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Abstract

Recent advancements in pavement engineering have introduced innovative materials
and methods to enhance asphalt performance and promote road sustainability.
Among these, encapsulated asphalt rejuvenators are gaining attention for their
potential in extending the lifespan of pavements by promoting asphalt’s self-healing
capabilities. Asphalts containing this type of additive are regarded as smart materials,
as the capsules, that are added to the asphalt during the mixing process, progressively
release the bitumen rejuvenator in response to traffic loading. Thus, bitumen ageing,
which causes asphalt to become stiffer and prone to cracking, can be controlled, and
the binder regains its ability to flow and close any microcracks, preventing asphalt

cracking.

The first research studies focused on examining different categories of asphalt
rejuvenators, evaluating not only their effectiveness in restoring the chemical
composition of the aged bitumen, but also their stability during the encapsulation
process and their thermal degradation during asphalt manufacturing. Concerning the
encapsulation process, although different encapsulation methods were evaluated, the
prevalent manufacturing technique involved the external gelation of sodium alginate
in the presence of calcium. Subsequently, research delved deeper into the
optimization of the encapsulated rejuvenators through experimental testing, by
assessing their effect on the crack-healing of damaged samples. However, the
working mechanism of the capsules is still subject to some uncertainties. Although
the calcium-alginate polymeric structure has been studied primarily for its capacity
to progressively release the rejuvenator, the impact of the encapsulation structure
itself, a cellular material with energy absorption properties, on asphalt performance

and durability has not yet been thoroughly explored.

Firstly, this thesis examined the effect of cellular capsules on the mitigation of
asphalt ravelling, which is, along with asphalt cracking, one of the most prevalent
distresses on the road network. It was observed that asphalt’s mass loss linearly

decreased as the cellular capsule content was increased. When evaluating the effect
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of the compaction level and the aggregate gradation on the mass loss of asphalt
specimens with and without capsules, a correlation was found between the efficiency
of the cellular capsules in mitigating the mass loss and the air void content of the
asphalt mixtures. Moreover, after assessing changes in the internal porous structure
of the capsules under loading through a combination of experimental testing and
imaging techniques, it was found that the capsules were more than a release
mechanism, as their cellular structure experienced a progressive collapse under
impact-loading while absorbing energy, which may induce a local re-compaction in

the asphalt mixture.

Based on these results, the focus shifted towards a comprehensive evaluation of the
cellular capsules’ impact on the performance of Stone Mastic Asphalt (SMA)
manufactured at an asphalt plant. Variables throughout asphalt production that might
influence the mechanisms governing the plastic deformation of the capsules
containing an asphalt rejuvenator were evaluated in this assessment and then, results
were contrasted with lab-produced asphalt under controlled conditions. Lastly, the
capsules’ deformation was qualitatively evaluated using a Finite Element (FE) model
to verify findings from the testing campaign. It was concluded that cellular capsules
can resist mixing at an asphalt plant without compromising their performance, and
the deformation of the capsules affected asphalt’s stability by up to 13%, reduced the
particle loss by up to 25% and increased asphalt’s macrotexture by 10%. It was also
hypothesised that, to maximize their energy absorption, the cellular capsules must be

part of the aggregate skeleton.

Lastly, a fundamental study was conducted to test the hypothesis made, in which the
use of lattice structures that absorb energy as an alternative to cellular capsules
containing asphalt rejuvenators was evaluated as well due to the advantages they
offer in the design, optimisation, and manufacturing processes. Therefore, several
lattice structures with a wide range of stiffness, strength, and energy-absorption
properties were designed and 3D-printed, and two lattice structures with distinct
properties were selected for the fundamental study. Subsequently, the mechanical
behaviour of a composite granular medium composed of granite aggregates and

either the cellular capsules previously manufactured or 3D-printed lattices was
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investigated. Cyclic and monotonic experiments were conducted on this composite
granular medium, to measure its mechanical response, the plastic deformation of
lattice structures and cellular capsules, and the crushing behaviour of aggregates.
Through a comparative analysis of results obtained from lattices with significantly
different mechanical and energy-absorption properties, it was found that capsules
induced physical changes to the aggregate skeleton of asphalt. Besides, despite
design constraints, it was proved that lattice metamaterials could be successfully 3D-
printed and tailored to meet specific requirements, and the Voronoi lattice emerged

as a potential alternative to replace the capsules.
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Chapter 1. Introduction

