES instrument. After quantification of concentrations of
described elements in leachants from different stages of DSLT, cumulative leached
concentration for each element was calculated according to CEN/TS-16637-2 2014 as

follows:
“=Z” 9)

n
1=0
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where R, (mg/m2) is the cumulative area release of the substance for period n
including fraction i = 1 to n of DSLT test, r; is the area release of the substance in
fraction i, and i is the DSLT stage. SPSS 21.0 software [82] was using to perform
statistical analysis of data from DSLT.

2.3. Results and Discussions

2.3.1. Relaxation of the samples

2.3.1.1. Elastic recovery of the materials
The materials’ recoverability after applying a stress was tested and recorded at
different times. Figure 2.6 demonstrates the recovering abilities of the different
mixtures after a compression applied to deform of approximately 2.5 mm.

When using the same binder but different rubber amounts (A1-B1 and A2-B2), the
more rubber is contained in the mix, the faster are the material’s recovery abilities.
After 1 minute, Al recovers at 98% while B1 at 94%, but after 30 minutes, they reach
99% of the recovery. In the case of binder 2, this difference is even more visible as,
after 30 minutes, B2 is still not recovered at 95%.

The B2 mix shows a very low recovery capacity, and this represents an issue
concerning future applicability in real conditions considering that daily stress will be
applied to the material.

For the A-mixes, binder 2 show better recovery values; however, concerning the B-
mixes, binder 1 display better recovery values. It can be seen that both the rubber and
the binder affect the elastic recovery of the samples.

At an equal rubber amount (A1, A2, A3 and A4), the hot-made samples recover faster
and better than the cold-made samples. This can be explained by the samples’
structure, which has fewer air voids than A3 and A4 (Table 2.1). Additionally, for the
same reason, the compaction method can impact this result (Figure 2.1).

A3 shows the lowest recovery possibilities. In fact, after 1 minute of a compressive
load applied, the samples Al, A2 and A4 are already recovered at more than 95% of
the initial height, while for A3, the 95% recovery is obtained just after 30 minutes.
A3, like B2, doesn’t have enough recovery potential and can lead to a fast
deterioration of the material if applied on a sidewalk/bike lane portion. These were
also observed in preliminary ageing results as reported in Table 2.1, in which A2, B2
and A3 were the least resistant materials and Al, B1 and A4 the more resistant ones.
This observation is not verified by A2 elastic recovery. Additionally, the elastic
recovery possibilities seem not to affect the HIC results because A3 has a high CFH
and a poor recovery performance, Al has a low CFH, but good recovery and A2 has
a high CFH and a high recovery. As a matter of fact, it is difficult, through this test,
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to anticipate the contribution of the recovery to the injury reduction measured with an
HICmeter.
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Figure 2.6: Average Elastic recovery values for the maximum applied strain

2.3.1.2. Stress-Strain analysis and calculation of the relaxation modulus

MATLAB was used to calculate the relaxation moduli of the six asphalt mixtures
according to equation (4). Figure 2.7 shows the test results used for the relaxation
moduli for the six asphalt mixtures. The stress-strain curves have a similar shape apart
from the A2 mixture one. B1 and B2 have larger hysteretic areas than Al and A2,
respectively; the lower rubber content can explain this in the B-mixes. The hysteretic
loss is similar for A1 and B1 but very different for A2 and B2, with A2 recording
more hysteretic loss. As for the A-mixes, the hysteretic areas from the higher to the
lower can be listed as follows: A4>A1>A3>A2. Al and A2 record the lower hysteretic
loss and A3 the higher. This confirms the elastic recovery observed in Figure 2.6.

B1 relaxation stress is much higher than all the other mixes. Figure 2.7 also described
a high possible deformation but with and high capability to recover.

In general, the mixture made with SBS modified binder (A1, A4 and B1) allows the
specimen to have a noticeable deformation and maximum recovery after compression.
However, this is not observable with the mixture made with the other binders.

Additionally, the non-modified binder and emulsion (numbers 2 and 3) lead to lower
moduli. At the same rubber amount, mixture Al provides the highest modulus and A3
the lowest. The type of binder used has a greater influence on the material behaviour
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than the rubber amount. In fact, B2, even if containing less rubber, is more deformable
than Al or A4, and it is less likely to spring back to its original shape faster after
loading. This data validates the results observed in previous investigations, including
the outcomes of the elastic recovery. B2, A3 and A2 are less likely to resist daily stress
than Al, A4 and B1.

0.8 -
0.7
0.6
05 ]
0.4

0.3 ]

Relaxation Stress-o [MPa]

0.2 ]

0.1 ]

I e e e e B e ) T
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Vertical Strain-e [mm/mm]

Figure 2.7: Relaxation Stress-c and Vertical Strain-g curve

2.3.2. Failure behaviour during the compressive test

2.3.2.1. Failure analysis
Two main sample failure behaviours have been registered during the compression
strength study. These are shown in Figure 2.8. During the destructive UCT process,
it was found that samples easily fail along with the interface between the rubber-
binder matrix and mineral aggregate, no matter the binder type.

The samples made with the SBS-modified binders had still links after the compression
(Figure 2.8a), while the samples made with the other binders scrambled without a
valuable link in between the different components (Figure 2.8b). These observations
confirmed the preliminary visual assessment of the cohesive aspect of the samples and
the results of the relaxation tests. It was already seen that the samples made with
binders 2 and 3 had the worst resistance to weather conditions, and they are less likely
to be used as impact-absorbing pavements in real conditions due to their weak
durability in time.
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Also, this analysis confirmed the recovery and relaxation test results in which A3, B2
and A2 mixtures were less likely to be selected as valid IAP materials than Al, B1
and A4 mixtures.

Figure 2.8: Typical failures after destructive testing. a. sample fails with no loss of cohesion (A1,
A4 and B1); b. sample fails with loss of cohesion (A2, A3 and B2).

2.3.2.2. Stress-strain curve analysis and calculation of the elastic modulus
The Elastic moduli of the six asphalt mixtures were calculated with MATLAB and
according to equation (8) for the quasi-static and dynamic test. Values are shown in
Figure 2.9.

According to Figure 2.9, the stress-strain behaviour of the samples is similar to the
one observed on playgrounds [60,83]. The stress similarly ranges from 0 to 3 MPa.
B1, Al, A2 and B2 samples could be reproducing a usual playground behaviour, while
samples A4 and A3 are considered softer and, by extension, safer.

For various rubber amounts, the 1-mixes and 2-mixes have totally different stress-
strain curves trends, but Al and B1 curves have similar behaviour corresponding to
harder materials and A2 and B2 corresponding to softer materials. These values
confirm the CHF values collected with the HICmeter and are described in Table 2.1.
B1 registers higher stress than Al; however, A2 has a higher stress value than B2.
This can be explained by the crack and destruction configuration in which the asphalt
composite is left without bonds, and rapidly, the calculated stress is attributed to
aggregates interaction instead of the full material.

The strength rank as A2>A1>A4>A3 for the same amount of rubber. The Al and A2
curves are different, while A3 and A4 are similar. A3 and A4 curves correspond to
very soft materials. It also confirms the CFH values as A3 and A4 have the higher
CFH, thus seem safer against injury reduction, especially fractures caused by the hard
surfaces.
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Figure 2.9: Quasi-static (a) and Dynamic (b) Compressive Stress-c and Vertical Strain-€ curves.

The dynamic study of the failure behaviour of the sample gives a more evident result
regarding the characteristics of the mixtures. Due to a lack of cohesion of the samples
during the coring, the A3 and B2 samples could not be tested. This observation also
confirms the results discussed in the previous sections. This limits the study to Al,
A2, A4 and B1 mixtures, which can be considered good alternatives to be applied in
an in-situ trial.
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At equal binder but different rubber amounts, the difference in the stress to failure is
low. A4 has a higher rubbery behaviour than A2 and A1, and its deformation is higher
at equivalent stress. This shows better energy-absorbing behaviour toward stress.

Thanks to these results, A4 seems to be the best compromise between the resistance
and the softness with regard to injury reduction. In fact, B1 and A1 are considered too
hard and stiff, while A2, B2 and A3 are not resistant and do not recover enough for
such an application.

3.3 Dynamic Surface Leaching Test
3.3.1 Electric Conductivity and pH

The pH and electric conductivity of leachants in contact with different rubberised
asphalt mix designs during DSLT experiments were measured on day 0.25 to 64
according to the CEN/TS 16637-2 standard and are presented in Figure 2.10. The
highest mean electric conductivities for mix design Al, A2, A3, A4, B1 and B2 were
986 (Day 16), 1071 (Day 9), 920 (Day 16), 962 (Day 4), 823 (Day 64) and 826 (Day
36) (uS/cm), respectively. As results suggest, B-mix designs showed lower electric
conductivity in comparison with A-mix designs. Moreover, the maximum electric
conductivity occurred at earlier stages of DSLT (Day 4-16) for A-mix designs
compared to those of B-mix design (Day 36-64). This observation revealed that A-
mix designs with a higher content of crumb rubber particulates released higher total
ions in shorter time into the leachants during the DSLT. The electric conductivity of
control replicates was lower than 0.2 mS/m which satisfied the first quality check of
the DSLT experiments.

The pH evolution of leachants from DSLT experiment 6 types of rubberised asphalt
are presented in Figure 2.10b. According to the results, the pH of leachants from all
specimens showed a constant increase as the duration of contact increased. On days
0.25 and 1, the pH for all specimens stayed below 7.5. pH of all specimens increased
from less than 7.5 to above 8 between day 1 and 36. However, the maximum pH (>8.5)
was observed at the last stage of DSLT experiment were samples that stayed in contact
with leachants for 28 days. The observed pH was associated to B1 mix design with a
value of 9.35 on day 64 of DSLT. A deeper look at the data in Figure 2.10b reveals
that leachants from B1 and B2 mix designs had lower pH than others at all stages of
DSLT except day 36, where they showed the highest pH. This observation may be
due to the slower release of ions from B1 and B2 mix designs, which reached their
maximum on day 64 and 36, respectively. This phenomenon was observed in Figure
2.10a where maximum electric conductivity of leachants from B1 and B2 mix designs
occurred on day 64 and 36. Maximum pH values for A-mix designs occurring at
earlier stages of DSLT were also in line with their maximum electric conductivity
occurrence at earlier stages (Figure 2.10a).
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3.3.2 Release of Heavy Metals and Trace Elements

Samples from different stages of DSLT for different rubberised asphalt mix designs
in this study were analysed using ICP-OES. The mean concentrations of heavy metals
and trace elements including Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo,
Na, Ni, Pb, Sh, Se, Si, Tl, V and Zn, were quantified. The cumulative release of
elements per unit surface of samples during DSLT (from start to day 64) are presented
in Figure 2.11. Figure 2.11a is showing the release of elements with concentrations
less than 6 mg/m?. Elements with released concentrations between 6 and 60 mg/m?
are in Figure 2.11b. Figure 2.11c presents the leached elements with highest
concentrations during DSLT of different rubberised asphalts. As illustrated in Figure
2.11a, the A4 mix design released the highest As (0.37 mg/m?), Cd (0.41 mg/m?), Cr
(0.8 mg/m?), Mn (1.97 mg/m?), Ni (0.84 mg/m?) and V (0.58 mg/m?). The B2 mix
design showed the lowest release of elements into the leachant, followed by B1, A2,
Al and A3 mix designs. The same trend was observed for elements with releases per
unit surface area between 6 and 60 mg/m?. The overall release per surface area of mix
designs for Al, B, Ba, Co, Cu, Fe, Mo, Pb and Si elements were as follows: A4 > A3
> Al>A2>B1>B2. As the data shows, the release of elements from B-mix designs
were generally lower than A-mix designs. This observation may be due to a lower
content of crumb rubber in B1 and B2 mix designs, which reduces the potential of
elemental leaching into the leachant. As Figure 2.11c illustrates, the minimum mean
released Ca (118.71 mg/m?), K (167.64 mg/m?), Mg (171.14 mg/m?), Na (127.39
mg/m?) and Zn (327.86 mg/m?) elements during DSLT were associated with the B2
mix design. For all mix designs, the highest released element per unit surface area of
samples were Zn, K, Mg, Na and Ca with concentrations higher than 100 mg/m?. The
observed results were in line with previous studies which reported Zn as the highest
leached elements from crumb rubber granulates used in artificial turfs [84] (MCPA,
1990; Downs et al, 1996; Edeskér, 2006; ETRMA, 2011). The concentrations of all
elements under investigation in this study were lower than detection limit of the ICP-
OES instrument which satisfied the second stage of quality check of the experiments
and guaranteed no contamination of experimental setup. There is a lack of limitations
set by the regulatory bodies on maximum released heavy metals and trace elements,
per unit surface area of samples, from DSLT tests in mg/m? unit. Therefore, Dutch
Soil Quality Decree (SQD) values were selected to compare the cumulative released
elements from rubberised asphalt with the thresholds. The SQD has set 260, 1500,
3.8, 120, 60, 98, 1.4, 400, 144, 81, 4.8, 50, 320, 800 mg/m? for As, Ba, Cd, Cr, Co,
Cu, Hg, Pb, Mo, Ni, Se, Sn, V and Zn, respectively. As Figure 2.11 shows, the
cumulative release of elements under investigation in this study from unit surface of
all rubberise asphalts were lower than the thresholds set by the Dutch SQD.
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Figure 2.11: Cumulative release of elements from unit surface of rubberized asphalt specimens. a)
Elements with release concentration <6 mg/m2, b) Elements with release concentration between 6
and 60 mg/m2, ¢) Elements with release concentration > 60 mg/m2.

2.4. Conclusions

This paper investigated the mechanical performance of a newly developed material
and analyses the leaching and potential hazardousness, and environmental impact of
six rubberised mixtures.

The compressive tests revealed the similarity in the loading behaviour of the mixtures
to playgrounds or rubber composite materials, able to considerably reduce the injuries.
Also, the change of binder can strongly affect the material’s behaviour under stress,
even when a constant amount of rubber is used.

The A-mixes have higher elasticity and provide the necessary impact attenuation
properties. The A3, A2 and B2 mixes are less resistant, while the SBS-binder mix
shows the best durability and cohesive properties while the mix B1 records a better
strength but does not comply with the injury reduction performances. The results from
the compressive test showed that the A-mixes have the best elastic and absorbing
behaviour, especially the one made with an SBS-modified emulsion. Altogether, mix
A4 has a low strength but high elasticity, essential for the impact attenuating
behaviour. The use of A4 also brings in some energy-saving and decreased
externalities during the production procedure.
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The results of DSLT revealed that the B-mix asphalt specimens released lower
concentrations of heavy metal and trace elements into the leachants, and A-mix
specimens released the heavy metals and trace element ions at earlier stages of the
DSLT compared to B-mix design specimens. During DSLT, the cumulative release
of all elements under investigation in the present study were lower than the maximum
thresholds set by Dutch Soil Quality Decree (SQD).

The A4 mix is the most promising mixture regarding the injury reduction
performances and the environmental impact as it uses a cold binder; thus, the
production process is considerably limiting the externalities. B2 has low leaching
values but does not comply with the durability and resistance needs. B1 mechanical
and leaching performances are acceptable; however, the injury reduction one is not
appropriate for the aim application. At valuable mechanical and leaching
performance, Al seems an interesting alternative but barely complies with the injury
reduction requirements.

Therefore, the early release of leachant observed for the A-mix, especially A4,
suggests the possibility of handling the leaching with several solutions, including
rubber coating treatment or water washing before their incorporation into the mix to
prevent their leaching while enabling very high injury reduction performances.
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3. Influence of Freeze-Thaw Cycles on Mechanical Properties of
Highly Rubberised Asphalt Mixtures Made with Warm and Cold
Asphalt Binders

3.1. Introduction

Asphalt pavements are common materials for constructing transportation
infrastructures, and they have been developed and optimised for many years [85].
While designing or improving the recipe of bituminous paving material, the
mechanical loads applied by traffic and the climate actions, resulting in stresses and
strains, moisture damage, temperature changes, and ageing, have an important role.
These two main elements are always responsible for most pavement deterioration.
Nevertheless, temperature variations and freeze-thaw cycles are known to be the main
factors responsible for thermal fatigue and potholes because of the induction of water-
caused distresses, which are the main causes of pavement failures in rigid climate
regions [86,87].

In the past years, the evaluation of the weather's influence on asphalt materials,
especially with cold temperatures, has been investigated in many studies [88-94]. The
development of a correlation between the pavement temperature conditions and the
mix design of the bituminous material in the targeted cold region was proven to be an
important aspect of the mixture optimisation.

The research topic is more developed in regions with a relatively wide temperature
range characterising climate, and where the pavement is usually subject to freeze-thaw
(F-T) cycles. For instance, a study from El-Hakim et al. [86] presented a statistical
assessment of the impact of F-T cycles on the deterioration of the mechanical
properties of asphalt mixes in Canada. Other groups studied the effects of F-T cycles
on the performances of asphalt mixtures in the cold regions of China and Iran [95-
98], while in Sweden Lovqvist et al. implemented a model to show the effects of
different parameters on the materials (the number of F-T cycles, the gradation of the
microstructure, and the freezing time) thanks to computer-assisted F-T simulations
[99]. The work done on F-T cycles can be easily applied to other cold regions as a
conditioning procedure reproducing the climate evolution and the related F-T
scenarios.

As far as rubberised pavements are concerned, a limited number of studies can be
found on the F-T of paving materials containing rubber, even less on highly
rubberised materials, despite the environmental advantages connected with the use of
recycled ELT rubber [100]. A study conducted by Guo et al. demonstrates the
correlation between the use of crumb rubber in a bituminous mixture and the reduction
of the anti-fatigue performances and life of the specimen after F-T cycles [101].
However, some major limitations of using rubber in asphalt concretes are the swelling
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and expansion that has a role in the degradation of the material [102]. The number of
voids can turn the material more prone to deterioration caused by water infiltration.
Moreover, the rubber tends to absorb the binder, allowing the adhesion and cohesion
between the aggregates, partly allowing water ingress at interfaces and consequent
damages [103]. However, in the parallel field of cementitious materials, a study
conducted by Richardson et al. stated that crumb rubber particles smaller than 0.5 mm
are optimal for providing freezing protection in rubberised concrete [104].

A similar observation has also been made with reference to the use of cold emulsified
asphalt binder mixtures for chip-sealing purposes. You et al. focused on the durability
characteristics of asphalt emulsion-based chip-seals and the effect of the asphalt
aggregate combination at cold temperatures when exposed to multiple F-T cycles
[105]. In the light of the above, this paper presents the results of geometrical,
volumetric, and mechanical characterisation, carried out on highly-rubberised
samples made with crumb rubber, warm and cold asphalt binders after freeze and thaw
(F-T) cycles applied following the ASTM C666/C666M standard (Procedure B)
[106].

The main research objective is to evaluate the resistance of the developed rubberised
asphalt mixture—intended to be used as an impact-absorbing pavement (IAP) [57] to
repeated cycles of F—T. No comparisons with ordinary and traditional asphalt are
presented because of the vast disparity in performance and application intentions,
especially regarding the strength and stiffness of the developed rubberised asphalt.

3.2. Materials and Methods

3.2.1. Raw Materials
The tested mixtures are made with two types of recycled rubber (with different size
distributions from 0 to 4 mm) and a Polymer-modified Binder (PmB) or a Polymer-
modified bituminous Emulsion (PmE). The adopted mixture design resulted from
previous studies developed to define a viable and consistent formulation [57].

Ambient shredded rubber from two different Northern European suppliers, through
the collaboration of the Swedish Tyre Recycling Association, was used to produce the
rubberised samples. The rubber size distribution ranged between 0 and 4 mm, but the
various products have different sieving curves. The rubber from both sources
alternatively substitutes a portion of the mineral aggregates in the designed mixtures
according to different specific volumetric recipes. Rubber characteristics are shown
in Table 2.2, and the sieving analysis in Table 2.3
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Table 2.2: Crumb rubber typical values
Rubber Granulates  Particle Bulk Density ~ Specific Density = PAHs 8 REACH

size [kg/m?] [kg/m?] [mg/kg]
[mm] EN 1097-3 (specification
I1SO <20)
13322-2
Fine 0-1.2 0.440 1.028 (EN 1097- 6.5
6)"
Rubber Medium 1.0-2.8 0.440 1.028 (EN 1097- 6.5
1 6)"
Coarse 2.5-4.0 0.440 1.028 (EN 1097- 6.5
6)"
Powder 0.2-0.8 0.345 1.160 (ASTM <15
D1817-05)
Rubber Fine 0.8-3.0 0.420 1.160 (ASTM <15
2 D1817-05)
Coarse 2.0-4.0 0.455 1.160 (ASTM <15
D1817-05)

Table 2.3: Crumb rubber sieve analysis
Percent Retained per sieve [%]

Rubber 1 Rubber 2

Sieve (mm) Fine Medium Large Powder Fine mix Coarse
4 0.00 0.00 0.15 0.00 0.00 0.00

2 0.00 34.18 97.90 0.00 22.00 95.79
0.09 58.68 1.88 0.00 73.88 4.18
0.5 65.96 6.94 0.00 85.30 4.01 0.04
0.25 23.91 0.02 0.01 14.50 0.03 0.00
0.125 8.22 0.05 0.03 0.20 0.01 0.00
0.063 1.71 0.10 0.03 0.00 0.05 0.00
< 0,063 0.11 0.03 0.00 0.00 0.02 0.00

Total 100.00 100.00 100.00 100.00 100.00 100.00

Limestone aggregates ranging from 4 to 14 mm and limestone filler (below 0.063
mm) were used to create the bituminous mastic and the lithic structure of the designed
pavement. Intermediate-size aggregates (0—4 mm) were partially substituted with
rubber of the same size to provide the material with the required elastic and impact-
absorbing properties. The mineral aggregates' characteristics are listed in Table 1.12.

Two types of binders from the same supplier were used in this study. The first one is
a warm styrene-butadiene-styrene (SBS) Polymer-modified Bitumen (PmB) that was
purposely designed to be used with rubber powders, and the second one is an SBS
Polymer-modified Emulsion (PmE) containing 67-69% of residual bitumen. The
binders’ properties are given in Table 1.13 and Table 1.14.
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3.2.2. Highly-rubberised asphalt concrete samples’ production
As illustrated in Figure 2.12, two different mixing and compaction procedures
corresponding to the variation of the binder type and the mixing and compaction
temperatures were adopted. In both cases, the dry process was used to incorporate the
rubber into the mixes.
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Figure 2.12: Rubberised asphalt production procedure.

In the case of the warm mix asphalt, the aggregates and the bitumen were heated at
160 °C in the oven before starting the procedure. At the beginning of the mixing
process, the aggregates were added and homogenised for a few minutes in the mixer.
Secondly, the bitumen and the filler were incorporated. The bituminous mixture was
then mixed for five minutes. Finally, the crumb rubber mix was added, and the final
mixture was mixed until homogenisation. After this process, the obtained mixture was
divided into portions required to obtain a 100 mm diameter and approximatively 40
mm thickness sample (approx. 600 g). The trays with the mixture were kept for a short
period at a constant temperature corresponding to the adopted compaction one, i.e.,
80 °C.

As for the production of the cold mix asphalt concrete, the aggregates, filler, and
rubber particles are mixed and well homogenised before the addition of the emulsion.
Using the mixture’s organoleptic assessment preconised for the mixtures made with
emulsions (EN 12697-55) [107], the mixing time was identified in less than five
minutes. At the end of the mixing time, the mixture had a wet light-brown colour
corresponding to that of an unbroken emulsion. This mixture was then weighted and
divided into portions before the compaction at room temperature (approx. 20 °C).

75



Chapter 2. Mechanical, Chemical and Freeze-thaw cycles analysis

The gyratory compactor (EN 1269-31) [108] was used for warm and cold mixtures.
Each sample was compacted for 80 cycles. Twelve samples have been produced for
each mix, and, independently of the production procedure, all samples incorporated
the same amount of rubber, aggregates, and bitumen as listed in Table 2.4.

Table 2.4: Mixture composition in the percentage of the volume of the total mixture

. Warm PmB (SBS) Cold PmE (SBS)
(Volume of the total mix) RL-W R2-W R1.C R2-C
Rubber amount [%] 56 56
Binder amount [%] 15 18
Aggregates and filler [%] 29 26

Additionally, the specimens’ expansion from the original dimensions was measured
right before and after one week from their compaction. The final expansion percentage
is given in Figure 2.13. The cold-made samples expanded more than the warm-made
samples, and the Rubber 1 samples expanded less than the Rubber 2 samples.

30.00 -
] 24.89 §
2500 2351 R2-C 9.47
5 ]
S 20.00 - R2-W 1.88
g ]
S ] 14.64
g 15.00 1
o) ] R1-C 6.47
© 1 939
S 10.00 -
k3 ]
] R1-W 0.52
5.00
0.00 1 0.00 5.00 10.00
R1-W R1-C R2-W R2-C Horizontal expension [%]

Figure 2.13: Vertical and horizontal expansion of the samples.

3.2.3. Freeze and thaw procedure

In addition to the effect of traffic loads, pavement deterioration can also be caused by
cyclic climate actions. In recent years, thermal cracks and low temperature distresses
have become a key concern for asphalt pavements in cold regions. In the laboratory,
as in the real case, during the F—T cycles, the air temperature recurrently changes from
positive to negative, and the layer is subject to repeated thermal stresses and related
moisture effects. The compressive strength and the resilient modulus of the asphalt
mix usually decrease when standard asphalt concrete is subjected to F-T cycles.
Therefore, in this study, F-T cycles were also applied to the developed rubberised
asphalt concrete to characterise and evaluate its behaviour in harsh conditions.

The samples were produced to carry out an F—T ageing procedure to analyse the cyclic
temperatures, ice, and moisture effect on the degradation of rubberised samples. A
sufficient amount of time of approximately 5 days was allowed before applying the
cycles to provide complete curing for all samples. After a defined number of cycles
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(0, 1, 5, and 10), volumetric, mechanical, and durability tests were conducted as
schematised in Figure 2.14.
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Figure 2.14: Summary of the experimental programme for each F-T cycle.

Following ASTM C666/C666-M [106], after the curing period and before starting the
F-T cycles, each sample was conditioned for 48 h in water at 23 £ 2 °C (room
temperature). After the conditioning phase, the actual F-T cycles were started with a
freezing phase set to reach —18 + 2 °C and maintained for three hours (180 min),
followed by the thawing phase carried out in cold water to reach +4 = 2 °C and
maintained for one hour and a half (90 min).

All samples of the control group (0 cycles) were tested following the ITSM procedure
(EN 12697-26) [43]. Successively, some samples were destructively tested by means
of the ITS (EN 12697-23) [44], while others underwent the Cantabro test (ASTM
C131) [45], both destructive. This characterisation procedure was repeated on twin
samples at 1 cycle, 5 cycles and 10 cycles of F-T, as shown in Figure 2.14. Finally,
to obtain an outcome of the leaching potential of the samples when in contact with
water, the pH and EC-TDS values of the thaw waters were analysed at the end of the
cycles. The protocol of each method is detailed in the following sections, and the
complete experimental programme is schematised in Figure 2.14.
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3.2.4. Characterisation

After being produced and conditioned, the samples were characterised prior to the F-
T procedure and during the treatment protocol at 1, 5, and 10 F-T cycles.
Consequently, the air voids’ content and densities [21-23], the Indirect Tensile
Stiffness Modulus (ISTM) [43], the Indirect Tensile Strength (ITS) [44] and the
Cantabro loss (CL) [45] results were recorded after each set of cycles. In addition, the
pH and electric conductivity were also measured for each thaw water to investigate
the potential leaching of the rubberised samples after prolonged contact with water in
cold conditions.

3.2.4.1. Densities and Air voids
The samples' bulk and maximum densities were calculated following the EN 12697-
5 [110] and EN12697-6 [109] standards. After obtaining the densities values, the air
voids’ content was calculated as specified in the EN 12697-8 standard [111] by means
of the previous parameters.

3.2.4.2. Indirect Tensile Stiffness Modulus

The stiffness of the asphalt mixture has always been considered one of the main
indicators of the material’s mechanical properties at various temperatures, especially
the extreme ones. In the case of highly rubberised mixtures, stiffness reveals how the
rubber content influences the overall mix behaviour under dynamic loading. Thus, the
ITSM was used to investigate the stiffness modulus of the rubberised mix asphalt at
low temperatures, i.e., when surface layers are usually stiffer and prone to thermal
cracking. The analysis was carried out following the EN 12697-26 [43] standards. It
was chosen to adopt a 5 °C test temperature as an average low temperature enabling
consistent testing and as an assessment of the stiffness in cold weather for a material
conceived to be working at those temperatures. All samples have undergone 4-hour
conditioning at 5 °C before being tested in the pre-cooled ITSM chamber.

3.2.4.3. Indirect Tensile Strength
Like ITSM, the ITS is an indicator of the mechanical properties of the material, in
particular of the maximum load to be applied before indirect tensile failure. The EN
12697-23 standard [22] has been used for its assessment. The cylindrical specimen is
loaded diametrically with a constant displacement rate until failure. The indirect
tensile strength is calculated according to the following equation:

2xXP

TS MPel = b @

ITS is the Indirect Tensile Strength, expressed in MPa; P is the peak load, expressed
in N; D is the diameter of the specimen, expressed in mm, and H is the height of the
specimen, expressed in mm,
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3.2.4.4. Cantabro loss
The Cantabro test procedure measures the cohesive properties of compacted
specimens using the Los Angeles Abrasion Machine. The percentage of weight loss
(Cantabro loss) indicates the material durability and relates to the quantity and quality
of the asphalt binder and mixture compaction. The Los Angeles machine is set to 30—
33 revolutions per minute for 300 revolutions. After 300 revolutions, the loose mix (if
applicable) is discarded, as shown in Figure 2.14, and the test specimen is weighted.
ASTM C131 standard [45] was followed to carry out this test.
Wini X Wrin

CL is the Cantabro Loss [%]; Wini is the initial weight of the test specimen [g], and
W rin is the weight of the test specimen after the test completion [g]

3.2.4.5. Measures of Particle loss, pH, and Electric Conductivity-Total
Dissolved Solid
The leaching behaviour of the specimens was evaluated by analysing the thaw waters
with a pH and EC-TDS meter. It was conducted to record the changes over time due
to potentially released chemicals coming from the leaching of the asphalt specimen
immersed in water. This tracking can show how leaching evolves.

The water was poured into the thawing tray, and the two parameters were measured
att = 0. Thus, samples (approximately 12 in each thaw tray) were immersed in water.
Ten minutes later, the measurement was repeated. Additional pH and EC-TDS values
were collected: one after the conditioning period of 48 h at room temperature before
the start of the F—T process and others at the end of the F-T cycles number 1, 5, and
10.

In parallel with the leaching evaluation, the particles lost in the thawing water were
collected, dried, and weighted to obtain a cumulative percentage of loss compared to
the total weight of samples initially submerged in the tray. This measurement was
made to control the potential particle loss to minimise micro-particle release in the
environment.

These two protocols were conducted to have a quantitative view of the leaching and
potential release of the rubberised asphalt developed during the F—T cycles procedure.
The complete procedure is illustrated in Figure 2.15.
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Figure 2.15: EC-TDS, pH and Particle loss measurement procedure

3.3. Results and Discussion

3.3.1. Volumetric, geometrical properties of the mixtures and observations

The sample visual aspect is variable because of the type of binder used. The specimens
made with the PmE have a softer consistency and a smoother surface texture than
those made with PmB, and the specimens made with the PmE are generally softer than
the others. Regarding the air voids’ content, as shown in Table 2.5, the mixes are
ranked as follows R1-C > R2-C > R1-W > R2-W. The samples made with PmE
expand more and contain more voids than those made with PmB. In the case of the
cold binder-based specimens, the expelled water can partially contribute to creating
voids. Furthermore, the absence of heat also makes the rubber less malleable and less
prone to digestion, i.e., swelling.
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Table 2.5: Densities and voids values of the specimens produced

. . EN12697-5 B Maximum EN12697-8 VA EN12697-8
Mixes EN12697-6 D Density Density (%) VMA (%)
R1-W 1.467 + 0.058 1.396 4.7+3.7 34.0+48
R2-W 1.406 + 0.030 1.458 3520 31.7+14
R1-C 1.300 £ 0.036 1.544 16.6 +2.3 424 %13
R2-C 1.430 + 0.026 1.605 111+16 39.7+x11

Any noticeable degradation was not observed on the samples during the F-T
procedure. This observation was also made by Richardson et al., acknowledging the
potential of the rubber to protect the concrete from F-T [104]. However, ice formation
has been observed on the samples made with Rubber 2 and PmE binder (R2-C), but
not on the samples made with the other mixes, as shown in Figure 2.16.

. & % ",1,'.

Figure 2.16: R2-C aspect after the 5 freezing cycle of the F-T cycles

3.3.2. Mechanical performances

3.3.2.1. ITSM at5°C
The ITSMs of the rubberised asphalt specimen were measured at 5 °C for control at t
=0 and after 1, 5, and 10 F—T cycles and are shown in Figure 2.17.

At t =0, the R1-C mixture exhibits the lowest stiffness values, while the R2-W has
the highest. The mixture R2-W has a higher ITSM than R1-W, and R2-C records a
higher stiffness than R1-C.
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The R2-W mixture showed a higher stiffness than R1.W during the F-T cycles. In
parallel, the overall tendency for R1-W and R2-W specimens is to increase their
stiffness in the middle of the freeze and thaw procedure (precisely between cycles 1
and 5) before considerably decreasing at cycle 10 and reaching lower values than the
other those of the control group (Figure 2.17).
The ageing of the binder can explain the initial increase in stiffness, and this
phenomenon occurs in the first part of the procedure. The water diffusion inside of
the samples may cause the decrease in the stiffness observed at the end, causing air
voids to increase in the matrix, an expansion of the porosity, and confirming a lower
ITSM value.
Figure 2.17 shows that all samples could be tested at the control time (0 F-T),
although sometimes it was challenging. On the contrary, the measurement of ITSM
values at 1, 5, and 10 cycles was often impossible, mainly because of the low values
and testing device limits.
400 o Control = Cycle 1
] ECycle5  mCycle 10

R1-W R1-C R2-W R2-C

Figure 2.17: ITSM (@5°C) values for each mixture vs. cycles.

3.3.22. ITSat5°C
The ITS tests of the rubberised asphalt specimens were performed at 5 °C for control
att=0and after 1, 5, and 10 F-T cycles. The visual and graphical results are presented
in
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Figure 2.18 and Figure 2.19.

In general, due to the high amount of rubber in the mixture, the cracks developed
during testing are hard to see. However, the elastic behaviour of the materials was
evident. At failure, samples are still cohesive and tend to spring back to their original
shape. These observations are illustrated in

Figure 2.18.
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Ve - L

Figure 2.18: Comparison of the samples after 10 F-T cycles. In the left column, the samples before ITS
test; in the right column, samples after testing. The red circle represents the deformation of the sample.
The arrow highlights the crack initiated by the ITS on the samples.

Graphically, Figure 2.19 shows that at t = 0, mixture R1-W had higher strength than
R2-W, and R1-C had higher strength than R2-C. R1-W gave the highest value at 0.44
MPa, and R2-C the lowest at 0.06 MPa. Samples made with the warm bitumen had
higher ITS than those made with cold emulsion. In the warm method, the temperature
can contribute to the Physico-chemical interactions between the constituents, in
particular, bitumen and rubber. In the cold mix, rubber is not heated, which allows the
drop in fumes and odour emissions, but lacks in creating a strong, cohesive matrix
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and the air voids’ content remains higher, thus reducing the tensile strength of the -C
samples.

With the increase in cycles, the ITS of samples made with PmB tends to decrease,
while the ITS of the samples made with PmE does not vary. R1-W registered the
highest reduction in strength along with the cycles. The decrease in the ITS registered
for the PmB based samples can be explained by the same mechanism observed for the
ITSM values.

Generally, the specimens made with PmE have a lower ITS than those made with
PmB. The samples made with Rubber 1 have slightly higher ITS than those made with
Rubber 2. Regarding the PmE based samples, a change in the visible mechanical
structure is not evident. Indeed, the values of the ITS at 0 F-T cycles are low, and the
same tendency is observed after all cycles. No increase or decrease in the ITS values

is easily observed.
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Figure 2.19: ITS values for tests carried out at 5°C and different cycles.
3.3.3. Particle loss

3.3.3.1. Cantabro loss
The Cantabro loss of the rubberised asphalt specimens was measured at t=0 (control)
and after 1, 5 and 10 F-T cycles. Results are shown in Figure 2.20 and Figure 2.21

For R1-W samples, the registered loss is stable, varying from 0% to 3% maximum.
This range is the same observed in a previous study for a reference mix without rubber
and made with SBS-PmB [23]. The Cantabro loss measured was around 1% without
any F-T cycles, and a higher loss was observed after cycle 1. Concerning R2-W, the
Cantabro loss is doubled comparing the control to cycle 10, with losses from 4% to
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8%. Using the same warm binder, the mixture produced with R1 is stronger than with
R2.

R1-C behaviour is hard to explain; the loss at t = 0 is 60%; this value increases to
approximately 90% in cycles 1 and 5, and it goes back to 61% after 10 cycles.
However, with respect to R2-C, with the same binder, an increase in the amount of
loss with cycles is evident. The loss values of R2-C samples at t = 0, 5, and 10 cycles
are higher than those of R1-C ones.