1.1 Background

In the UK, asphalt mixtures are used on 95% of road pavements, with an approximate
annual production of 25 million tonnes [1]. This material is composed of graded
aggregates, which provide stiffness and resistance to cumulative deformations, and
bitumen, a viscous binder material whose primary function is to hold the aggregates
together. Because of their viscoelastic properties, bitumen-bound materials can flow
within the bitumen-filler mortar, reducing the risk of cracking due to temperature

fluctuations or foundation settlements [[2],[3]].

One of the most popular surfacing materials in the UK is Stone Mastic Asphalt
(SMA), primarily due to its exceptional performance in terms on rut and fatigue
resistance, particularly on pavements with heavy traffic and loads, as well as its rough
surface texture [4]. The stone-on-stone contact between the coarse aggregates creates
a strong skeleton, providing stability, whereas the voids are partially filled with a
bituminous mortar composed of filler and fines, increasing durability [5]. Hence,
despite their initial higher cost when compared to dense graded mixtures, SMA
mixtures can result in a great investment due to their increased lifespan [6].
Nevertheless, this surfacing material is exposed as well to traffic loads and
environmental factors such as temperature, moisture, and frost over its service life,
which can contribute to the pavement deterioration and result in asphalt distresses

that include asphalt cracking, ravelling, or rutting, among others [7].

Asphalt cracking and ravelling are among the most prevalent distresses on the
network. However, surface cracking in gap-graded mixtures is often caused by
reflective cracking from the underneath layer, which constitutes a structural problem
[[81,[9]]. Ravelling, on the other hand, has a high occurrence on thin overlays and

high-textured materials. The loss of aggregates, caused by a weak bond in the stone-
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on-stone contact, can be prompted either by cohesive failure of the binder or adhesive
failure in the bitumen-aggregate interface [10]. Although several factors may
influence ravelling, such as bitumen ageing, it is a particularly concerning distress
during wet seasons due to moisture that affects bitumen’s cohesive strength and
adhesive bond in the interface region. Once initiated, asphalt ravelling rapidly
intensifies in the surrounding areas, reducing pavement’s service life and requiring
maintenance [11]. Rutting is also a concerning material distress, but SMA mixtures
are known for their high stability against plastic shear deformations [12]. In most
cases, rutting occurs because the asphalt layer is not strong enough to bear the traffic
loads, due to inappropriate interlocking or aggregate distribution in the mixture.
Consequently, rutting can accelerate pavement deterioration by reducing the drainage

capacity and increasing the risk of moisture damage and bleeding [13].

Pavement engineering has advanced significantly over the past decades, with new
design approaches and alternative materials to enhance asphalt’s performance while
constructing more sustainable roads [14]. As an example, warm-mix and cold-mix
asphalts use bitumen additives and emulsions to lower the manufacturing
temperatures [[15],[16]], and their rheological properties can be altered as well by
polymer modification [17], antioxidants [18], or adhesion agents [19], among others.
There is an increasing interest in alternatives to natural aggregates, such as recycled
aggregates [20], industrial waste products like steel slag or fly ash [21], or crumb
rubber from used tyres [22]. Moreover, recycled plastics with high melting points are

being evaluated to replace part of the aggregates of asphalt mixtures [23].