As shown in Figure 2.20 and Figure 2.21, in the case of R1-W, the F-T cycles seem
not to strongly influence the loss. The durability of the mix is very high with reference
to the applied F—T procedure. Effects of F—T cycles are visible on R2-W samples. R1-
C and R2-C, both made with cold emulsion, are prone to consistent degradation due
to the F—T. Nevertheless, the R1-C specimens appear to be somehow stronger. Figure
2.21 also visually corroborates how the rubberised asphalt concretes made with
Rubber 1 showed lower values in terms of the Cantabro loss test.
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Figure 2.20: Cantabro loss percentage of the rubberised asphalt specimens at different stages of the F-
T procedure
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Figure 2.21: Aspect of the samples after the Cantabro test at the control time (no F-T).

3.3.3.2. Particle loss in the thaw waters

The particles lost in the thawing water were collected after 1, 5, and 10 cycles of F-T
Figure 2.22 shows that the alteration caused by the F—T procedure induces the release
of particles in the water. In cycle 1, the loss is 0.04%, in cycle 5, it is 0.12%, and in
cycle 10, the collected material corresponds to 0.19% of the total weight of the
samples. This kind of loss in particles is often observed in standard asphalt concretes,
where the iterative variation of temperatures can cause premature degradation of the
material [86]. The results show that, in parallel to the Cantabro test results, the loss is
higher for the mix made with the cold binder, which appeared more degradable.
However, the measured loss is not a critical factor, and optimisation of the mix, such
as a change in the gradation curve or improved control of the mixing process, could
tackle the problem.

-~ 0.04%

< T Sl v
Figure 2.22: Loss of asphalt concrete samples material in the thaw waters after 1, 5 and 10 F-T cycles.
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3.3.4. Leaching analysis

The leaching behaviour of materials is often studied because of its necessity in
ensuring the safety of the materials used, in this case, the construction materials’
safety and verifying their non-hazardousness to the environment. The leaching values
collection was done by measuring the pH and electric conductivity of the water in
contact with the rubberised asphalt samples during the F—T conditioning cycles. Data
were collected before starting the F-T cyclesatt =0, t = 10 min, t = 48 h, and during
the F-T procedure at the end of the 1st, 5th, and 10th F-T cycles. Results are presented
in Figure 2.22. The highest average electric conductivities were observed before
starting the cycles after the 48 h of conditioning. Values decrease at the end of each
cycle group (1, 5, or 10). The ECs after 1 cycle or 5 cycles are relatively similar, while
after 10 cycles, the measured EC value increases. This observation revealed that the
mixtures released some ions, and a higher number of ions is released in a short time
into the water (after only 48 h). The EC also increases in relation to the time of contact
of the samples with water.

The pH evolution of water was also tracked for the three thawing water and is shown
in Figure 2.23. According to the results, the water pH from the F—T cycles increased
as the duration of contact increased. At t = 10 min, the pH of the water was verified,
and it was relatively stable compared to the original water pH (7.2). After the 48 h
conditioning period, the pH for all waters increased to 8.1-8.2. The pH of the three
thaw water increased from 7.2 to above 8 between day 0 and day 2 and stabilised
around 8.1 and 8.4 already after 1 cycle of F—T. However, the maximum pH (8.4) was
observed at the last stage when samples were in contact with the water for longer (5
or 10 cycles). This observation confirms the EC results where the higher release of
ions was observed after 5 or 10 cycles, regardless of the thaw waters. The maximum
pH values for the rubberised materials occurring at earlier stages (after the
conditioning period) were also in line with their maximum electric conductivity
records at earlier stages (Figure 2.23).

The obtained values of EC and pH are comparable to those observed in a parallel study
on highly rubberised asphalt leaching. In the study, the EC value increased at an early
stage before decreasing, while the pH values were initially found below 7.5 and
subsequently increased to 8-8.5 after 4-9 days, corresponding to the approximate time
required for the present F-T procedure. It was also demonstrated that for a mix
containing 56% rubber made with a cold or warm SBS modified bitumen, the recorded
values were comprised in the thresholds set by the Dutch Soil Quality Decree [112]
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Figure 2.23: Changes in a. Electric conductivity and b. pH of thaw waters at different stages of F-T
procedure for rubberised asphalt specimens.

3.4. Conclusions

This paper is part of a wider project aiming to develop a highly rubberised paving
material that can offer important impact-absorbing performances and allow, in
parallel, the recycling of end-of-life tyres in large quantities. Only a few studies have
assessed similar materials in cold climate conditions and their potential degradation
after several freeze and thaw cycles. The research investigated the stiffness, strength,
and cohesive properties of the newly developed material, and it also measured the
leaching of mixtures made with two different rubbers (1 and 2), bound with a warm
(W) and a cold asphalt binder (C).
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e The visual, geometrical, and volumetric assessments have shown that the
specimens made with the cold binder are softer, expand more and contain more
air voids than other samples.

e The ITSM test outcomes show that R2-W is stiffer than R1-W, and that
specimens made with PmE are softer than those made with PmB. The cold
mixtures were too soft even at 5 °C and could not be tested with the ITSM
procedure. In this case, a uniaxial compressive analysis should be preferred.

e The ITS of specimens made with PmE are lower than those made with PmB.
The samples made with Rubber 1 have slightly higher ITS than those made
with Rubber 2. Regarding the PmE samples, a modification in the mechanical
structure is less evident, certainly because the control values start low and no
main fluctuation is observed, while the PmB-made samples show a clear
decrease in the ITS value with the F-T cycles.

e Concerning the Cantabro loss method, the variation of particles lost along with
the F-T cycles is very low for the cold specimens. The mixtures made with
Rubber 1 record lower loss values after the Cantabro test, and R1-W have
similar Cantabro loss than a standard asphalt concrete (without rubber) at 0
cycles.

e The values of EC and pH are comparable to those observed in a parallel study
on highly rubberised asphalt leaching. The leaching is mainly observed in the
first hours. The early leaching observed could be handled with several
solutions such as rubber pre-treatment or water washing before their
incorporation into the mix to limit and prevent their leaching into the pavement
and consequently into the environment.

The cold mix should be preferred because of its important advantage regarding the
workability and production methods by reducing externalities. However,
improvements must be made to propose a viable and durable solution under freeze-
thaw conditions, especially regarding the loss of particles.

Future studies should analyse the F-T effect of specimens made with the same
formulation but incorporating rubber from a single source and treated with various
surface modification methods.

4. Outcomes

The objective of this part was to assess the technical performance of the material
(strength, durability, elasticity and stiffness). Then it was also verified that these
performances comply with the climatic need to reduce emissions and waste and
propose non-hazardous materials. Finally, some analysis of the durability to freeze-
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thaw cycles of the two best formulations (mechanically and environmentally) was
assessed thanks to F-T cycles in the laboratory.

The first part investigated the mechanical properties and analyzed the leaching of
heavy in the water of the samples. It was possible to demonstrate that the 56% rubber-
based material has a mechanical behaviour similar to the playgrounds. Further
mechanical interpretations are foreseen.

While mentioning the leaching, part 1 showed that the release of heavy metals and
ions was observed at an early stage and that the maximum threshold fixed by the used
standard was not surpassed. Also, the leaching of PAHs was also analyzed to evaluate
their leaching mode and amount also in water. The outcomes of this study are the
objective of another publication not included in this thesis.

Finally, the F-T test conducted on the two best mixtures showed that no maximal
degradation of the performances of the samples was observed and that the cold made
specimens appeared to have a higher resistance to the variation of the temperatures.

In general, the mechanical and environmental status of the mixtures, especially the
one made with the SBS binder, is not optimum. However, it is passing the standard
regarding impact attenuation and leaching. This means that this material can be
functional in its actual form. In addition, the performances and the problems found
can be handled thanks to several outcomes and methods, such as tiny changes in the
formulation or the use of additives and pretreatment control that will be proposed in
the following sections of this dissertation.
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Chapter 3. Material modelling and
accident cases simulations

The work proposed in this chapter is extracted from the following manuscript:

Sahandifar, P.; Makoundou, C.; Fahlstedt, M.; Sangiorgi, C.; Johansson, K.;
Wallgvist, V.; Kleiven, S.; A rubberised impact-absorbing pavement reduces
the head injury risk for vulnerable road users: a bicycle and a pedestrian
accident case study. Accepted in Traffic Injury Prevention, Taylor &
Francis, United Kingdom.

CM and CS developed the soft asphalt samples. PS, SK, CM, and CS designed the study. CM,
KJ, and VW performed the standard HIC drop test. PS and CM performed mechanical testing.
PS assessed test results, prepared the finite element models, and analysed the finite element
simulations. MF provided the bicycle accident reconstruction. PS and CM wrote the original
draft. SK, MF, CS, KJ, VW performed supervision, writing review, and editing. All authors
critically reviewed and revised the manuscript.
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1. Overview

An international and multidisciplinary research collaboration with the Neuronic
Group in KTH, Sweden, allowed the development of an impact-absorbing paving
material modelling and the simulation of pedestrians and cyclists accidents scenario.

This chapter aims to obtain more accurate results on the impact-attenuation and shock-
absorbing properties of the developed material. Moreover, it is useful to quantify the
reduction of the injuries registered thanks to the properties of the material designed in
the laboratory. The study was based on the samples formulated and described in
Chapter 1, especially the IAP 3 (made with a SBS modified bitumen containing 56%
of rubber in the total mixture volume). This study aimed to obtain results on the actual
injury reduction effect of the paving material on a full human body model when a fall
occurs. The modelling of the material, based on the mechanical properties collected
thanks to the same methods described in the previous chapter, allowed the simulation
of two accident cases: one involving a pedestrian and another a cyclist. Indeed, the
impact-absorbing material developed is meant to protect the VRUs. The test
simulating real conditions is the best manner to optimize the formulations.

The paper is divided into a background part, a method, results and discussion, and the
conclusions of the study's main results.
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2. A rubberized impact-absorbing pavement can reduce the head
injury risk in vulnerable road users: a bicycle and a pedestrian
accident case study

2.1. Background

Between 20 to 40 percent of the road users in European cities are cyclists or
pedestrians. Among all global traffic accident deaths and injuries, VRUs (pedestrians-
cyclists-motorcyclists) share half of the victims [113]. Another published study
comprising 31 cities’ traffic fatalities from 2011 to 2015, of which 18 were European,
suggests that the median urban traffic casualties are close to 80% for VRUs, where
pedestrians and cyclists make up to 50% of those fatalities. It also states that the rate
of fatality reduction is slower in cities compared to the corresponding national level.
Although a possible reason for this difference is not clear, it can be speculated that
VRUs do not similarly benefit from the safety and injury prevention advances in
recent decades [114], such as 2+1 roads, anti-lock braking system, collision avoidance
system, electronic stability control.

Despite the burden of the vulnerability of pedestrians and cyclists even in the
absence of any vehicle, the pavements used by VRUs usually follow the same design
and construction criteria as the light and heavy vehicle trafficked roads. In most
pavements, stiff asphalt concrete is applied as a surface layer, where the pedestrians
are not protected by any means, and cyclists can be protected only against head injury
if wearing a helmet. The helmet use varies largely between countries and within
countries [114]. Helmets have shown a protective effect [12]; however, more can be
done in addition to personal protection, such as external/collective preventive
measures, like improvement of the pavement layers, which have the potential to
protect more road users independent of personal protection choices.

Many studies show that using recycled waste tires, also known as End-of-Life
Tire (ELT) crumb rubber, can potentially improve the performance and the
environmental friendliness of asphalt mixtures for pavement layers [33,34,115]. It is
indicated that those rubberized mixtures have better durability, performance, and
recoverability compared to traditional mixtures produced without rubber [115].
Although the capability of rubber in improving the characteristics of the asphalt
concretes is tested extensively, only a few studies conducted tests to evaluate the
injury prevention capability of rubberized asphalt mixtures [28]. A previous study
[28] has shown that adding rubber in the asphalt mixtures could potentially reduce the
head injury risk for VRUs. However, the effect of changing rubber content in the
asphalt mixtures on reducing head injury has not been studied yet. Adding high
quantities of rubber to the paving mixture could abate the pavement stiffness, thus
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reducing the risks of injuries on footpaths or foot/bike lanes [57]. Previous studies
limited the rubber content in the asphalt mixtures to prevent possible deterioration of
asphalt characteristics, whereas this decision can limit the extent of the potential
protective capacity of the asphalt.

The aim of the current study is to evaluate the potential effects of varying the rubber
content in the rubberized asphalt concrete on reducing the risk of head injuries. Three
different rubber contents of 14, 28, and 33 weight percent (%wt.), in addition to a
reference asphalt mixture (0% rubber) and a playground material (100% rubber), were
modelled in LS-Dyna. The developed material model for each mixture was validated
using the standard Head Injury Criterion (HIC) drop test. Finally, the validated
material model for each mixture was implemented in two low-speed accident
reconstructions, a bicycle [116] and a pedestrian fall [117], to evaluate the preventive
effect of varying the rubber content on the head injuries.

2.2. Methods

Three asphalt mixtures, in addition to a reference non-rubberized mixture, were
developed. A compressive test without permanent deformation and one with failure
was performed on each of the mixtures. These tests were used to implement the
mechanical behaviour of samples in LS-Dyna using the
MAT_SIMPLIFIED_RUBBER material model. The developed material model for
each sample was validated using the standard Head Injury Criterion (HIC) drop test.
Finally, the validated material models were used to simulate both a bicycle and a
pedestrian accident case. In addition to the asphalt mixtures, the two cases were also
modelled using a typical playground rubber composite material.

2.2.1. Samples Production Method

The rubberized asphalt samples were produced following the same approach as
detailed previously [57]. The mixture was designed and produced following methods
similar to those already used in the asphalt industry. This is the main difference
between the proposed paving solution and common playgrounds surfacing. Initially,
the virgin aggregates and bitumen were heated up to 160 °C and mixed until
homogenization. Later, the rubber was added to the mixture to obtain each of the
samples containing respectively 14, 28, and 33 %wt. of rubber on the weight of the
mixture. The mixing process lasted enough to have a fully coated and homogenous
mixture. Finally, each group of specimens was compacted using a standard shear
gyratory compactor (EN 12697-31[108]). A reference sample was also produced with
no added rubber. The standard diameters of the cylindrical samples were 100 or 150
mm (Table 3.1). The samples were colour-coded for identification: the 0, 14, 28, and
33 percent rubberized samples’ surfaces were coloured in orange, red, white, and
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green, respectively (Figure 3.1).

Table 3.1: Summary of rubberized asphalt samples material properties and dimensions

Green White Red Orange
Rubber content
(% wt) 33 28 14 0
Bitumen content
(% wt) 18 18 18 8
Density (kg/m?®) 1400 1450 1580 2222
D1" (mm) 38.5 38.7 38.3 38.2
D2" (mm) 150 100 150 150
Hi* (mm) 44.3 37.2 47.1 40.8
H2" (mm) 39.8 37.1 42.6 34.9
Calculated
Young’s 0.93 2.03 2.73 260.6
modulus (MPa)
Impact speed
range in the g 3 g
Drop tests [1.98-4.44] [1.97-4.44] [1.99-2.82] N/A
(m/s)™
Impact speed in | 1.98, 2.8, 2.82, 31'4937’31'7918'32'782' 1.99, 2.41, 2.42,
the Drop tests 3.96, 3.97, 4.07, 3'95’ 3'97’ 4'19’ 246,247,252, N/A
(m/s) 4.19,4.43,4.44 4.2 4.42 4.4 2.62,2.65, 2.82
3
A
‘u‘”: S 1.5
Stress-Strain £
destructive test - 0 N/A
results 0 0.2 0.4 0 0.2 0.4

“D1/H1, D2/H; correspond to the diameter/Height of the samples for mechanical testing and Standard
HIC drop test, respectively.

“detailed impact speeds are presented in the Appendix Il
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Figure 3.1: Study scheme of the experiments and simulations. (1,2) production of rubberized asphalt,
(3) Compression test and HIC drop test on the samples, (4. a) HIC drop test simulations for different
impact speeds, (4. b) An isometric view of the bicycle accident reconstruction case study on different
asphalt mixtures, (4. c) The sagittal view of the pedestrian accident case on different asphalt mixture
and the velocity vectors defined according to the local coordinate system on the center of gravity of the
head. The blue arrow refers to the direction of the linear velocity.

2.2.2. Mechanical Testing and Material Modeling

The compacted asphalt samples were required to be smaller in diameter size to keep
the forces below the limits of the available mechanical testing machines.
Consequently, the sample was cored with a 40 mm coring rig (Figure 3.1). Two types
of tests were performed on each of the mixtures: compressive test without permanent
deformation and compressive test with failure (destructive test). A compressive elastic
test on each sample was performed in which a 1% strain with a vertical displacement
rate of 0.5 mm/min was applied. In the destructive test, samples were compressed with
a vertical displacement rate of 5 mm/min until the failure point of either visible cracks
in the samples or maximum absolute stress in the stress-strain curve. Both tests were
performed using the Instron Universal Testing Machine model 5567 was equipped
with a 30 kN load cell. Before the destructive tests, a relaxation test was performed
on the green samples (33 % rubber) to measure their viscoelastic parameters. The Two
types of tests were performed on each of the mixtures: compressive test without
permanent deformation and compressive test with failure (destructive test). A
compressive elastic test on each sample was performed in which a 1% strain with a
vertical displacement rate of 0.5 mm/min was applied. In the destructive test, samples
were compressed with a vertical displacement rate of 5 mm/min until the failure point
of either visible cracks in the samples or maximum absolute stress in the stress-strain
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curve. Both tests were performed using the Instron Universal Testing Machine Model
5567 was equipped with a 30 kN load cell. The viscoelastic parameters were neglected
based on the evaluation of the 33% mixture Figure 3.2. Thanks to the linear regression
analysis based on the evaluation of the IAP 3 sample (33% weight / 56% volume)
(Figure 1.13), the viscoelastic parameters were neglected. All tests were performed
at room temperature (21 °C).
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Figure 3.2: Linear regression analysis of the 33% sample material modeling with and without viscoelastic
material parameters.

The constitutive behaviour of the samples was modelled using a material model
*MAT_SIMPLIFIED_RUBBER in LS-Dyna (LSTC 2020), and the samples were
assumed to be isotropic. The destructive compression test results were directly
implemented in the material card (Table 3.1).

The energy dissipation in the model during unloading was governed using a hysteresis
unloading (HU) and shape factor of 0.1 and 5, respectively, for all samples. A
summary of material properties can be found in Table 3.1. The stiffness of the
reference sample (0% rubber) was significantly higher than the other samples. It was
consequently modelled as rigid.

98



Chapter 3. Material modelling and accident cases simulations

2.2.3. Validation Of Material Model Using Standard HIC Drop Test

A standard HIC drop test, according to EN 1177:2018+AC:2019 standard [41], was
used to validate the material modelling of each sample that is implemented in LS-
Dyna. A hemispheric 4.6 kg impactor with a diameter of 160 mm was released from
different heights, and the impact speed and acceleration of the impactor were recorded
(Figure 3.1). The standard suggests a sample size of at least 250250 mm. Despite
the recommended smallest dimensions for the asphalt samples, a cylindrical sample
with 150 mm diameter for the 14% and 33% rubber content samples and 100 mm
diameter for the 28% rubber content samples were used. However, impacts close to
the edges were avoided to minimize the influence of edge effects. A summary of the
impactor’s impact speeds is reported in Table 3.1 and used for the validation of the
material model.

A steel spherical rigid impactor with the same diameter, weight, and impact velocity
was simulated to impact the centre of the cylindrical asphalt samples. The samples
were assumed to be on a rigid shell representing the ground (Figure 3.1). The
acceleration of the rigid impactor was evaluated and compared to the measured
acceleration at each impact speed of the same sample. All simulations were performed
using version 971 revision 10.1.0 of LS-Dyna (shared memory parallel processing
(SMP)-double precision).

2.2.4. Bicycle Accident Case

The asphalt material models were implemented into a single bicycle accident
reconstruction where the bicyclist had lost control and fell on the ground [116] (Case
4) to evaluate the effectiveness of different rubber content of the asphalt mixture on
preventing head injuries (Figure 3.1). A detailed finite element head model previously
developed and validated against several cadaveric experiments [118] was used. The
initial angular and linear velocities presented by [116] were applied to the head model.
The head impacted each sample with 5.3 m/s ((3.42, 0.75, -4.00) in a global coordinate
where Z is normal to the surface) and 4.7 rad/s resultant linear and angular velocities,
respectively. The friction coefficient of 0.5 were applied to the head-ground contact
according to [116]. It was assumed that the friction coefficient was not changed for
different mixtures since the production method was the same as the regular asphalt.
In addition to the head-only impact, a validated helmet model was implemented [12]
to assess the combined effect of wearing a helmet and having the rubberized asphalt
on head injury prevention. More details of the models can be found in previous
publications [12,116,118]. In addition to the asphalt samples, a typical playground
rubber-composite material was simulated as a reference to illustrate the effect of a
rubber-only material [60,83].

The maximum von Mises stresses of the cortical and trabecular bone were compared
to evaluate the ability of the asphalt mixtures to prevent skull fractures. The skull bone
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was originally modelled with a plastic material model, where plasticity levels were
set to 80 MPa for the cortical bone and 32.7 MPa for the trabecular bone [116]. The
risk of skull fracture corresponding with linear acceleration and the risk of brain
concussion corresponding with principal Green-Lagrange strain were evaluated using
the risk functions presented by [119] and [118], respectively. The linear accelerations
were filtered using SAE 300 filter.

2.2.5. Pedestrian Accident Case

The asphalt material models and the playground material were also implemented in a
pedestrian accident case [117,120]. An elderly person tripped and fell forward onto a
concrete pavement (case 3 in the [117] study). The initial impact occurred to the head,
and the fall could not be stopped with any body parts. The initial resultant linear and
rotational velocities (Figure 3.1) of 5.35 m/s ((1.53, 0, -5.1) in a global coordinate
where Z is normal to the surface) and 1.36 rad/s were implemented according to the
pre-impact velocities of the center of gravity of the head [117]. Same outputs and risks
were presented for this case as for the bicycle case.

2.3. Results

The peak linear acceleration of the respective impact speeds in the HIC standard tests
was compared between the simulations and experiments using the linear regression
analysis (Figure 3.3). Accordingly, the 33% and 28% mixtures were in good
agreement (slope = 1; r2 > 0.99) with the experimental results, whereas the peak linear
acceleration of the 14% mixture was underestimated (slope = 0.79; r2 > 0.99). The
acceleration-time curves for different impact speeds on each were conducted.
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Figure 3.3: Linear regression analysis of maximum acceleration from the HIC drop test results and the
simulation results for each asphalt sample.
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The 14% mixture does not effectively reduce the peak von Mises stresses Table 3.2,
and both bicycle and pedestrian cases reach the plastic stress level of 80.0 MPa
defined in the material card. The 28% mixture reduces the stresses by approximately
11 percent in the cortical bone compared to the reference (0% rubber content) sample
in both cases. The 33% mixture reduces the stresses on the cortical bone by 70 and
50 percent compared with the reference model for bicycle and pedestrian cases,
respectively Figure 3.4. Moreover, wearing a helmet on the 33% mixture could
further reduce the stresses on the cortical bone by 25 percent compared with the
helmets on the reference (0% rubber content) asphalt mixture.

Blcycle case  Pedestrian case Blcycle case Pedestrian case

0% mixture 0% mixture
' i l q \ G

33% mixture 33% n‘uxmre

0 MPa 80 MPa

Medical images

Figure 3.4: a) Comparison of peak von Mises stresses (MPa) on the cortical bone between the 0% and
33% rubber contents. The level of plasticity for cortical bone was set to 80.0 MPa. The highest stresses
on the skull bone occurred at the impact position for the individual case; (b) Comparison of the peak
1st principal Green-Lagrange strain on the brain tissue between 0% and 33% rubber contents. The black
circles correspond to the reported medical records of head injury in the bicycle and pedestrian case.
Medical image for the bicycle case is from The Accident Analysis & Prevention, Vol. 91, Madelen
Fahlstedt, Peter Halldin, Svein Kleiven, The protective effect of a helmet in three bicycle accidents—
A finite element study, 135-143, Copyright (2021, Licence humber: 5218740986803), with permission
from Elsevier; the injury region is marked with a red circle. Medical image for the pedestrian case is
from “An in-depth analysis of real world fall accidents involving brain trauma.” (2009), Michael D.
Gilchrist and Mary C. Doorly, Copyright (CC BY-NC-ND 3.0 IE), the injury region is marked with
arrows.

The 1st principal strain is evaluated on the brain tissue in each sample for both bicycle
and pedestrian cases Table 3.2. In the bicycle case, the strain was not reduced in the
14% mixture and slightly increased (1.1 percent), whereas it only reduced about 13
percent in the 28% mixture. The 33% mixture has the most notable reduction among
the asphalt samples, compared with the no-helmet case, with 27 and 75 percent in the
bicycle and pedestrian cases, respectively Figure 3.4. Although wearing a helmet
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when falling on the 33% mixture further reduced the stress and acceleration results,
the principal strain slightly increased (6.6 percent).

In the bicycle case, the risk of skull fracture significantly drops up to 70 percent for
the 33% mixture, whereas playground material can reduce it up to 90 percent Table
3.2. The risk of concussion was only reduced by 16 percent, which is still high
compared to the helmet on the reference asphalt mixture case. In the pedestrian case,
the risk of skull fracture for the 33% mixture is about three times the playground
material (0.63 compared to 0.23), whereas their risk of brain concussion is similar
(0.07).

Table 3.2: simulation results of the pedestrian accident on different rubberized asphalt samples

Bicycle case Pedestrian case
Y Y ) - 8
5 £ 3% 3% | 5 g 3% 2%
o x x S o = o o x by S o = o
25 &% %4 %g |25 &% %4 %g
8> S o 2 e 5 > 370 2 c e >
o= 53 33 S 2 < 33 3 = s 2
Sg ‘=2 ® 3 S 3 Sz ‘=2 s 3 s &
e 23 3 2 33 2o 23 38 33
25 85 35 3c | £5 245 35 3o
UH S X — @ —_ 2 TH 35X —_ @ — 2
£ "¢ R®g K& |22 g Tg KTs
g 3 £ RS g 3 L£g R
o > o >
0, 1 -
0% mixture 80 052  0.99 0.97 80 031  1.00 0.64
without helmet
14% mixture 80 052 098 0.97 80 026  1.00 0.48
28% mixture | 707 045  0.77 0.92 69.6 013 096 0.14
33% mixture | 241 038  0.29 0.81 302 008 063 0.07
Playground 176 038 007 0.83 203 008 023 0.07
0, 1 -
0% mixture 214 027 006 051 - - - -
with helmet
0, 1 -
3% mixture- 1100 009 04 057 _ _ _ _
with helmet
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2.4. Discussion

It was indicated that increasing the rubber content and indirectly reducing the stiffness
of the material improves the capacity of the asphalt mixtures to reduce the risk of
injury. Although the softest asphalt mixture, with the highest rubber content, was not
as effective as wearing a helmet, it greatly reduced the risk of skull fracture for the
bicycle accident case study. Similarly, the same mixture reduced the brain strain up
to 75 percent and reduced the von Mises stresses on the skull up to 50 percent for the
pedestrian case.

For the bicycle accident case, the peak linear acceleration decreases as the rubber
content increases in the different rubberized asphalts. Although the peak linear
acceleration is reduced in all rubberized samples, the 14% mixture was not soft
enough to prevent the skull fracture (Figure 3.5).
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Figure 3.5: Comparison of the peak linear acceleration (g) between different rubber contents in the
bicycle and pedestrian case. The risk of skull fracture was calculated for each of the simulations
using the acceleration-time nodal history of a node on the center of gravity of the head.

The peak stress of the cortical and trabecular bone was reduced in the 28% and 33%
mixtures alongside the peak linear acceleration, which could potentially indicate that
increasing the rubber content above a specific threshold can reduce the skull fracture
risk. It was indicated that reducing the linear acceleration can mainly reduce the risk
of skull fracture, which is supported by previous findings [119,123].

It is shown that a helmet is still the best preventive tool with a 48 percent reduction of
peak principal strain and around 50 percent risk of brain concussion. The helmet
model used in the current study is similar to the traditional helmet designs currently
available on the market. Wearing those types of helmets on the asphalt mixture with
33% rubber further reduces the risk of skull fracture. However, the peak principal
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strain in the brain tissue increased to 0.29 (from 0.27) compared to wearing the helmet
on the regular asphalt (0%). A possible explanation might be due to the increased
contact area and contact time. The rubberized asphalt deforms after the impact, which
increases the contact area between the helmet and the asphalt layer. Moreover, the
time of contact increases due to the reduced stiffness of the material. Those two factors
can change the dynamic of the head and the rotational acceleration, which indirectly
correlates with the increased brain tissue strains.

In the pedestrian accident case, the peak linear acceleration of the 0% mixture was
683.2 g, which is comparable to the HIIl headform experiment result (686.9 g) of a
similar pedestrian accident reconstruction [120]. The peak linear acceleration dropped
down to 67 percent for the 33% mixture. Despite the medical reports of no skull
fracture for the pedestrian case, the peak stresses in a small number of elements have
reached the limit of the cortical bone for the 14% and 0% mixtures. Even the risk of
skull fracture for the 33% mixture was above 50 percent, which was higher than for
the playground material (100% rubber).

The brain injury risk was developed using the logistic regression method. Therefore,
small differences in the risk would be expected for deviations in the strain when it is
closer to each end of the risk curve. The brain injury risk in the bicycle case when
falling on the 0% asphalt sample was approximately 1, whereas the risk for the
pedestrian case was 0.64. It means that the same relative reduction of maximum strain
can cause a greater reduction in the risk of injury for the pedestrian case. The 28%
asphalt mixture could merely reduce the peak principal strain up to 13 percent, while
the 33% asphalt mixture reduced the strain up to 27 percent for the bicycle case. The
peak principal strain and the risk of brain concussion were reduced considerably for
the 33% and 28% mixtures for the pedestrian case. In addition to the nature of logistic
regression curves, the initial conditions for the pedestrian case led to lower rotational
velocity and linear accelerations during impact compared to the bicycle accident. It
was shown [118] that lower rotational kinematics leads to lower strains in the brain
tissue, which contributes to the better performance of the asphalt mixtures in the
pedestrian case. It suggests a potential preventive effect of the rubberized asphalt
samples for pedestrian accidents.

There are some limitations in the current study. The number of different rubber
contents was limited to three (14, 28, and 33 %wt.), which did not allow for any
practical conclusions about recommended thresholds for the minimum and maximum
amount of rubber needed to ensure the preventive effects of the rubberized asphalt.
Furthermore, the simulations are run without the inclusion of the neck and the rest of
the body, which could influence the results. [124] showed that the influence of neck
and body was affected by the impact situations on the concrete surface in a bicycle
accident. In pedestrian-car accidents where the simulation duration or the impact
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velocities are higher compared to pedestrian or bicycle accidents, the influence of the
neck muscles was shown to be more noticeable [125]. Other studies have suggested
that the compliance of the impact surface influences the importance of including the
neck and the rest of the body. For instance, [126] concluded that the impact to the turf
in jockey accidents had a long contact duration between the head and turf which
motivates the inclusion of the neck. The experiments were limited to two samples for
each rubber content for the compression tests. This limitation can increase the
influence of inhomogeneity or production defects in the modelling of mixtures. The
28% and 33% mixtures had good agreement with the experimental result, which could
alleviate the concerns for this limitation; however, the 14% mixture underestimated
the experimental results (Figure 3.3), which could indicate that a simpler model like
the elastic model could be a better material model for this mixture. Another limitation
is that the drop tests were performed on smaller sample diameters than the suggested
dimensions according to the standard. This size could potentially affect the resultant
impact responses of the sample due to edge effects. The drop tests were not used as
an indicator of the injury prevention capability of the rubberized asphalt mixtures, and
it was only used for validation of the material models. Furthermore, the friction
coefficient of the samples was assumed to be the same for head-to-ground contacts.
[127] performed a sensitivity analysis for the friction coefficient (£0.2) and
demonstrated that the peak strain responses change approximately +0.07 in head-to-
ground contacts. Moreover, the asphalt mixtures were produced similar to non-
rubberized mixtures, and the surface was not specifically treated to affect the friction.
This supports the similar friction coefficient assumption for the asphalt mixtures.
Ultimately, the samples were assumed to be isotropic and nearly incompressible due
to the presence of rubber. The bulk modulus of the samples was indirectly calculated
using Young’s modulus and Poisson’s ratio. Despite the above limitations, it was
indicated that the rubberized asphalt mixtures could potentially reduce the head injury
risk when the rubber content increases.

Among the three rubber contents tested, the softest asphalt mixture containing 33
%wt. rubber reduced the risk of skull injury and brain tissue injury in the bicycle
accident by 70 and 16 percent. The risk of brain concussion reduced most in the
pedestrian case, where it was lowered to 7 percent with the 33 % rubberized asphalt
mixture. Given that only one pedestrian and one cyclist head impact cases were
studied, and these types of impacts can vary greatly in real-world accidents, it is still
necessary to further investigate the minimum rubber content that is required to
minimize the risk of any head injuries. Ongoing research is addressing the
improvement of material workability and durability by means of alternative binders
and rubber surface treatment. In parallel, reduced severity in case of human impact
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and mitigation of the environmental footprint are considered in the development of
the impact-absorbing pavements.

2.5. Conclusions

In the current study, the potential effects of varying the rubber content to reduce the
risk of head injuries were evaluated in a set of rubberized asphalt mixtures. Three
different rubber contents were tested; among them, the softest asphalt mixture
containing 33 percent rubber on the material weight reduced the risk of skull injury
and brain tissue injury in the bicycle accident by 70 and 16 percent. The risk of brain
concussion reduced most in the pedestrian case, where it was lowered to 7 percent
with the 33 % rubberized asphalt mixture. It is still necessary to further investigate the
minimum rubber content that is required to minimize the risk of any brain injuries.
Ongoing research is addressing the improvement of the material workability and
durability by means of alternative binders and rubber surface treatment. In parallel,
reduced severity in case of human impact and mitigation of the environmental
footprint are considered in the development of the impact-absorbing pavements.

3. Outcomes

The objective of this section was to obtain results on the impact-attenuation and
shock-absorbing properties of the developed material on a real human body if a
pedestrian and cyclist fall on the IAP. It permitted to quantify the reduction of the
injuries registered thanks to the properties of the material designed in the laboratory.

The 1AP 1, 2 and 3 were able to be modelled and studied in bicycle and pedestrian
accident simulations. The content of rubber of the IAP 1 was proved to be not effective
enough for skull fracture prevention. The IAP 3 (33% weight/56% rubber volume)
can diminish the risk of brain injuries and concussions. The use of such a pavement
can approach the protective abilities of a helmet.

The study also confirmed that the IAP 3 is the best one of the three studied.

More studies on the material injury reduction properties are foreseen. Indeed, some
comparisons between the IAP materials and the known values with helmets collected
through helmet ranking studies are to be conducted.
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The work proposed in this chapter is extracted from the following manuscript:

Makoundou, C.; Sangiorgi, C.; Johansson, K.; Wallgvist, V.; Kleiven, S.;
Laboratory and in-situ characterisation of a dry recycled-based Impact-absorbing
pavement cold produced and laid. In preparation for submission to Scientific
reports, Nature, United Kingdom.

C.M. conceived the study, and developed impact-absorbing material produced with the cold method
thanks to the concept initiated by V.W. and K.J. C.M. performed the laboratory characterisation. C.S.
and V.W. performed the HIC test in situ. C.M and C.S performed the tests and verifications after 6
months of exploitation. C.M. analysed the data and wrote the original draft of the manuscript. C.S,
V.W and K.J. reviewed and edited the manuscript. All authors have read and agreed to the submitted

version of the manuscript.
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1. Overview

The focus of this Chapter is the possibility of reproducing the laboratory tests and the
issues arising from the upscaling of the production process. Indeed, the developed
material is meant to be used under outdoor conditions on road infrastructures.

The three previous chapters allowed to identify the best mixture regarding the
feasibility (chapter 1), mechanical or environmental impact and ageing resistance in
cold weather (chapter 2), and the injury reduction (chapter 3).

Furthermore, after achieving the optimal combinations, it was decided to test the cold
one in situ. The cold process was preferred because it facilitated the workability and
made the mixing in situ possible. Besides, it avoided the release of smell and smoke,
and reduced the workability typical of the use of rubber in high quantities.

Three rounds of adjustments and optimisations were made before the final trial site in
Imola, Italy. This permitted to vary the rubber gradation and the emulsion
characteristics thanks to a collaboration with the suppliers. The mixture used was an
optimized version of “IAP A4 or Rubber-Cold” (33% wt / 56% vol of rubber and the
SBS modified bitumen-based emulsion). The optimization consisted of changing the
rubber size for the same percentage of rubber (less fine). Moreover, cement was added
to the aggregates mix and additive agents were added to the emulsion.