In this context, the use of asphalt rejuvenators, whether through spraying or
encapsulation methods, has received significant attention within the research
community due to their potential for extending the lifespan of asphalt pavements
[24]. This technological innovation is based on promoting asphalt self-healing by
means of a rejuvenator that is progressively released from the capsule in which it is
stored. Thus, bitumen ageing, which causes asphalt to become stiffer and prone to
cracking due to an imbalance in the ratio of asphaltenes to maltenes, can be controlled
by reconstituting the chemical composition of the binder, regaining its ability to flow

and close microcracks [25].
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1.2 Motivation

Encapsulated rejuvenators were originally designed for enhancing asphalt self-
healing by the progressive release of a rejuvenator that restores the properties of aged
bitumen, promoting the healing of cracks [26]. The capsules containing a rejuvenator
agent are added to the asphalt during the mixing process, therefore they must resist
the stresses and high temperatures induced during asphalt manufacturing. Then, the
rejuvenator is progressively released through a mechanism that requires a mechanical
load to activate the capsules, followed by a chemical interaction to restore the
binder’s composition, promoting then the binder flow in a porous medium to seal the

microcracks with the restored binder [27].

Diverse types of rejuvenators have been evaluated over time and extensive
endeavours have been dedicated to the effective encapsulation of asphalt
rejuvenators. It has been reported that vegetable oils and waste cooking oils
outperformed petroleum-based and waste engine oils when studying their effect on
the rheological properties of the binder [28]. As to the encapsulating process, the
external gelation of sodium alginate in the presence of calcium emerged as the most
prevalent manufacturing technique. Moreover, the polymeric encapsulated
rejuvenators manufactured with this physico-chemical method remain the subject of

ongoing investigation for enhancing asphalt self-healing capabilities [29].

Most of the research studies have been focused on evaluating the release and
diffusion of the rejuvenator, optimising the design of the capsules through an iterative
process based on experimental testing, and assessing the crack-healing and strength
recovery of asphalt containing encapsulated rejuvenators on samples with crack
damage induced during cyclic loading [[30],[31]]. However, there are some
uncertainties regarding their working mechanism. Indeed, while the primary purpose
of the polymeric structure made of calcium-alginate initially was to facilitate the
release of an asphalt rejuvenator and promote the self-healing of asphalt cracks, the
impact of the encapsulation structure itself, a cellular material with energy absorption

properties, on asphalt performance and durability has yet to be investigated.
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1.3 Aims and Objectives

Past research on encapsulated rejuvenators focused on evaluating the release and
diffusion of the rejuvenator and assessing its influence on the self-healing of asphalt
cracks. However, despite the potential benefits encapsulated rejuvenators may offer,
some unknowns remain about their functioning mechanism. The primary aim of this
thesis was to investigate the potential of the cellular capsules in enhancing the energy
absorption and durability of asphalt materials. First, laboratory tests were conducted
to investigate the influence of the capsules on asphalt ravelling. Based on the initial
findings, the study progressed to testing cellular capsules in asphalt produced at an
asphalt plant, analysing key performance characteristics. Then, the hypothesis

extracted from the practical assessment was validated with a fundamental study.
To accomplish this aim, the following research objectives were outlined:

e Demonstrate the delay of asphalt’s aggregate loss by the addition of cellular
capsules to asphalt mixtures and assess changes in the internal porous

structure of the capsules under loading.

e Evaluate the influence of cellular capsules on the performance of asphalt
produced at an industrial site, examining the capsules as cellular materials
with energy-absorption properties. In addition, analyse critical variables
throughout asphalt manufacturing at an asphalt plant that may affect the

mechanisms governing the plastic deformation of the capsules.

e Investigate the non-negligible physical influence of the cellular capsules on
asphalt through a fundamental study to test the hypothesis made and evaluate
the feasibility of using 3D-printed lattice structures as an alternative to the

cellular capsules.
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1.4 Research Methodology

To accomplish the aforementioned objectives, the research methodology was divided

into the following phases:
Phase 1: Evaluation of cellular capsules to mitigate asphalt aggregate loss

First, cellular capsules containing an asphalt rejuvenator were manufactured at a
laboratory scale using the set-up utilised in prior research, and their size and
morphology were characterised though imaging techniques, including CT-scanning.
Then, SMA mixtures with different contents of capsules (0.0%, 0.5%, 1.0%, 1.5%,
2.0%) were manufactured and tested by means of mass loss (Cantabro test), rutting
(Hamburg wheel tracking) and skid resistance testing (pendulum test), to identify the
optimum capsule content for the testing programme. The next step involved
manufacturing asphalt sample sets with the selected capsule content (in addition to
the baseline sample set without cellular capsules) varying the compaction energy and
asphalt gradation. The air void content of the samples was determined and then, their
mass loss was quantified using the Cantabro test, to investigate correlations among
asphalt’s physical properties and the efficiency of the capsules in terms of ravelling

mitigation.

Lastly, the deformation of the cellular capsules in the asphalt during testing was
studied and correlated to their microstructure. The cross-section of asphalt slabs with
the selected content of capsules was examined through digital image analysis after
rutting testing, to assess changes in the morphology of the capsules by comparing
tested and untested regions. Thereafter, samples extracted from tested cores after the
Cantabro test were CT-scanned to document changes in their internal porous
structure, as well as the deformation of the capsules in the contact areas with the
aggregates. This study was completed with an assessment of the energy absorption
properties of asphalt containing several percentages of capsules (0.0%, 0.5%, 1.0%,

1.5%, 2.0%), using uniaxial compression testing.
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Phase 2: Evaluation of the performance of plant-produced asphalt containing

cellular capsules

First, cellular capsules were manufactured with a scaled-up procedure to attain the
quantity required for the testing programme. CT-scanning and SEM imaging were
used to characterize the capsules' morphology and internal porous structure, and their
mechanical properties were determined through uniaxial compression testing. Then,
an SMA mixture was manufactured at an asphalt plant producing a total of four
batches of half a tonne each, including the baseline without capsules and three
batches in which the capsules were added at different stages of the manufacturing
process (with the aggregates before pouring the binder, at the beginning of the mixing
stage and at the end of the mixing stage). Thereafter, to determine if mixing at an
asphalt plant could affect their distribution and integrity, samples of plant-produced

asphalt after compaction in the laboratory were CT-scanned to examine the capsules.

Then, prior to the evaluation of the morphological and mechanical properties of the
SMA mixtures produced at the asphalt plant, the samples were subjected to a
compositional analysis to detect any inconsistencies due to the variability associated
with the technologies employed to dose the materials, and the semi-circular bending
test was performed to assess whether disparities in the asphalt composition might
impact its performance. Asphalt evaluation encompassed an assessment under impact
loading (Cantabro test) and cyclic loading (wheel-tracking test), and the
determination of asphalt air void content and texture by means of mean profile depth
(MPD). However, due to the disparities detected in the binder dosing, a validation
with asphalt produced at the lab under controlled conditions was conducted as well,
assessing separately the influence of the mixing stage in which capsules were
incorporated into the asphalt and variations in the binder content of the batch. Lastly,
a simplified FE case study verified the findings from experimental testing with a

numerical simulation.
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Phase 3: Fundamental study of cellular capsules and lattice metamaterials in a

granular unbound medium

Several lattice structures were designed and 3D-printed, varying the type and size of
the unit cells to inspect different morphologies and relative densities. Then, the
materials used for 3D-printing the particles were characterised through tensile
testing, and the mechanical response of the lattice metamaterials was evaluated
through uniaxial compression testing, as well as their manufacturability. Two lattice
structures with distinctly different mechanical properties were then selected for

further evaluation in the second stage.