The chapter is an essential part of the doctoral research because it describes upscaling
the production and testing methods from the laboratory to the field. The specimens
were tested for mechanical, friction, and impact-attenuation properties in the lab. The
pavement laid on the trial hybrid (both bike and pedestrian path) lane in Imola was
tested for walkability, cyclability, friction and impact-absorbing performance.
Furthermore, the experimental pavement was trafficked by pedestrians and cyclists
for six months, from June 2021 to November 2021. After this period, how the weather
affected the newly developed material was controlled. Also, it was possible to verify
the bonding conditions of the IAP layer on the binder course underneath and simulate
possible maintenance that may occur on a used pavement by patching the core holes
with the same mixture.
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2. Laboratory and in-situ characterisation of a recycled-based
Impact-absorbing pavement made with a dry and cold
production and construction procedure

2.1. Introduction

The growing population and traffic in the urban areas have led to remarkable changes
in the development of road infrastructures. As the demand for new paving solutions
increases, various studies on traditional and innovative road materials are pursued.

Road pavements are crucial materials of outdoor transportation infrastructures and
occupy an important part of the human mobility ecosystem. Nowadays, they have
evolved from constructions that were simply designed and built to support the vehicles
passing daily to materials made with a circular use of resources and recycling with
significant environmental potential and economic importance [63,128]. In addition,
pavement functions such as energy harvesting[129], hydronic performance[130],
permeability [131], urban heat island mitigation [132], noise reduction [133] and
vulnerable users’ friendly impact-absorption[52] are also expected.

Crumb rubber is a raw material used to successfully reach the two latter functions
mentioned above. In addition to its recycling impact[30,32,35], recycled rubber is
known for its effectiveness in designing low-noise pavements or impact-attenuation
applications, thanks to its residual elastic properties [60,134,135].

Several studies on crumb rubber as a partial replacement of the mineral aggregates by
using the dry process[55,136,137] exist. Nevertheless, the volume percentage of the
replaced aggregates is limited[100]. This is because the goal and the final application
are very different. In fact, when the rubber amount is limited, the objective is to
enhance the flexibility of the pavement for wheeled and heavyweight vehicles
[40,138]. However, in the case of shock-absorbing pavements, the aim is to propose
the impact-absorbing surfaces for sidewalks, bike lanes and hybrid portions for safety
and security purposes. Concerning the last cited, some work has already been done on
the development of IAPs with more than 50 vol-% of crumb rubber of the aggregates.
Their ability to reduce fall-related injuries have already been studied. However, in
these cases, only hot or warm mixing methods were tested, and the data collection on
the durability of the material over time is limited. Additionally, in these studies, the
rubber was mixed with concrete or hot and warm asphalt binders [27,29,52,57].

The current project aims to (develop, test and) evaluate the mechanical, impact-
attenuation and friction performances of an Impact-absorbing pavement material able
to reduce the injuries caused by falls, mainly intended for sidewalks and bike lanes in
urban areas. A portion of the mineral aggregates (0-4 mm) was replaced by the same
volume and particle size distribution of crumb rubber recycled from end-of-life tyres
to produce this material. The use of rubber is motivated by the willingness to obtain
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an elastic material fostering the circular economy of the tyres in the transportation
ecosystem. Also, an SBS-modified emulsion was used, and it made possible a cold
production and a dry process. It facilitates the mixture's workability and makes it
possible to avoid the release of smell, smoke, and stickiness problems. Firstly, several
samples of the IAP material of different sizes (A -150 mm and B-40 mm diameter),
with different compaction levels (10, 20, 30 and 80 cycles) and with different surface
configurations (non-treated, simple treatment, and aggregates treatment) were
produced in the laboratory to conduct mechanical, HIC and Slip analysis. Then, an
upscaling of the process was made to produce and construct a trial field to verify the
production's repeatability and feasibility. On this trial site, the HIC measurements
were repeated. After 6 months of usage and weather tracking, the friction was
assessed, and some measures and observations were made on the evolution of the
surface and its durability over time. It is expected to verify the impact-attenuation
performances and the material's durability when laid in outdoor conditions. Also, the
collection of mechanical and friction results will make possible the definition of
acceptance criteria to ameliorate and optimise the AP material for further use in cities.
Its implementation would reduce the injury and cost related to the fall of vulnerable
road users (VRU) on the surface.

2.2. Methods

An overview of the study plan, including the usage of different components, the
laboratory and field preparations and productions, and the corresponding
characterisations carried out, is shown in Figure 4.1. Further details are explained in
the following section.

Impact-Absorbing Pavement (IAP)

____________________________________________________

DRY PROCESS
COLD PROCEDURE

Mix design and production

Gyrations l
Slip-Test HIC Sand test British pendulum

\
T T
|
10, 20, 30 & 80 ‘ ’ After 6 months |
|
+ 1
I
Mark 1B test |
ri |
|
1
I
|
1

Characterization

Figure 4.1: Scheme of the research plan conducted in this study.
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2.2.1. Preparation and production of the samples in the laboratory

Two types of samples were needed. The type A samples were used for the laboratory
HIC and Slip tests, while the type B samples were used for the mechanical tests
(Figure 4.1).

The impact-absorbing asphalt (IAA) mixture is made of 56% by volume of aggregates
of crumb rubber (0-4 mm) recycled from end-of-life tyres (Figure 4.2).

Figure 4.2: Image of the rubber mix used in the IAP formulation: Coarse, Medium, and fine.

This mixture was produced by partially substituting the mineral aggregates portion
(0-16 mm) with the same volume of rubber using a hot-rolled asphalt sieving curve as
reference (Figure 4.3). The final mixture weight contains 46% wt (22% vol) of
aggregates (larger than 4 mm), 34% wt (56% vol) rubber (smaller than 4 mm). All
production was made at room temperature using the dry process coupled to a bitumen-
based SBS-modified emulsion (PmE) with a dosage of 21-22% by total mixture mass.
1 % wt of cement was used as an additive to the mixture and breaking facilitator for
the emulsion. The mixing process lasted 1-2 minutes to have a fully coated and
homogenous mixture. This assessment was made using the organoleptic procedure
described in the standard EN 12697-55 [107]
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Figure 4.3: Gradation curve of the HRA used as a reference for the design of the IAP
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The specimens (150 mm diameter and approx. 40-45 mm thick) were compacted using
the gyratory compactor. Samples were produced for each number of gyratory cycles:
10, 20, 30 and 80 to compare the laboratory compaction to the field one. Finally, some
samples were produced by modifying the surface characteristics to simulate the after
treatment intended to be used in the field site. These samples underwent some after
treatment consisting of coating the surface with a thin layer of:

- Transparent artificial emulsion (Simple treatment (ST)) Figure 4.4 (centre)
- 3-4 mm aggregates and transparent artificial emulsion (Aggregate treatment
(AT)) Figure 4.4 (right)

Db % i S

Figure 4.4: Sampl with different surface characteistis: Non-treated (NT); Simplé tretment ST);
Aggregate treatment (AT).

For the mechanical tests, the compacted IAP samples were required to be smaller to

maintain the forces below the limits of the available testing device. Therefore, the

specimens were cored to reach 40 mm diameter with a coring tool, as shown in Figure

4.1.

2.2.2. Production of the IAP and construction in-situ.
For a material intended to be used as a protective layer in urban road areas, an in-situ
study is indispensable to validate the laboratory results, proving the repeatability and
reproducibility and identifying problems due to the upscaling of the process.
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The same mixture used in the lab was used to build a trial site in Imola, Italy. The
mixing, laying and compaction were done in the field. As mentioned previously, the
cold mixing procedure was preferred over the warm one used in the previous
studies[52,57] because it facilitates the mixture's workability and makes it possible to
avoid the release of smell and smoke, as well as stickiness problems.

The pavement was tested for HIC and friction (British pendulum value and sand test).
Thus, after six months of exploitation, observations, coring and patching of the holes
were also conducted to simulate short maintenance of the portion.

2.3. Characterisation methods

2.3.1. Mechanical characterisation of the 1AP
Two types of tests were performed on the mixture: a compression-relaxation test by
applying a small strain at time=0 and holding it constant for 60 s (elastic test without
permanent deformation (elastic test) and a compressive test until failure, both with
quasi-static and dynamics vertical displacement rates (destructive test).

The compressive stress-relaxation test on the cored samples was performed in which
a 5% strain with a vertical displacement rate of 20 mm/smin was applied. In the
destructive test, samples were compressed with a vertical displacement rate of 0.43
mm/s (QS), 43 mm/s (D1) and 430 mm/s (D2) to reach approx. 60% of deformation
corresponding to the failure point of either visible cracks in the samples or maximum
absolute stress in the stress-strain curve. The tests were performed using an Instron
Electropuls E3000 testing machine equipped with a 3 kN load cell.

2.3.2. Shock-attenuation performance of the 1AP.

The HIC drop test was conducted according to EN 1177 standard [41]. It was used to
determine the sample's material impact-attenuation performance at different
compaction levels. The criteria of general protection standards are fixed by a peak
acceleration of 200G and a value of 1000 for the HIC. A hemispheric and concentric
4.6 kg impactor simulating the weight of a human head was released from different
heights, and the impact speed and acceleration of the impactor were recorded. The
same method was used in the lab and in-situ.
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Figure 4.5: Delimitation of the impact zone with a laser.

Regarding the laboratory testing, the standard suggests a sample size of at least
250%250 mm. However, 150 mm diameter cylindrical samples were used due to the
laboratory production configuration. A laser was used to restrict the impact zone, as
shown in Figure 4.5. The samples were assumed to be on a rigid support and tested
in the same laboratory.

2.3.3. Surface analysis and friction behaviour of the material

2.3.3.1. Skidding analysis in the laboratory using a Slip Tester

Measurement of the coefficient of friction (COF) between the shoe/sole and the floor
is essential in understanding the risk of slipping accidents. Therefore, the COF of the
same material with three different surface configurations were measured under three
surface conditions: dry, water-wetted, and iced. The COF measurements were
conducted using a Brungraber Mark I11B slip tester, a Portable Inclinable Articulated
Strut Slip Tester (PIAST) [139] (Figure 4.6 left). It simultaneously applies parallel
and normal forces to a surface by impacting a footwear sample on the material. The
angle of the strut is increased until a slip occurs. The starting angle should be smaller
than the angle at which a slip is anticipated, and the angle is slowly increased until the
slip occurs. The tangent of the angle is the COF marked on the tester. The test was
repeated at one location and averaged to better represent surface conditions.

This test was performed with four footwear materials: Flat rubber (FR), Textured
Rubber (TR), Grooved neolite (GN), and Grooved Rubber (GR), as illustrated in
Figure 4.6 (right). All materials simulate shoe (or bike) material that may be used on-
site.

Under amelioration and optimization and regulated by an ASTM standard, it gives a
preliminary outcome on the behaviour of the surfaces under different footwear and
climatic conditions, both in the laboratory and in the field. It also allows the evaluation
of the surface by using footwear available on the current market.
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Flat SBS -~ Grooved Neolite

S ; : Textured SBS d SBS

Figure 4.6: Illustration of the Brungraber Mark 111B slip tester and feet tests used.

2.3.3.2. Skidding in-situ analysis using a British pendulum
The slip and skidding risk was assessed in-situ by using the British pendulum (Figure
4.7) as described in the EN 13036-4 [140]. This test was useful to estimate the risk
and probability of skidding on a surface.

Figure 4.7: British Pendulum test in-situ

2.3.3.3. Sand test
The method described in the EN ISO 13473-1[141] standard and illustrated in Figure
4.8 was used to determine the mean profile depth as well as the macro roughness and
texture of the surface. This test is useful for estimating the skid resistance and surface
characteristics of the material or finishing technics. In this case, it was intended to
characterise the surface of the newly developed material in the field.

5 i VR T e

Figure 4.8: Determination of the macrotexture depth ccording to the Iume sand patch method
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2.3.4. Tracking of the Natural Ageing of the trial field.
The pavement was laid outdoors, and its evolution was visually tracked over time
have been assessed at t = 0, 1 and 6 months for six months. Figure 4.9 shows the
variations in temperature, rainfall, humidity, and UV index in the city of Imola,
measured from June 2021 to November 2021 [142].

Imola Imola

Average Cloud and Humidity (%) Average Rainfall Amount (mm) and Rainy Days

Zoom 6m YTD ly Al Zoom ém YTD 1y Al

+ 20mm

Jun 21 Jul*21 Aug 21 Sep 21 Oct '21 Nov'21 Dec ‘21 Jun 21 Julz1 Aug 21 Sep'21 Oct 21 Nov'21 Dec 21

Cloud (%) @ Humidity (%) Rain (mm) @ Days

Imola Imola

Average UV Index Max, Min and Average Temperature (°c)

Zoom 6m YTD ly Al Zoom ém YTD 1y Al

Jun 21 Jul"21 Aug 21 Sep 21 Oct '21 Nov'21 Dec ‘21 Jun'21 Jul'21 Aug'21 Sep'21 Oct 21 Nov 21 Dec 21

UV Index Max Temp (°) — Min Temp (°c) Avg Temp (°c)

Figure 4.9: Weather measured from June 2021 to December 2021 in Imola, Italy [142].

2.4. Results and Discussion

2.4.1. Mechanical properties
The Compressive tests were conducted on the type B specimens produced in the
laboratory due to the apparatus's maximum load limit to assess the mechanical
behaviour of the 1AP. Both viscoelastic (relaxation) and destructive (strength) tests
were carried out on the samples as described in the Methods section.

Figure 4.10 shows the graphical results of the carried tests. Figure 4.10.a and b
respectively show the relaxation modulus over time and the compressive stress over
the strain of the samples. These results demonstrate that the samples have a
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viscoelastic relaxation response to an applied constant strain the stress. Indeed, the
value of the stress decreases progressively over time. Moreover, the sample did not
relax instantly after unloading and tended to find the original shape after a certain
amount of time (some minutes). These results reveal that the material can be
compressed, and this property is mainly needed for impact-attenuation performance.

Concerning the compressive strength of the material, three different behaviours have
been observed depending on the rate of load application. When applying a quasi-static
load, the material elastic behaviour is more present. However, the viscoelastic
behaviour is dominant when a dynamic rate is applied, showing a typical increased
stiffness with an increased deformation rate Figure 4.10 a. This observation is useful
to show the absorbing and cushion effect of the material under compression. Finally,
after their destruction, the relaxation of the samples was still observed, and the
specimens tended to stay bounded, especially at the rubber-binder interface.
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Figure 4.10: Mechanical properties of the AP material. a. Relaxation stress - time; b. Compression
Stress - vertical strain;

2.4.2. Impact-attenuation properties
To analyse the impact-absorbing performances of the IAP, the standardised impact
attenuation test, described in the Methods section, is used both in the laboratory and
in situ, as illustrated in Figure 4.1.

After drops in different pavement regions, the results show that the final CFH
calculated in the lab is similar to the one on-site. The IAP is six times more impact-
absorbing than the traditional asphalt. The CFH value increased from 0.2 m to an
average value of 1.2m in the field. Besides, the field and laboratory tests show that all
the values of CFH are above the standard-recommended limit of CFH=1, regardless
of the number of compaction cycles. As illustrated in Figure 4.11 (left), the CFH in-
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situ (roller compaction) is closer to the CFH measured on the samples compacted with
30 cycles.

Even if this method is simplified, it is possible to show that a fall will be less life-
threatening if a cyclist or pedestrian falls from the critical fall height of 1.2 m. Even
if the forces measured by the HIC meter are not fully the ones happening in the case
of a real accident case, it was shown in Chapter 3 that similar CFH and HIC values
were sufficient to considerably reduce the skull fractures, for instance, Figure 4.11
(right) gives a visual approximation of the height for the HIC. This scheme also
compares the HIC obtained with the Abbreviated Injury Score (AIS) score from 0 to
6 points[50]. This figure explains that if a person falls from 0.2 m (approximately the
level of the shin/tibia) on a traditional asphalt, the injury is classified as serious.
Instead, if the fall occurs at the same height on the IAP, no injury will occur. This
comparison shows the protective capability of the material for its users if a fall occurs.
Also, previous studies conducted to compare the HIC measures showed that a similar
material, made with the same quantity of rubber, permitted a protective performance
to prevent injuries, especially on the skull. This is thanks to the modelling of the
material and the simulation of pedestrian and cyclist accidents (Chapter 3).
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Figure 4.11: 1AP Impact-attenuating performances of the AP material.

2.4.3. Friction values

2.4.3.1. Macrotexture and roughness
To obtain information on the surface macrotexture, the sand test described by the
standard EN 1SO 13473-1[141] was used. The average diameter of the circle is 180
mm with an HS of 1 mm, as shown in Figure 4.12. The laid IAP has a macro-
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roughness categorised as Coarse, and it can be associated with a sufficient texture,
giving this surface a good skid resistance property.

Figure 4.12: Visual
exploitation.
2.4.3.2. Slip risk and coefficient of friction.

To confirm the results observed in the visual and macrotexture test, slip tests were
conducted in the laboratory and in-situ. Furthermore, it helped to assess different
surface configurations and surface behaviour under several conditions. Therefore, the
laboratory slip test was conducted on three types of samples made with the same
mixture but with different surface configurations: Non-treated (NT), Simple
Treatment (ST) and Aggregate treatment (AT). Also, the samples were tested under
three different temperature conditions as described in the Methods section.
Additionally, four different footwear soles simulating different kinds of materials used
by pedestrians or cyclists. The test procedure is described in the Methods section.
Figure 4.13 illustrates all the Coefficients of friction (COF) obtained.

On a dry surface, the COF is higher when the footwear sole is made with rubber. The
ST does not affect the surface considerably; however, for the AT sample, no matter
the footwear, the slip possibility was lower. With the textured rubber (TR) footwear,
the slip risk is the lowest, while the highest occurs with the grooved neolite (GN)
material. All the surfaces succeed in the 0.5 COF common safety standard [139].

The same observation was made regarding the foot material test on wet surfaces. The
COF is higher with the SBR or SBS -based ones. Nevertheless, with this condition,
the ST affect the surface by slightly decreasing the COF. This observation is almost
not seen with the TR material. Also, on a wet surface, the COF observed on the AT
samples is similar to or higher than that on NT ones.

On the iced samples, it was observed an important reduction of the COF, especially
when the samples were tested with the rubber-based test sole. In the case of the GN
material, this decrease is less significant.

The NT samples register the best COF values. The ST samples obtained very low
values and all under the 0.5 COF safety limit; this shows that when the surface is
frozen, it can be dangerous. Thus, two distinct behaviours were observed. For the flat
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rubber (FR) and TR, the surfaces were more slippery with the AT than the ST.
However, the same surfaces (AT and ST) were less slippery for the two grooved feet
soles. In this case, the grooving may have played a role in reducing the slippery effect
of the aggregate-treated surface.
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Figure 4.13: COF of the different samples (non-treated (NT), simple treatment (ST) and aggregate
treatment (AT)), tested with different footwear pads (FR, TR, GN and GR), at 3 different surface
configurations (dry, water-wetted and iced).