In the second stage, both the cellular capsules and lattice structures were tested in a
granular unbound medium under static and cyclic compression loading. In this
fundamental study, the variability associated with the binder dosing and the potential
challenges that may arise during the mixing process were discarded and, to further
minimise gradation inconsistencies, single-size granite stones were used to evaluate
the cellular capsules and the selected 3D-printed lattices, ensuring that the granular
media were geometrically similar. Moreover, to discard the effect of introducing
spherical particles on the granite granular medium, additional testing was performed
using solid Nylon spheres made of PA66 with negligible energy absorption
properties. This fundamental study compared the effect of different energy-absorbing
particles on the overall response of the composite granular unbound medium, as well
as the deformation of the particles and the crushing behaviour of the granite
aggregates. Throughout this fundamental study, not only the hypothesis from the
previous phases of this research could be tested, but also potential alternatives to the

capsules were assessed.
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Chapter 2. Literature Review

2.1 Introduction

The use of encapsulated rejuvenators as a method to promote asphalt self-healing has
been widely investigated over the past few years. Asphalts containing this type of
additive are regarded as smart materials, as the capsules progressively release a
bitumen rejuvenator in response to the traffic loading, promoting the binder flow to
seal any microcracks and prevent asphalt cracking, thereby increasing the pavement’s
lifespan. However, despite the potential benefits encapsulated rejuvenators may
offer, some unknowns remain about their functioning mechanism, which has been

mainly evaluated through lab-based studies.

This chapter aims to evaluate the literature concerning the use of encapsulated
rejuvenators for asphalt self-healing purposes, encompassing the manufacturing and
characterization of the capsules, and the assessment of asphalt containing
encapsulated rejuvenators through experimental studies and numerical modelling. It
is, however, imperative to provide an overview of flexible pavements and the most
common asphalt mixtures used, as well as review the main types of asphalt distress,
with a special focus on asphalt cracking and ravelling. Lastly, the properties of lattice
metamaterials and their applications in civil engineering are included in this literature

review, as they form part of the research included in this thesis.
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2.2 Asphalt Pavements

2.2.1 Pavement Classification

From a road engineering perspective, a pavement is a horizontal structure supported
by in situ natural materials, with the main objective of distributing traffic loading to
the subgrade while avoiding a loss of the supporting soil’s bearing capacity due to
excessive stresses [32]. In the United Kingdom, pavement construction types are

classified by the Design Manual of Roads and Bridges (DMRB) as [33]:

e Flexible pavements with an asphalt base layer

e Flexible pavements with a Hydraulically Bound Granular Material (HBGM)

base layer

e Rigid pavements, including Roller Compacted Concrete (RCC),
Unreinforced Jointed Concrete (URC) and Jointed Reinforced Concrete

(JRC)

The main difference between rigid and flexible pavement lies in the load distribution
characteristics [34]. In flexible pavements, an asphalt surface is constructed over
several bituminous and granular layers, whose stiffness tends to decrease with depth
[35]. Thus, the load distribution pattern is modified on each layer, see Figure 2.1, and
should not lead to excessive stresses in any of the layers to prevent compromising

the pavement’s structural integrity [36].

Rigid pavements, however, are constructed of a concrete surface, which has a higher
elastic modulus than asphalt. Hence, due to the increased material stiffness, traffic
loads are distributed over a wider area, and a significant part of the pavement’s
structural capacity is provided by the concrete slab [34]. Therefore, as opposed to
flexible pavements, the bearing capacity of rigid pavements is less influenced by the
subgrade characteristics, whereas the structural strength of the concrete is one of the

main design parameters [35].
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Figure 2.1. Schematic representation of the load distribution pattern in flexible pavements.

2.2.2 Flexible Pavement Layers

In order to decrease the stresses that reach the subgrade, flexible pavements need to

have enough structural capacity, which is given by the stiffness and thickness of the

different layers [37]. Besides, since the top layers have to withstand higher stress

levels compared to the bottom layers, where the load is distributed over a wider area,

they are often composed of the highest quality materials [2]. Flexible pavement layers

are generally divided into:

Surface or wearing course. It is the top course, typically built of dense
graded Hot Mix Asphalt (HMA). In addition to resisting repeated loading and
environmental conditions, the surface course must offer a smooth riding
surface with proper surface friction, as low roughness is required to provide
comfort to users, while also providing adequate skid resistance to ensure road
safety. Moreover, this pavement layer prevents the entry of excess water from
the surface of the pavement, thereby preventing the soil from being saturated

and losing its capability to bear the applied axle loads [[2],[37]].

Binder course or basecourse. It is the layer below the surface course. Its
primary function is to contribute to the traffic load distribution to the
foundation, as well as ease the construction of the wearing course with an
intermediate layer that ensures an even surface [37]. As to the asphalt

mixtures used for the binder course, they are composed of larger aggregates

10
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and less binder than the wearing course, resulting in a more economical

design [2].

Base or roadbase. Located underneath the binder course, it is a relatively
thick course that constitutes the principal support of the pavement structure
[37]. This layer can contain Hot Mix Asphalt (HMA) or a Hydraulically
Bound Granular Mixture (HBGM) [2].

Subbase. It is the platform upon which the pavement’s primary structure is
constructed, and therefore it is often regarded as not only part of the pavement

but also the foundation [[38],[39]].

Subgrade. Located under the pavement and considered as the main
foundation layer, the subgrade consists of soil or borrowed material
compacted to the desired density [38]. It might require an improvement layer

on the top, known as capping [39].

Wearingcourse

Siffacing
Basecourse

rFormatlon .' Sub base;
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N
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Subgrade

Figure 2.2. Flexible pavement layers, extracted from [40].

2.2.3 Hot Mix Asphalt

This literature review will focus on Hot Mix Asphalt (HMA), which is the most

commonly used material for the construction of road pavements in the UK [3].

However, it is noteworthy to mention that Warm Mix Asphalt (WMA) technologies

have gained increasing popularity in the UK over the last few years, due to the

multiple benefits offered by lowering the production temperatures, such as reducing

the risk of premature failure due to early ageing [41].

11



Literature Review Laura Traseira Pifieiro

Typical Hot Mix Asphalt (HMA) mixtures are composed approximately of 95%
coarse and fine aggregates by weight, which provide stiffness and resistance to
cumulative deformations, and the remaining 5% of modified or unmodified bitumen
binder [41]. They can be broadly categorised into dense-graded, open-graded and
gap-graded asphalt mixtures [42], see Figure 2.3, and their characteristic properties
are determined by the Particle Size Distribution (PSD) envelope and the binder type

and content of the mixture [43].

(2) (b) (©)

Figure 2.3. Schematic representation of several asphalt mixtures: (a) Dense-graded, (b)
open-graded and, (c) gap-graded. Extracted from [42].

In addition to the mixture design, the properties of the aggregates, which are the
largest constituent of asphalt mixtures, substantially affect asphalt’s performance
[20]. The interactions within the particles, their frictional forces and resistance to
cracking are influenced by their geometrical properties, the type of aggregate and the
origin [44]. Angular particles and rough textures increase the internal friction,
elongated aggregates are more susceptible to cracking, and the aggregate size, which
is correlated with the surface area, influences the amount of binder required to coat

the particles [45].
2.2.3.1 Dense-graded Asphalt Mixtures

Dense-graded mixtures, also known as well-graded mixtures, are produced with
continuously graded aggregates that are uniformly spread across the range of sieves

used [46]. These mixtures are commonly referred to as Asphalt Concrete (AC), and

12
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can be used in the surface, binder or base courses [47]. After placement and
compaction, dense-graded mixtures have a low air void content, which typically
ranges between 4 % and 7 %, preventing the entry of water [48]. Based on the
proportion of fine aggregates, well-graded mixtures can be categorised into fine-

graded or coarse-graded mixtures, see Figure 2.4 [49].
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Sieve Raised to the 0.45 Power

Figure 2.4. Particle Size Distribution (PSD) of dense-graded mixtures (fine-graded and
coarse-graded) and maximum density line. Extracted from [47].