2.4.3.3. BPN value and skidding risk in-situ
Skidding has a role in the cyclists' or pedestrians’ potential falls that lead to injuries.
Thus, the skidding risk was also evaluated in-situ by means of the pendulum test
described in Methods. The average value of BPN of the IAP is very high (81) and
corresponds to a very low risk and probability of skidding with an SBR or SBS rubber-
made footwear on a wet surface. This value is in line with the ones registered with the
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slip test in the laboratory. It is also confirmed by the sand test that categorised the
material's surface as a coarse one.

2.4.4. Observations on the trial site
After constructing the test line, visual observations and walking and biking trails were
made. It was verified that the laid pavement was fully walkable and bikeable, as shown
in Figure 4.14.
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Figure 4.14: Walking and biking trails on the IAP after its construction.

After 6 months, corresponding to the summer and autumn of 2021 (June to
November), a visual inspection of the surface was made. The weather conditions of
the location during the test period are shown in Figure 4.15. Figure 4.15 a represents
the pavement conditions the day after the laying, while Figure 4.15 b shows it after
six months.

The general property of the material is conserved, and the IAP is still exploitable,
walkable and bikeable after 6 months. However, the comparison easily shows a slight
degradation of the surface. During the production phase, a lack of coating by the
binder of the mineral aggregates has been detected, which can be one of the causes of
the degradation on the surface. Yet, this degradation may also be caused by several
factors, including the weather condition and the traffic. Indeed, the pavement
underwent intense UV exposure, high temperatures and rain episodes (Figure 4.15).
Also, the paved portion is hybrid (for pedestrians' and cyclists’ usage) and situated in
an intersection between a foot-bike lane and a crossing lane. The observation gives an
outcome on the necessary reinforcements and the improvements of the formulation to
be made to optimize this newly developed material.
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exploitation.

Besides, maintenance of the pavement was simulated. Several samples were cored,
and the holes were patched with the same mixture. Figure 4.16 shows that the IAP
top layer is clearly bound to the existing base layer. Furthermore, the compaction
made with the roller during the in-situ construction gives similar results to the
specimen produced in the laboratory.

P\ 0% I
Figure 4.16: Profile picture of a core and picture of the top and base layer of the field trial
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2.5. Conclusions

The development of an impact-absorbing pavement is a promising approach to make
road infrastructures and urban areas more accessible and safer for the users, especially
the vulnerable road users. The current study investigated the preliminary performance
of a rubber-based IAP produced following a cold procedure both from a laboratory
and field test perspective. The mechanical, impact-attenuation and friction properties,
as well as the durability under outdoor conditions, were measured and evaluated.

The study confirmed the possibility of producing and laying a highly rubberised 1AP
(56% vol, 34% wt) using the dry method coupled with an emulsified binder and cold
method. This material has an elastic behaviour and can be compressed and relaxed
fully after a stress of <5 % of vertical deformation. These mechanical properties are
needed for the pavement to handle a load of users together, maintaining the impact-
attenuation expectations.

In general, the macrotexture of the pavement is categorised as coarse, and the risk and
the probability of skidding on the surface of the IAP is very low, as shown by the slip
and skidding results. More specifically, a post-treatment made with a thin emulsion
layer does not affect considerably the surface and roughness of the IAP but can foster
the skidding effect if the surface is frozen. However, an after-treatment made with
chipped aggregated before adding the emulsion layer can increase the slipping of the
IAP when the surface is iced.

After the field construction, it was verified that the pavement was walkable and
bikeable after approximately 24 hours. Regarding its ageing, a slight degradation is
observed after six months. This degradation is mainly due to the formulation of the
mixture that creates mineral aggregates coating issues. This problem can be solved
using pre-coated aggregates such as RAP material. Nevertheless, the pavement's
overall performance appears to be conserved and still valuable. In fact, after six
months, the BPN and Sand tests are correct and encouraging. Besides, the coring of
the material on-site permitted to conclude that the 1AP is well bound to the base layer,
and the patching of the holes with the same rubberised and cold mixture is possible.
This is an important outcome concerning the future and maintenance of the newly
developed material.
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3. Outcomes

The role of this section was to describe the upscaling of the process from the
laboratory to the field by using several testing methods to assess the pavement
performance. The main objective was to verify the repeatability and reproducibility
of the methods and characterize the material in real outdoor conditions.

This trial field validated the reproducibility of the mixture tested in the laboratory on
site. Moreover, a portion of an experimental lane was built using the same mixture
and methods proposed in the laboratory. The impact-attenuation performances were
verified, and they were similar to those measured in the laboratory (Chapters 1-2) or
using the material modelling (Chapter 3). In addition, the friction and the skidding
and slip risks were assessed. The slip and skidding risks are very low in the laboratory
and on-site. This adds to the impact-absorbing pavement a valuable point and reduces
the possibility of slip related fall injuries.

Furthermore, after six months of use, pavement degradation was observed. The use of
additives could partially solve the problem linked to the coating of the mineral
aggregates, but this aspect must be further investigated. Furthermore, it is probably
one of the main causes of the degradation of the surface. Therefore, the use of RAP
instead of virgin aggregates could help in the compatibility of the residual bitumen
from the emulsion and the recycled aggregates. Finally, it was possible to core and
patch the holes with the same mixture. This step anticipated the possible maintenance
that may occur on an aged pavement during its life cycle.

The field trial outcomes are promising for the future implementation of protective
material on the bicycle lanes and sidewalks. They also confirm the possibility of this
material being laid cold and having impact-attenuation performances. However, it
also demonstrates the need to investigate more deeply and, at a chemical level, the
possibility of modifying the mix or the rubber surface to solve some of the problems
linked to the cohesiveness of the mixture (aggregate-rubber-binder). The study of
these properties is a valuable method to handle the leaching and surface degradation
of the material.

In the last chapter, the perspectives for this material will be analysed from a technical,
especially focusing on the surface chemistry, environmental and a circular economy
implementation point of view.
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Chapter 5. Optimization to extend the industrial perspective of the IAP

1. Overview

This chapter focuses on the improvements and optimisations that can enhance the
overall performance of the IAP material.

It was shown in the first chapter that the quantity of rubber could be a limiting factor.
Indeed, its incorporation may cause an overuse of binder or stickiness problems while
using the warm method. The use of the emulsion solved some of the problems as
described in the findings of this chapter; however, the evaluation of the leaching and
of the ageing resistance in Chapter 2 shows that prior treatment or functionalization
of the rubber can potentially decrease the leaching and increase the resistance of the
material thanks to better cohesion and coating and adhesion properties.

This chapter contains a review of the possible treatments of the rubber that can be
applied before the incorporation into the mixture. These treatments mainly focus on
the physical modification of the surface of the rubber. These treatments do not alter
rubber elastic properties because they modify only the very surface of the material
and not its bulk. This aspect is essential in the described AP, which needs the residual
elastic properties of the rubber to be functional and effective.

The paper's objective was to place the context of the need for potential rubber pre-
treatment and mention the background of the use of rubber in paving solutions. Then
several types of functionalization were described. Finally, a comparison and a
definition of the best utilisation were made to select methods suitable for the rubber
and the desired application.
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2. Functionalization of Crumb Rubber Surface for the
Incorporation into Asphalt Layers of Reduced Stiffness: An
Overview of Existing Treatment Approaches

2.1. Introduction

The environmental issues related to the quantities of waste rubber and plastics on the
planet are perpetually increasing. One of the most common wastes arising from the
transportation industry is ELTs. Undeniably, large quantities of rubber can be found
in household appliances. However, the described evolution is mainly due to the
increase in the world population, thus increasing the production of the vehicle: the
transportation market represents 63% of rubber use. Every year, nearly 3 million tons
of waste tyres are generated in Europe, of which approximately 2 million tonnes are
either recycled or recovered, as reported by the European Tyre & Rubber
Manufacturers' Association. Composed in the majority of highly engineered rubber,
the non-biodegradable stage of the final tire product is involved in several waste
management problems [143,144]. ELTs usually enter a waste management system
based on recycling the constituent materials and the recovery of energy by controlled
combustion, and still, in some countries, on the landfilling on vast land surfaces.

In terms of recycling, many industries in the field of construction materials and other
engineering fields use CR from ELTs in various forms for applications such as
rubberized asphalt concretes [53,145,146], non-structural materials, especially for
thermal and acoustical insulation [134,147], as well as playgrounds and artificial turf
surfaces [59,148]. Indeed, the ELT rubber benefits are well known in civil
engineering, particularly in the road pavement sector, since the first rubberized asphalt
was produced in the last century. The elasticity of rubber has been proven to positively
influence the mechanical performance, i.e., the pavement layers' durability, while its
low stiffness can contribute to abating the noise generation [144]. As a matter of fact,
in the latest years, the CR obtained from ELTSs following different possible processes
has been proven to be an efficient solution to reduce the accumulation of waste tyres
while contributing to the sustainability and carbon footprint reduction of road
transport [31,145,149].

However, ELTs' rubber is not the only component involved in the mix-design of
rubberized asphalt mixtures. Generally, when the rubber addition or substitution query
occurs, the level of interaction between the rubber particles and asphalt binder during
the production (either wet or dry) and laying processes can bring issues in terms of
workability and emissions. These issues are particularly experienced when the ratio
between the rubber and aggregate quantities is high. Depending on the time and
temperature of the mentioned interaction, the rubber particles are known to swell in
asphalt by adsorbing the bitumen's lightweight components [150]. The small
molecular size of maltenes diffuses inside the rubber particles, and rubber volume
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expands [145]. The described phenomenon is not happening just because of each
component's chemical properties; the size distribution of rubber and, mostly, the time
and temperatures of interaction have a considerable effect on rubber swelling within
the asphalt binder. The swelling of rubber particles can change the volumetric
proportions of the components in the mixture and modify the structure of their close
bonds and, hence, alter the properties of the final asphalt layer. To counteract this
phenomenon, several methods aiming to control the swelling behaviour of rubber
exist. The addition of chemicals to the mixture [151,152], the possible devulcanization
[153-156] or, last but not least, the surface treatment of the CR employing physical
or chemical procedures [143,157-161] are some of the most frequent solutions. The
rubber's surface treatment represents an evolving method, preferably used when the
dry incorporation method is adopted.

This review aims to describe the contribution of possible physical surface
modifications of rubber on the enhancement of its properties for the use in road
engineering materials, including modified binders and asphalts pavements.

2.2. Rubber tyres and their use in asphalt pavements

2.2.1. 2.1 History and waste management of tyres
Originating from Charles Goodyear's discovery of the vulcanization of rubber in 1839
- the process of transforming the rubber with sulphur and heat to reinforce the rubber
- and from John Boyd Dunlop's invention of the pneumatic tyre in 1888 [38], tyres
became a fundamental piece of the economy of every nation that relies on the
transportation of goods and people on rubber.

The development continued when in 1891, the Michelin brothers made it removable
from the rim. As a result of these discoveries, tyres can be recycled, and nowadays,
used tyres are regularly retreated, potentially reused, or recycled to promote the
circular economy of the product and its constituents, save costs for the domestic
economies, and preserve the environment.

Undeniably, tyres' composition and design differ by category (i.e., passenger vehicle,
utility vehicle, truck, etc.) or manufacturers. However, it always includes four primary
material groups: rubber, carbon blacks/silicas, material reinforcement, and
facilitators. Figure 5.1 shows the common tyre constituents and the generic weight
composition for the passenger car and truck vehicle [162]. Tyres contain a mixed
composition of both natural and synthetic rubber compounds, which are the primary
materials used in tyres' production as they are crucial to meet the safety performance
and environmental requirements. Unfortunately, rubber usage also has effects on land
space consumption that can cause degradation and loss of natural habitats due to the
required Hevea tree exploitation [38].
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Altogether, the wastage and recycling of polymer-made products have attracted
considerable public attention thanks to a broad concern about climate change, and the
percentage of rubber recycled in the European Union (EU28) was found to be 91% in
2018 [162]. Therefore, it is clear that in the EU, there is still excellent room for
exploitation as far as tyres and rubber recycling are concerned [163].

Nowadays, while being recycled, the materials from waste tyres can be recovered or
sorted and reused by employing different processes: ambient or cryogenic shredding
and thermal pyrolysis (Figure 5.1). The ELTs are regularly reprocessed in other
material design applications and should be considered like newly engineered products
for roads or building construction, sports equipment or clothes and fuel [163]. Fabrics,
steel, and especially the rubber contained in the tyres can be recycled in a different
form to replace the raw constituent materials, hence reducing the extraction of
resources, land use, Greenhouse gas (GHG) emissions, pollution, and water
consumption. Additionally, the whole ELT structure can have an essential role in
other fields of applications, as shown in Figure 5.1.

One of the most central materials recycled from ELTs is the rubber. It can be shredded
and marketed in small particles (chips, coarse, powder), which are used in artificial
grass, playgrounds, surfaces for horseback riding, asphalt pavements and safety or
acoustic barriers, among many other uses [162,164].

Using the ELT material reduces the need to extract and produce new raw rubber for
other applications and fosters the circular use of resources. The final objective of ELT
recycling, as illustrated in Figure 5.1, is to be able to use the newly produced material
through different applications depending on the shape [38].
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Figure 5.1: Different rubber recycling processes and potential applications (adapted from European
Tyre Recycling Association, Rubber Manufactures’ association, Swedish Tyre Recycling
Association).
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2.2.2. Properties of the recycled rubbers

The physical properties of ELT rubber depend on the adopted recovering process
(Figure 5.1) and have an essential role as far as the subsequent use of those materials
is concerned [40,145,165,166]. Despite the sorting process, the various sources of
tyres and the vulcanization reaction can generate utterly different rubber granulates
from a chemical and physical point of view. Also, the reprocessing can itself create
variation, particularly concerning the rubber particles' surface characteristics
[59,145,148].

Starting from their manufacture, tyres are made of highly engineered material. If
recycled as constituent material in other applications, they will require an evaluation
of several properties to be conducted to cope with its new use and assess the non-
hazardousness for new goods production. Thus, typical properties, including
geometrical and structural properties, elemental characterization, and dust or chemical
leaching assessments, among others, are evaluated to meet the health and safety
specifications and produce sustainable products with RR. The rubber's chemical
composition can also be diagnosed through a representative sample and can be used
to study the rubber's compatibility with other components while reusing it for new
applications. Crucial data are related to the measurement of Polycyclic Aromatic
Hydrocarbons (PAHSs) to protect the environment, the workers, and the users from
possible noxious emissions, during and after the manufacturing processes. Leaching
of the rubber should remain at a very low value as for food or water production values.
A possibility to decrease this value using a treatment will assess a significant
improvement.

2.2.3. The use of recycled rubber in the road construction sector

2.2.3.1. Wet and dry processes in asphalt pavements applications

Rubber chips, powders, or crumb particles have been used for many years worldwide
on road pavements. They are known for their effectiveness in designing low-noise
pavements or in fatigue-resistant asphalt applications, thanks to their residual elastic
properties [134]. In addition to the improvement regarding the circular use of
materials, the aim of using ELTSs rubber in the asphalt pavement was to improve the
performance of the already existing pavements or reach comparable values but also
develop innovative materials. [30] In Fact, the incorporation of CR in substantial
amounts can decrease the layers' stiffness and increase the pavement's overall
performance while improving the ELTs waste management impact [40,145,165].

To produce a rubberized asphalt, aggregates, rubber (chip, crumb, powder), and
bitumen must be mixed. Two well-known processes were and are generally used: the
wet and the dry process. During the wet process, the rubber is firstly mixed and
blended with the bitumen at high temperatures, as described in Zanetti et al. studies
[40]. This process provides several technical and rheological advantages to the
bitumen, including improvement regarding fatigue and rutting resistance [167].
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However, it needs high temperatures (not less than 170-175°C), continuous agitation,
and prolonged contact time between rubber and bitumen to produce a rubberized
bitumen before adding the aggregates [40,145]. The second process is known as the
dry one. The rubber substitutes a portion of the aggregate mix gradation. CR is added
to aggregates and heated in the mixer before adding the binder. Mixing temperatures
are generally lowered (160°C), but a short contact time between the rubber and the
binder is preferable for better control of the rubber's binder absorption. Compared to
the wet process aiming to enhance the binder's elastic properties, rubber particles’
leading role in the dry process is to fill spaces between aggregates and provide an
elastic buffer between the mineral aggregates' skeleton. Improvement of skid
resistance was also recorded by using the last-mentioned process. Furthermore, even
if the moisture resistance can be decreased [167], the dry method is appreciated for its
positive environmental issues improvement as it can use lower temperatures, and it
permits the addition of larger shapes and quantities of rubber in the mixture thus
recycling more tyres. [40,145].

Each process has advantages and disadvantages and can be used for different
applications. In principle, the primary condition of rubberized mixture design is
evaluating the rubber and the binder properties separately, but it is also crucial to
assess how they interact within the mixture.

2.2.3.2. Rubber-Binder interaction
For many vyears, rubber-bitumen interactions have been the central aspect of
rubberized-asphalt investigations. Indeed, rubber and bitumen's chemical and surface
properties present specific interactions that can modify their structure, as explained in
Hassan et al., Zanetti et al., and Li et al. [40,145,166]. The role of bitumen in these
interactions is predominant as the exchange of oils depends on its chemical nature,
bearing in mind that the binder must coat the aggregates for adhesion first.

As it can be found in the studies mentioned above, the diffusion of bitumen fraction
into the rubber, the swelling reaction, happening either with the wet or the dry process,
seems to be the significant reaction occurring during mixing. This reaction occurs
depending on the CR (chemistry, shape) and bitumen properties.

In fact, a diffusion phenomenon happens when a rubber particle is in contact with the
liquid bitumen. When this contact starts, the rubber absorbs some of the bitumen
fractions, namely the lighter ones. The small molecular size of maltenes permits their
diffusion in the rubber particles; consequently, rubber volume expansion happens
[145]. The chemical properties of the bitumen are one of the causes of this
phenomenon. The higher the penetration grade is, the higher amounts of maltenes are
available, and the swelling tends to increase. However, the described phenomenon is
not happening just because of the chemical properties of each part. The size
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distribution of rubber, rubber surface characteristics, time, and interaction temperature
significantly affect rubber swelling within the bituminous mix.

For instance, more bitumen fractions can be incorporated inside the rubber particles
via their porosities with a long time of contact. Finally, the surface texture has a
substantial effect on the swelling phenomenon.

Undeniably, the RR's surface type and the specific area have a vital role in the final
mixture behaviour. Therefore, any modification to the surface properties could affect
the rubber's swelling behaviour and, consequently, the final mixture's rheological
properties. In light of the above, rubber pre-treatments should be able to modify the
surface properties to control the swelling phenomenon connected to the migration of
light fractions from bitumen to rubber without compromising the elasticity of the
rubber or the adhesion between the rubber, the bitumen, and the aggregates.