2.2.3.2 Open-graded Asphalt Mixtures

Open-graded mixtures are produced by increasing the coarse aggregates and reducing
the fines, obtaining a Particle Size Distribution (PSD) curve with an abrupt drop in
the intermediate-sized particles [50], as shown in Figure 2.5. These mixtures are
characterised by a porous structure with interconnected voids that rely on the stone-
on-stone contact, providing noise reduction, permeability, improved friction, and
resistance to permanent deformation [51]. However, due to the high air void content,
typically greater than 20%, the use of fibres or modified binders is recommended to

prevent binder drain-down during placement and compaction [52].

13
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Figure 2.5. PSD of an open-graded mixture and maximum density line. Extracted from
[47].
Open-graded mixtures such as Open Graded Friction Courses (OGFC) or Porous
Asphalt (PA) are solely used in the surface course [53], while Asphalt Treated
Permeable Bases (ATPB) are typically used in conjunction with a sub-drain system
to evacuate water below the pavement surface [54]. Thereby, the clogging potential
of OGFC or PA should be thoroughly studied when considering the use of open-
graded mixtures in the surface course, as the intrusion of fines and dirt into the voids

can negatively affect their performance [55].
2.2.3.3 Gap-graded Asphalt Mixtures

Gap-graded asphalt mixtures are produced by intentionally avoiding or reducing
intermediate-sized particles, obtaining a Particle Size Distribution (PSD) curve with
either a drop (reduced intermediate-sized particles) or a plateau region (absence of
intermediate-sized particles) in the intermediate range of sieves [50], see Figure 2.6.
One of the most used gap-graded mixtures is Stone Mastic Asphalt (SMA), which is
well known for its durability and stability [56]. The high proportion of coarse
aggregates ensures an adequate aggregate skeleton structure with stone-on-stone
contact, while the mastic formed with the fine aggregates, filler, and binder partially

fills the voids, permitting the aggregate interlock [57]. SMA mixtures require higher
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binder content than dense-graded mixtures to form a thick coat of mastic around the
aggregates, which not only reduces friction between particles but allows them to flow
within the mastic. Thus, stabilising agents such as cellulose fibres or polymers are

required to prevent bitumen bleeding and draining [58].

Percent Passing

#200 #50 #30 #8 #4 3/8" 1/2"

Sieve Raised to the 0.45 Power

Figure 2.6. PSD of a gap-graded mixture (SMA) and maximum density line. Extracted from
[47].

As a result of the increased binder content, aggregate requirements, and the use of

additives, SMA mixtures have a higher initial cost when compared to dense graded

mixtures, about 20% to 40% more costly [6]. However, this surfacing material can

result in a great investment due to its increased lifespan, offering multiple advantages

among which the following stand out [4]:

e Rut resistance and increased durability, due to the aggregate skeleton that
relies on the stone-on-stone contact and the mastic that binds the particles

together.

e Age hardening and fatigue resistance, resulting from the reduced air void
content and a thick film of mastic surrounding the aggregates, which provide
permeability and flexibility, and reduce the risk of reflective cracking from

the underlying layers as well.
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¢ Rough surface texture with adequate skid resistance, that offers surface
water drainage and noise reduction. It is noteworthy to mention that in the
early service life of SMA, its skid resistance might be affected by the thick

film of binder on the surface, that must be worn away by the vehicles.
2.3 Pavement Deterioration