2.3. Surface treatments and their effect on rubber-bitumen interactions

2.3.1. Surface modification of polymers
Polymers such as rubber are generally inherently hydrophobic, low surface energy
materials and thus less prone to adhere to other substances. Adhesion improvement is
the most common use, but other surface characteristics, such as wettability, porosity,
water- and chemical resistance, and moisture transmission, are also addressed
[168,169].

Two distinct types of modification exist as two main categories: physical and
chemical modification. The first can also be divided into two groups, the first involved
with chemical alteration of the surface layer, while the second with external layer
deposition on the polymer material. The chemical modification consists of modifying
the chemical composition of polymer surfaces either by direct chemical reaction or by
the creation of covalent bonds with the chemicals [170].

Many types of polymers, like rubber, are commonly treated before subsequent
processing. A wide range of methods, from treatment made using a vacuum to
atmospheric pressure, wet to dry, simple to sophisticated, and inexpensive to very
costly to obtain the required functional characteristics of polymers exist [169,170].

This review aims to discuss a set of developed methods for the pre-treatment of rubber
polymer to overcome surface reaction issues and improve the adhesion ability
between rubber, binder, and aggregates in a rubber concrete asphalt mixture. The
environmental impact and the uncomplicated nature of the adopted methods are
crucial parameters (Figure 5.2).
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Figure 5.2: Scheme of the different possible treatment methods and the main solutions described in this
review (adapted from [160,171-181])

2.3.1.1. Gamma radiation
Gamma-ray is an electromagnetic radiation that results in the disintegration of
radioactive atomic nuclei and the decay of certain subatomic particles (alpha and
beta), as shown in Figure 5.3a. Gamma-ray is a highly penetrating electromagnetic
radiation with very short wavelengths (a few tenths of an Angstrom) and very
energetic (greater than tens of thousands of electron Volts) [182]. This reaction is
generally initiated in nuclear reactors. This reaction can be made at Lab-scale (Figure
5.3b) or industrial scale (Figure 5.3c) to treat large quantities of materials [173,183].
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Figure 5.3: (a) Simplified scheme of the gamma ray initiation; (b) Picture of a GammaCell 220
instrument designed for lab work Nordion™; (c) Scheme of a commercial irradiator designed for

industrial scale work Nordion™.

The gamma radiation has been used successfully for several years to improve the
properties of recycled polymer-based materials, including the rubber [183] and can
cause changes in polymers' chemical structure and mechanical behaviour. These
modifications occur due to the reorganization of bonds, which allows an increase in
the degree of cross-link or reticulation (Figure 5.4). Several polymers (recycled or
not) have been modified to optimize properties and increase their overall compatibility
[184]. Such technology is feasible from both an ecological and economic point of
view as it can be applicated in large quantities of materials at lower costs.
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Its main effect is the creation of possible cross-link improving the recovery of
polymers; scission producing low molecular masses able to be used as raw materials
or inducers, or chain branching including advanced polymerization to design more
environmentally friendly materials that can increase, decrease or consolidate the
original polymer's structure [161,169,184-187].
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Figure 5.4. Simplified scheme of the gamma ray reaction initiation and effect on rubber surface.

In a specific study, Faldini et al. [188] examined the irradiation of crumb rubber
samples at several levels of absorbed radiation doses (100-1000 kGy). The samples
were characterized by thermal analysis, including Differential Scanning Calorimetry
(DSC) and Thermogravimetric analysis (TGA), infrared (IR) and UV-visible
spectroscopy (UV-Visible) and scanning electron microscopy (SEM). Through the
analysis, the same tendency was observed in several various case studies
[161,183,188,189]. The SEM evaluation has shown an increase in the roughness,
small cavities and cracks on the surface when the irradiation increase. The higher the
gamma radiation absorption, the higher the roughness. However, the spectroscopy
analysis confirms the non-alteration of rubber's chemical structure.

The research from Chen et al. [190] discussed the effect of gamma-ray on recycled
and vulcanized butyl-rubber-based damping materials irradiated at doses from 10 to
350 kGy. When the absorbed dose increases, the chain scission reactions are stronger
and conducted to decrease molecular weight and small decomposition [187]. These
degraded low-molecular-weight compounds made the rubber softer with increasing
absorbed dose. A reduction of surface porosity is also observed without impacting the
roughness.
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In the studies of Martinez-Barrera et al. [53], the CR were irradiated the gamma rays
at 200, 25 and 300 kGy. Two significant improvements are observed when mixing the
irradiated particles with concrete. Apart from the size of particles showing the
effectiveness in increasing the softness of the concrete, the rubber particles' irradiation
could permit the use of more tyres particles and reduce the use of raw materials. Thus,
high irradiation doses produce physicochemical changes in the CR particles, mainly
cross-linking polymer chains, allowing high physical interactions with the concrete
components. The irradiation of particles at 300 kGy, by initiating surface roughness
and cracks due to cross-linking reactions, improves the elastic modulus and the
deformation of the concrete-based sample; the material is more flexible. Gamma rays
generate cross-linking of polymer chains on the rubber, which restricts the movement
of their molecules. Then, weak interfacial interactions are produced between cement
in this case.

In the work of Ibrahim et al. [23], the irradiated rubber was mixed with an asphalt
binder. The anti-ageing performance was evaluated through the Rolling Thin Film
Oven Test (RTFOT) in terms of subsequent penetration, softening point, ductility,
weight loss, viscosity, etc. The results showed that the bitumen samples using 10% of
CR irradiated at 300 kGy had high-temperature stability, low-temperature ductility,
and anti-ageing performance improved. The rheological studies also illustrated that
the modified bitumen with CR irradiated at 300 kGy has the most considerable
properties, and the rubber is better dispersed into the binder. [161]

Previous investigations [187] have shown that a low dose (from 0-70 KGy) leads to
cross-linking after a long time of exposition and less scission, while higher doses
(more than 70 and from 300kGy in Ibrahim et al. study) lead to both reactions with a
stronger scission. The result of those reactions is the formation of softer and more
viscous rubber with a rough surface that eases adsorption, among other components
in the mix. A gain in the stability of the asphalt mixes is shown with the use of gamma
rays. The irradiation increases the compatibility of the components.

These studies have shown a substantial impact of the gamma radiation on crumb
rubber properties and, by extension, on the modified bitumen or asphalt concrete
rheological aspect. The modification of the crumb rubber's surface due to cross-
linking and scission reaction positively impacts the material's mechanical properties.
Viscosity and ageing, also altered, prove the treatment's effectiveness while adding a
considerable amount of irradiated rubber into the asphalt. The reduced need to control
expositions' distance makes this method suitable for powder materials as for more
oversized shape materials (Table 5.1).
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Table 5.1: Summary of studies on the procedures and results using Gamma ray treatment.

Reference Method/Procedures Analysis Results
e Increase of roughness with
Rubber type: ELTs Rubber SEM irradiation.
Rubber size: (0.044 —4.75 mm) e  Less porosity with 1000 kGy
Faldini et al.
(166] Dose rate: 11.6 kGy/h ETIR e Absence of bulk degradation
and composition modification
Doses: 500 & 1000 kGy P
. TGA R ;
Institutional Reactor e Insignificant change in thermal
DSC decomposition
Soxhlet e Small extractive increase with
extraction absorbed does
Rubber type: Butyl rubber e Increase of organic compounds
L} - - -
based  damping  material FTIR du_e _ to the radiolysis and
(vulcanized) scission
Chenetal. Rubber size: Several e Holes decrease and smoother
SEM surface with the increase of
[190] Dose rate: 6.6 kGy/h doses
Doses: 10; 100; 200; 350 kG D i . . .
y yRam_lc I e Elongation breaks increase with
Institutional Reactor ®°Co mechanica irradiated dose
properties
Tensile e Tensile strength decreases with
properties dose increase
e Increase in texturization with
SEM -
the radiation dose
e Crystallinity maintained but
XRD decreased with increasing dose.
Rubber type: ELTs Rubber o Maximum cross-link at 250kGy
Martinez-  Rubber size: 0.85 — 2.8 mm FTIR e Increase _ of_ organic fractions
B tal due to scission reactions.
arrera et al. pose rate: 2.5 kGy/h Raman
189] e  Chemical structure not changed
[ Doses: 200; 250; 300 kGy
. Increase in reflectance with the
Institutional Reactor ©°Co UV-Visible dose
e The hardness of rubber
TGA increases with the dose.
DSC e  Polymer more amorphous due
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Reference Method/Procedures

Analysis Results

Inside of concrete

1, 2 and 5% by weight

Compressive
strength and
elasticity
modulus
(ASTM
C39/C39M-
14)

Increase in elasticity with
higher dose of irradiation

Rubber type: ELTs Rubber

Rubber size: 2 mm

Dose rate: 2.8 kGy/h
Doses: 100; 200; 300 kGy

Ibrahim et al.

Institutional Reactor

[161]

Inside of asphalt

5 and 10% weight

SEM

FTIR

Rheological

RTFOT

Anti-ageing

Irregular domain size, small
roughness and decrease of holes

Observation of carbon-oxygen
based groups due to scission

Plastic viscosity decreases with
the increase in dose

Low mass-loss and phase
separation with the increase of
dose

Improvement in stability with
the increase of dose

2.3.1.2. UV-Ozone treatment
Results of UV radiation's action on dioxygen molecules (Oz), the Ozone, even
atmospheric, is a well-known component to be in charge of surface sanitation of
materials using like rubber-based products UV-Ozone generator (Figure 5.5 ab).
Indeed, the ozone has a huge effect on the modification of carbon bonds by oxidation
of the rubber [191] and is also used for large-scale water purification (Figure 5.5c).
An ozone-oxidation or ozonation reaction permits the creation of ozone-based layer
formation that initiates surface ablation yet an increase in the texture of the material's

layer.[192]
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UV Radiation

(©)
Figure 5.5: (a) Simplified scheme of the UV-Ozone initiation; (b) Picture of a UV-Ozone instrument
designed for lab work Samco™; (c) Picture of a brewing industry using UV-Ozone treatment

Mellifig™.

Therefore, as for Gamma radiation, UV radiation is a possible ionizing
electromagnetic ray candidate for replacing polymers' chemical surface reaction and
modification using solvent-based chlorination. Indeed, despite its proven
effectiveness, chlorination of rubber requires long times of reaction and organic
solvents. Furthermore, chlorine production is environmentally dangerous and can
cause potential health problems. A combination of UV radiation and Ozone at
different concentrations has been proven to enhance the rubber surface's bonding
performance, thus improving the vulcanized rubber's surface energy (Figure 5.6). The
use of this physical treatment is considered to be cleaner and faster than others
[160,169,193]. However, it has to be made in the very controlled condition in order
to avoid the full degradation of the rubber. The exposition distance [21,58,59] or the
humidity [56] are inevitably responsible for the degree of ozone-oxidation.
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Figure 5.6: Simplified scheme of the Ozone reaction initiation and effect on rubber surface.

In the study of Moyano et al. [22], the treatment with UV-Ozone increased the rubber's
adhesion to polyurethane adhesive. The highest adhesion was obtained for the tests
made with UV-ozone treated rubber for 3 min at a UV radiation source-surface
distance of 5 cm with a limited concentration of Ozone [160]. The reaction of ozone-
oxidation allows having cross-linking reaction causing an increase in the texture. The
reaction is responsible (as for the gamma irradiation) for improving the CR's
mechanical properties. However, more variables are concerned and must be
controlled. Indeed, the distance of treatment along with time are important factors.
For instance, the effectiveness observed at 1 cm for 3 min treatment was less than the
one observed at 5 cm. A too-close UV radiation or too long a time can negatively
affect the rubber.

Iwase et al. [56] assessed the humidity's effect on the degradation of Carbon black
vulcanized rubber (very similar to tyres rubber). The presence of constant Ozone
concentration has higher oxidative capabilities and is more aggressive without
humidity. Under low humidity, the ozone leads to an aggressive cross-linking reaction
allowing deeper cracks, while under high humidity, chain scission can also be
observed. It leads to more shallow cracking of the layer and regular texturization, as
observed in Figure 5.7.

140



Chapter 5. Optimization to extend the industrial perspective of the IAP

Ozone at 80% RH Ozone at 20% RH

Figure 5.7:Simplified scheme of the Ozone action under different humidity conditions [192].

Regardless of the application, UV-Ozone treatment influences the surface behaviour
of rubber and other polymers. Adhesion between the binder is the most wanted
property, and this should have a potential effect even for the final rubberized asphalt
or other binder applications. However, it has to be controlled to avoid deep
degradation of the rubber and lead to a decrease in the elastic properties. The
concentration of ozone, the distance of the UV radiation and the humidity during the
treatment must be controlled and can make this treatment less advantageous for
treating large quantities of materials (Table 5.2).

Table 5.2: Summary of the studies on the procedures and results using UV-Ozone treatment.

Reference Method/Procedures Analysis Results
ATR-IR e Hydroxyl groups formation
XPS e  Proof of oxidation group

Rubber type: Vulcanized

SBS rubber e Best at 5cm for a shorter time

UV lamp: 254 nm (90%) (3min)
and 185nm (10%)

Contact angle e Lessatlcm
Moyano et al. ?ggqls\?/i%z Imensity: e Bad when but too long (9min) at
[160] 5cm
Distance from lamp: 1- . .
5em e Production of ablation for the

short length of treatment, and
. SEM
Ozone concentration: Low roughness and cracks are created
for the long length of treatment

Humidity: Uncontrolled
e Increase in adhesion with

T-peel test polyurethane after treatment.
Rubber type: VuIcamizedSEIvI e Shallow cracks at high humidity,
carbon black-filled deep cracks at low humidity

Rubber.

Iw I . .
ase eta Ozone concentration: High

[192] Humidity and temperature:ATR-IR * Hydroxy! group are formed due
to the oxidation

40°C 80%RH or 80°C
20%RH
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2.3.1.3. Microwaves irradiation

Similarly to Gamma and UV, microwave radiation is electromagnetic and generally
produced by a magnetron (Figure 5.8a). However, the microwave frequency range is
lower than Gamma and UV (0.3 - 300 GHz), making the microwave non-ionizing,
less hazardous to humans, and widely used for telecommunications, small or large
microwave devices (Figure 5.8bc). The wavelength conducts to an energy photon
unable to divide molecular bond and so induce chemical reactions by direct absorption
of electromagnetic energy instead of ultraviolet. The microwave's role is to accelerate
and enhance the rate of a variety of chemical reactions happening slowly without
microwave excitation. Indeed, the length of treatment can be lowered from hours to
minutes [179,194,195].

Hot cathode
emiting electrons
P ® _ Anode with cavitation

/WV\,> Microwaves

@
e Stable
magnetic field
MAGNETRON (b)

()
Figure 5.8: (a) Simplified scheme of the microwaves formation by magnetron; (b) Picture of a
microwave instrument designed for lab work Labpulse®; (c) Picture of Large-scale microwave chain

Xujia™,

It is known that microwaves increase molecular vibrations and lower the energy
needed for radical initiation or surface activation. Therefore, nowadays, microwaves
irradiation is generally used to enhance polymerization in the presence of radicals
[196] that can create small fragmentation and reticulations or permit to devulcanize
of the network created by the bonding (Figure 5.9) due to the addition and reaction
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with  sulphur and, subsequently, improve rubber's viscoelastic nature
[153,154,194,197].

U Cross-linking (Devulcanization)
Activation after
desulphurization

Microwaves
77\%1 \LLSN z | — Surface roughness and small cavities Contaminants
Rubb %
Rubber —_— ubber + Saet

Figure 5.9: Simplified scheme of the microwaves effect on rubber surface.

This method effectively makes the vulcanized rubber more viscoelastic and easier to
recover, but it can damage the material's whole structure by breaking surface sulphur
links or creating other uncontrolled bonds if using aggressive power, for instance.
Thus, the process needs to be correctly monitored to avoid the degradation of the
leading chains. The exposure to the microwave radiation and the rubber's temperature
at the end of the reaction needs to be defined not to degrade the rubber structurally.
Indeed, the higher the exposition to the microwaves, the higher the temperature at the
end of the reaction; hence the higher will be the devulcanization. When the aim is to
modify the surface, the exposure should not last longer (1 to 5 minutes) and be too
aggressive (up to 800 Watts) [152,156]. The radiation can also be combined with
activators to enhance the rubber materials' irradiation's desired effect [154]. The
combination of both microwave (400 watts) and soft biochemical modification
improves the modification level.

Yang et al. [62] have proposed a reaction mechanism happening while CR is treated
or not with microwave for 90 seconds at 800 W. The cross-linking reaction causing
cracks on the surface to enhance the stability of the rubber inside of the mix and reduce
the phase segregation created by the usual swelling of untreated particles as illustrated
in Figure 5.10. The microwaves also show positive behaviour regarding the high-
temperature performances and the release of volatile gases after DSR and FT-IR
analysis.
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Figure 5.10: Proposed mechanism while incorporating microwaves-treated or untreated rubber [198].

On the other hand, the study made by Liang et al. [63] proved the effectiveness of
microwave treatment in enhancing surface modification and permit to the rubber to
resist to thermal cracking due to high-temperature drop [199]. However, the defined
procedure could give negative results regarding the stability of the mix with asphalt if
the reactions enhanced by the microwaves are too aggressive. The microwave has to
be severely controlled to not undergo a negative behaviour regarding the asphalt
binder because it can increase the surface porosity.

The microwave action is already well-known for rubber devulcanization but also
shows the specific action on the rubber when mixing with the asphalt binder. Indeed,
the treatment can minimize the swelling, improve the mix's stability and reduce the
release of volatile gas when mixing it into the binder [198]. As the microwave process
needs little time and, because the aim is not to modify the rubber's whole structure,
the use of this method can be successfully transposed to the mass-treatment approach
and thus applied while mixing asphalt binder and CR (Table 5.3).

Table 5.3: Summary of studies on the procedures and results using microwaves treatment.

Reference Method/Procedures Analysis Results
: —
Rubber type: ELTs CrumbATR—FTIR e Long exposure new liaison
rubber Sulphur
De Sousa et al. Rubber size: 0.177 mm Sol-Gel e Increase of devulcanization
ol-Ge . .
[154] Power: 800 watts content during the time decrease of gel

fraction with time

Treatment length: 1, 5and 5.5
min
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Reference Method/Procedures Analysis

Results

Rubber type: ELTs crumbSEM

Increase of surface texture

Microwaves improve high
temperature performance.

More swelling reaction of the
without microwave pre-treatment

More uniform structure with pre-
treated rubber

High powered microwave has
more effect on cross-linked

sulphide bond in rubber

Less wvolatile gas  when
microwave activated

Decomposition temperature
decreased with microwaves

rubber
Rubber size: 0.35 mm DSR
Power: 800 watts
GPC
Treatment length: 1.5 min
AFM
Yang et al.
198
[198] FT-IR
TGA
Inside of asphalt binder
10, 15, 20% rubber weight
FT-IR
Rubber type:  Cryogenicgep
ELTs crumb rubber
. Low
Rubber size: 0.420 mm temperature
. . creep
Liang et al. Power: 500 watts behaviour
Treatment length: 5 min ] ]
[199] Viscoelastic
performance
. . intermediate
Inside of asphalt binder temperatures
0 .
4.5% rubber weight Storage
stability

Cross-linking reaction happening

Increase of texture

Better with microwave treatment

Degraded  with  microwave
treatment

better with microwave treatment

2.3.1.4. Plasma treatment

Plasma is the fourth state of matter considered after solid, liquid, and gas, resulting in
a gas's ionization (Figure 5.11a). It has been used in the laboratory (Figure 5.11b)
and large-scale polymer materials coating and functionalization in diverse fields such
as textiles, medicine, hazardous waste handling or electronics in the last 60 years, as

shown in Figure 5.11c [193,200].
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Figure 5.11:(a) Simplified scheme of the Plasma formation; (b) Picture of a plasma generator designed
for lab work Rotalab™; (c) Picture of a Large-scale plasma treatment chain Henniker™.

Most of these applications involve the use of low pressure and low-temperature
plasma. Its treatment has several significant benefits compared to traditional wet
chemistry techniques. The plasma treatment modifies only the top 0.01 microns of the
material layer and permits faster reaction on the surface thanks to the free ions and
electrons and the beam's high energy (Figure 5.12). Thus, various materials' desired
surface properties, including rubber-based, are achieved without altering their bulk
material characteristics. Plasma has been found to improve rubbers' adhesion thanks
to an increase in surface roughness caused by polar moieties' formation on the surface
and ablation of low molecular weight compounds cleaning the surface. [169,201].

146



Chapter 5. Optimization to extend the industrial perspective of the IAP

Cleaning, activation and
ablation

Surface roughness and small
cracks

Plasma
®, 9.0
- T Qg+
*. "

Rubber _— Rubber +  _leed
<%

Surface roughness and small cavities Contaminants

Figure 5.12: Simplified scheme of plasma effect on rubber surface.

In a research by Ortiz-Magan et al. [66], both nitrogen N2 and oxygen O plasma
treatment were used to improve rubber adhesion to another polymer (polyurethane),
generally used for playgrounds or in the shoe industry together with the crumb rubber.
The reaction was conducted for 1-15 min using a 50 W power reactor. In general, the
Zinc and oil on rubber, due to the vulcanization, create an anti-adherent layer on the
surface, decreasing the interaction between the rubber and the studied adhesive. In
this specific study, the more noticeable effect was the grafting of oxygen and
enhancing rubber's surface texture thanks to O> plasma [202]. The wettability was
considerably improved thanks to removing the sulphur layer on the surface and
creating C=0 surface bonds. This sulphur layer reduction is also an actor in the
enhancement of the viscosity of the rubber.

Similar results were observed in the study made by Xiaowei et al. [67] by using O2
plasma. Even if the final aim was to initiate another polymerization after pre-treatment
of rubber by plasma, the rubber has precisely the same behaviour. The plasma cause
ablation able to clean the surface and make it more reactive.

Li et al. [68] discussed the use of cold plasma (air)-treated powder rubber ((0.177 mm,
0.420, 0.595 mm) inside of a binder. After incorporating 15% weight of treated and
untreated rubber, the plasma treatment has shown improvement in the high
temperature performances, and the thermal storage stability of the asphalt binder by
improving the rubber's contact reactivity.

The studies show that Oz and cold (air) plasma treatment can represent a solution for
using crumb rubber inside of asphalt mixes regarding the stability and compatibility
properties. Methods exist for the treatment of powders; however, it adds difficulty to
the treatment for large scale processing. While treated with plasma, the rubber can
directly be incorporated inside of the asphalt binder (wet), fostering the link
possibilities between the binder and the rubber. This effect can be enhanced while
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using an emulsion type of binder, thanks to the rubber surface's wettability (Table

5.4).

Table 5.4: Summary of studies on the procedures and results using plasma treatment.

Standard for

References Method/Procedures
assessment

ATR-IR

Rubber type: Volcanized SBS

rubber
XPS
Ortiz-Magan 1YRe Of plasma: Low-Pressure
et al Nz and O2
SFM
[202] Power: 50 W

Treatment length: 1 to 15 min SEM

Lab plasma chamber

Contact angle

T-peel

Modification of the surface
chemistry

Formation of Si-O group due to
removal of Sulphur liaison

Hydrocarbon group due to
oxidation. More polar group on
the surface

Hydrocarbon-rich rubber
surface. Oxidation of the surface

Texturization increase with time
treatment

O decrease of porosity increase
of texturization

Decrease of contact angle with
water and ethane diol after 1
minute treatment.

High wettability with ethane
diol after N plasma treatment

Adhesion improved with Oo.
Need extended treatment with
N>

Rubber type: Crumb rubber ATR-IR

Pressure: 10 Pa

Xiaowei et al. Plasma type: O, plasma Contact angle

[203] Power: 60, 80, 100, 120 W

Treatment length: 1to 5 min  ggm

Lab plasma chamber XPS

Modification of the surface
chemistry

Formation of Si-O group due to
removal of Sulphur liaison

More polar group on the surface
Increase of texture

Oxygen group content increase
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tandard for
References Method/Procedures Standard fo Results
assessment

Rubber type: ELTs crumb
rubber

Size of particles: (0.177 mm,

0.420, 0.595 mm) e Surface roughness

Plasma Type: Air plasma ~ SEM enhancement, surface
contamination removal
Power: 250W

Treatment length: 8 min
Lab plasma chamber

Lietal.

[204] Figh-
Temperature
Properties
(Rotational
viscosity,
failure
temperature,
rutting factor,
phase angle,

Inside of the binder storage
modulus, loss
modulus)

e Enhancement of High-
Temperature Properties

o Better thermal storage of
modified binder

2 Type of binder

15% weight rubber

2.3.2. Advantages and disadvantages of the main solution for an application
to highly rubberized road pavements.
Each treatment solutions presented have a crucial effect on the rubber surface
modification. However, several limitations arise while mentioning the use of a
considerable amount of rubber for the construction of road surface layers. Table 5.5
compares the characteristics of the main proposed solutions.

Highly referenced, the gamma-ray enables the increase of the rubber surface's
roughness without modifying its high elastic properties and the gain in mix stability
while mixed with asphalt binder. However, this radiation remains radioactive and
highly penetrating, thus requiring high surveillance while treating the materials, either
during lab or industrial treatment. Also, to obtain the described results, the length of
treatment is considered to last hours.

Despite its well-known cleaning effect on the surface of the treated materials
improving adhesive properties, and its rapidity, the UV-Ozone treatment is
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challenging to apply because of the considerable number of parameters to control
(Ozone concentration, humidity, distance of exposition). Besides, the treatment of fine
rubber powders can be troublesome.

The Microwave treatment proved its efficacity in controlling rubber's swelling
reaction in contact with asphalt binder. Besides, thanks to its effect on the rubber
causing specific surface parameters, the use of microwaved rubber can reduce the
release of volatile and hazardous gases. However, the length and power of radiation
must be short and controlled to avoid full devulcanization or parasite polymerizations.

The plasma has been presented as the fastest method permitting effective results after
a few seconds of treatment. Furthermore, thanks to the decrease of surface
contaminant and rubber texture, the treatment enhances the high-temperature and
thermal storage while mixed with the asphalt binders.

For either the dry and wet processes, the microwaves and plasma treatments appear
to correspond with the usual procedure, potential hazardousness, length treatment and
results obtained while mixing with asphalt binder. The ease of acquiring a microwave
generator compared to a plasma chamber makes microwaved treatment easier to
replicate also in lab conditions.
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Table 5.5: Comparison between main physical surface treatment solutions.

Major effect inti Parameters
Methods Radiation Trleatmﬁ”t Applicability
onthesurface  tYPE engt Control

Radioactive Applicable to several
. shapes of material
Softening Highly Control of the
Gamma o Penetrating  hours absorbed dose and
Texturization and length of treatment o )
Difficult to acquire
lonizing gamma-ray equipment.
Applicable to several
Ablation _ o shapes of materials but
Penetrating C%qt;ol of radiation - op,)1enging with powders.
UV-Ozone  Softening and hours IS1ance, ozone
o concentration and
Texturization ~ '0N1ZING humidity values. -
Several existing
apparatuses
Reactions Applicable to sev_eral
: shapes of material
accelerations Control of the length
. Non- .
Microwaves o . minutes of treatment and
Desulfurization penetrating power
. Easy to acquire microwave
Softening X
equipment.
Applicable to several
Activation shapes of materials but
. Non- Control of the source challenging with powders.
Plasma Ablation . seconds of plasma and length
penetrating
of treatment

Texturization
Several existing apparatus

2.4. Conclusions

This review focuses on using physical surface treatment to modify the rubber surface
characteristics for the use of abundant CR generated from ELTs in pavement
engineering applications.

The standard trend in all the presented methods is the gain of time during the
functionalization reaction. These methods need a limited amount of time to produce a
positive effect in terms of rubber surface modification.

The presented methods have also in common the structural modification of the
surface. Either a specific characteristic can be created on the surface, and others can
be removed from the surface. Surface texturization can lead to better-mixing
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properties and affinity with the constituent, in particular the bituminous-based ones.
Creating a more textured surface on top of the rubber is essential when mixing it with
an asphalt binder to improve their bonding. The surface texturization results allow for
modifying the surface energy, and it is also likely to enhance the adhesion properties,
thus reducing the phase separation.

For asphalt applications, especially when incorporating a subsequent rubber quantity,
the priority should be given to fast treatments. A dry and chemicals-free process
permits the non-alteration of the rubber's bulk structure and limits the hazardous
possibilities of the rubber modification process.

For either the dry or wet processes, all the mentioned solution gives desirable
properties to the rubber for mixing inside bituminous materials. Nevertheless, the
microwaves and plasma treatments appear to give better results with regards to the
application in usual procedures, potential hazardousness, and length of treatment
mostly. For instance, these treatments allowed the collection of better ageing, high
temperatures performances or the reduction of volatile gas when mixed in asphalt or
bituminous mixtures. However, the time and power of exposure to the different
treatments as key parameters to control should be mastered to avoid any reverse
effects on the properties when mixing the rubber with the asphalt binder.

The highest percentage of CR is targeted to study the suitability of its use in soft
surface applications such as sports pitches and advanced impact-absorbing pavements
for urban surfaces. Finally, other methods using chemical additives also exist (use of
rejuvenators, waxes, chemicals, etc.); however, when using recycled material, an eco-
compatible treatment should be mainly addressed to expand the possible reclaiming
lifetime of CR and rubberized asphalt.
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3. Outcomes

This chapter aimed to propose possible improvements that could enhance the
performances of the IAP materials, focusing on the rubber.

A good impact-attenuating performance is reached; however, room is left to increase
the influence in the injury reduction. It can be reached by adding more recycled
rubber; however, it was described as the limit of utilising a high amount of rubber.
Furthermore, one of the main objectives of the full research project is to study an
innovative solution to meet the technical, environmental, and economic performance
needs.

Thanks to the published paper described above, it was possible to overview several
functionalization technics that can possibly be used on rubber in paving applications.
Plasma and microwaves appear to be the best methods for using large quantities of
rubber. Also, their treatment is limited in time, and interesting properties can be
obtained after just a few minutes of treatment.
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Conclusions

This doctoral research grew in a multidisciplinary context to propose the design of an
innovative, functional, and durable solution for the development of the cities of the
future. This research aimed to create a material able to make the road infrastructures
less dangerous, emphasising the VRUSs in the urban ecosystem and their safety.

The research focused on the possibility of making an IAP for bike lanes and sidewalks
pavements. This thesis proposed the result and the methodology of this study. Each
chapter investigated a special topic of the research; nevertheless, all the chapters are
strongly linked, and they aim to help answer the main research questions presented in
the introduction; moreover, the goal was to examine as many aspects as possible of
the development of this material.

The laboratory mix design was the starting point of the study and permitted the
formulation of the material.

e The dry process permitted considerable rubber quantities in the mixtures and
was the only process used during the thesis.

e The preferred method of rubber incorporation was the partial substitution of
the mineral aggregates (0-4mm). Thus, the use of raw resources was limited,
and the recycling of the ELT rubber was fostered. This partial substitution was
made on the volume.

e Using the HRA reference permitted the design of a dense mix that allowed this
partial substitution.

e It was possible to incorporate up to 56% of rubber in the total mix volume
(33% in weight) by substituting the 0-4 mm portion in the HRA gradation
curve.

e The material produced with this amount of rubber showed sufficient impact-
attenuation properties.

e The production of the specimen was repeated with several rubber and binders.

e The investigation of the variation of the binders with different properties,
temperatures of production and laying was a key study to solve the issues
linked to using a large amount of rubber.

e The workability problem, typical of using a warm binder with a consistent
amount of rubber, was solved using a cold binder.

e The absence of heat decreased the stickiness observed in the hot/warm mix.
Likewise, it made it possible to avoid fumes and smells in the production.

e The question of the binder consumption was investigated by modifying the
size distribution of the rubber without decreasing its total amount of it. The
decrease in fines helped in the diminution of binder usage.
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The material was designed as a top-layer surface, generally adapted to the
sidewalks and bike lane configuration.

Two methods of improving the IAP visibility were investigated: the
colouration of the bulk material or the use of fluorescent stones on the surface.

Among the different combinations of rubber and binders, the mix containing 56% of
rubber was shortlisted, and the material was characterised in several aspects to
understand its overall properties. Therefore, the mechanical and chemical parameters
under different conditions were preliminarily measured. Methods recognised in the
research on asphalt, playgrounds and other impact-attenuation materials were
combined to find the most accurate way to characterise this type of material,
bituminous made and highly rubberised.

Several challenges needed to be overcome to analyse these materials with the
asphalt methods, often reserved for very stiff and rigid materials.

The methods applied in the playground and impact attenuation material
development were more adapted. However, some limitations were still
noticeable, especially regarding the dimension of the samples needed to have
a deep characterisation.

These mechanical characterisations confirmed the results on the softness and
elastic behaviour of the material.

The chemical analysis evaluated the leaching of the material in the water after
a period of immersion. All the leaching observed were not surpassing the
threshold fixed by the standard used [112]. These values confirmed that the
developed pavement would have a controlled effect on the environment.

The characterisation of the material's resistance to cold temperature by the F-
T analysis did not show important degradation due to the temperature change
and the repetition of the cycles.

The studies presented in the Chapters 1 and 2 focused on materials science, while the
one described in Chapter 3 focused on material modelling and accident simulations.

The biomechanical investigations helped evaluate injury prevention,
particularly head ones, during computer-simulated accident cases.

It was possible to prove the effectiveness of the material containing 56% of
rubber in reducing skull fractures considerably and limiting concussions.
However, comparing these two, it could be observed that the percentage of
concussion reduction was lower than the skull fracture one.

Chapters 1,2 and 3 permitted to choose a limited number of formulations with the best
performances. The role of Chapter 4 was to investigate the reproducibility and upscale
the laboratory procedures thanks to in-situ construction.
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The willingness to use the research conducted during the doctoral research to
provide a version of IAP to be implemented was fulfilled.

The trial site results confirmed some of the laboratory criteria and put light on
other parameters such as the time needed between the mixing and the laying
or the importance of the compaction level that can also enhance the impact
attenuation properties of the material.

In general, the performance observed in the laboratory regarding the impact
attenuation was conserved.

The bounding of the IAP material to an existing base layer was proved.

This trial site was also the opportunity to assess the roughness of the material
and the skidding risk, both positive. Also, it was proved the possibility to patch
the holes with the same mixture.

After six months, despite the after treatment used to prevent deterioration,
some signs of degradation were observed on the pavement's surface, and this
part must be more investigated. Indeed, particle loss can represent an
environmental problem and must be handled.

Finally, Chapter 5 presented possible optimisation paths to a material already
functional and performant against injuries. The main issues were observed at a
microscopic and chemical level.

Several possible optimisations have already been identified and will be the
object of future research on the 1AP.

Functionalisation can have an important effect on the rubber. The rubber is the
material's central resource, and it needs to be well prepared before the
incorporation. This can prevent issues observed on the binder use or the
coverage. The later mentioned problem can also be handled thanks to already
covered aggregates such as reclaimed asphalt. Its use may enhance the
recycling impact of the material while possibly enhancing the performance of
the 1AP.

In conclusion, several aspects can be further investigated to optimise the results
obtained during this doctoral research. The orientation of the research in this direction
may be a possibility for the road infrastructures to be greener and more sustainable.
Some of the possible development will be stated in the next paragraphs.

Regarding the design of the material:

> The increase of the rubber size distribution from 0-4 mm to 0-7 mm, for

instance, is possibly a solution to increase the amount of rubber in the mix

> The design of a several-layers pavement with different rubber amounts in each

layer can be studied.
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The use of recycled aggregates (RAP, wasted concrete ...) could help the
compatibility of the residual bitumen from the emulsion and the recycled
aggregates and allow better coating of all the aggregates.

The possibility of reducing the binder overuse by pre-treating or coating the
aggregates can also be evaluated.

More investigation on the binder compatibility with the rubber and aggregates
can be foreseen.

Extending the environmental influence of the research with the use of bio-
based binders, such as lignin, has been discussed. The lignin is often not
desired in paper-based materials and is abundant like the tyres. Other paving
solutions development projects demonstrated the feasibility of lignin use in
pavement technologies. Partial substitution of the petroleum-based bitumen
with the lignin is studied [205-209].

About the overall characterisations:

>

>

More testing methods, especially mechanically, may be used. Flexural, shear
or direct tensile tests should be investigated to complement the one used so far
and propose a complete mechanical testing procedure for the specific material.
The surface of the pavement must be more characterised, especially regarding
the effect of daily walking and biking on it (loss, shear)

Chemically, several methods are discussed to minimise the leaching values of
the pavement materials. The pre-treatment of the rubber already mentioned
may positively affect the decrease of leaching. Also, methods such as
prewashing the rubber aggregates can be studied.

More ageing and durability tests such as UV and heat cycles tests can be done.

About the modelling and simulation of accidents:

>

>

Only head injuries were investigated. The hips, shoulder, arms, or leg injuries
can also be investigated as they represent the body part with VRUs are
generally injured the most.

Further comparison with the value collected with helmets and without helmed
on traditional or IAP can also be studied.

On the field:

>

>

The material can be produced in higher quantities and laid on a larger portion
to be able to adapt to the laboratory results.

The material was tested in Italy; the test in Sweden can help to assess the
behaviour in other climatic conditions.

The durability test must continue.
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> Also, to better understand the influence on the development of such material,
the economic (studying the market and status of the waste management of
tyres) and environmental potential (Life Cycle Analysis - LCA) of the IAP are
foreseen.

> The recyclability at the end of the life of this material must be studied to assure
the conclusion of the circle of use sustainably.
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