2.3.1 Primary Causes of Pavement Deterioration

There are multiple modes of failure associated with pavement structures, and the
main causes of pavement failure can be generally categorized as traffic loading and
environmental factors such as temperature, moisture, or frost [7]. However, there are
other factors that contribute to pavement deterioration, such as the capacity of the
subgrade, which must withstand traffic loading and prevent any excessive flexing
that could affect the performance of the upper layers [59]. The construction process
can also significantly impact the pavement's performance, as proper compaction is
essential not only for achieving the target asphalt density and strength but also for
preventing several types of pavement damage [60]. Moreover, even the maintenance

plan can compromise the pavement performance if it is not planned or executed

properly [61].
2.3.1.1 Traffic Loading

A major consideration when designing and maintaining pavements is the load
induced by traffic that a pavement is going to support over its lifespan [62]. This
calculation may become quite complex when it comes to mixed traffic and each type
of vehicle has different axle loads and repetitions [63]. What is more, the main
concern lies in determining the damage caused to the pavement by the diverse axle

loads, rather than calculating the loads themselves [64].

To tackle this problem and transform the damage caused by different vehicles into
an equivalent number of standard loads, the AASHO developed a traffic feature
named Equivalent Standard Axle Load (ESAL) [39]. The ESAL concept makes use
of load equivalency factors, known as ESAL factors (ESALF) or Equivalent Axle
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Load Factor (EALF) to establish a ratio between the damage on a pavement per pass
of a particular axle to the damage per pass of a standard axle used as a reference,

which usually consists of an 80 kN single axle with dual tyre [65].
2.3.1.2 Environmental Conditions

Water is one of the greatest important environmental factors that can affect the
performance of a pavement. With the presence of moisture in the pavement structure,
the adhesion bond between the binder and the aggregate may be weakened in a
process named stripping [66], and asphalt cohesion can be reduced as well due to
softening, reducing the strength and stiffness of the asphalt layers [67]. There are
different ways through which water can break into the pavement structure, such as
infiltration through cracks and joints or from the subsoil [68], or because of deficient
drainage or the existence of leaking mains, so that water moves to the asphalt layers

and saturates them due to capillary action [69].

Another agent that can largely contribute to road damage is frost [70], due to its
capability of being expanded by up to 9% on freezing [71], but it is also dependent
on other factors, such as the duration and the intensity of the freezing or the
fluctuation of temperatures [72]. The main processes that lead to the pavement

deterioration are summarised as:

e Frost heaving, which is a most common type of frost damage, arises because
of the formation of ice lenses when the frost penetrates the pavement and

makes it lift of heave [73]

e Frost shattering, induced by the expansion of water inside porous stones,

which leads to asphalt cracking or the breaking down of aggregates [74]

As to other climatic agents, it is neccesary be mindful of the relationship between the
temperature of a pavement and the variation of air temperature, determined by the
hour of the day and the season of the year [75], which induces an adjustment of the
strength and deformation of the asphalt layers, affecting the functionality and bearing
capacity of the pavement [76]. Also, during the construction process, the range of

temperatures used should let the binder cover the aggregate and achieve a fluid mix

17



Literature Review Laura Traseira Pifieiro

that can be compacted properly, but excessive temperatures can lead to asphalt binder

hardening, causing premature ageing of the binder [77].
2.3.2 Main Types of Damage in Pavements

Numerous publications have presented diverse classifications for the most common
types of road defects, which can range from damage to the surface, see Figure 2.7, to

a deterioration of the pavement that affects its structural strength [78].
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Figure 2.7. Generic distresses commonly found on pavements with asphalt surfacing.
Extracted from [32].
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This literature review will use the pavement distress classification of the U.S. Federal
Highway Administration Manual [79], focusing on visible defects in the surface that
can be detected by visual inspection with manual, semi-automatic or automatic
surveys [80], and with a particular emphasis on asphalt cracking and ravelling. The
assessment of the surface texture will be included as well in this review due to its

significant role in road safety [81].
2.3.2.1 Asphalt Cracking

Asphalt cracking is a common distress on thick and mature asphalt pavements.
Although there are many factors that can contribute to asphalt cracking, the two most
frequent ones are structural issues brought on by repeated traffic loading and thermal
stresses associated with the viscoelastic nature of asphalt binders, which become
brittle at low temperatures [32]. Oxidative ageing and hardening of the surface can
contribute to crack initiation and propagation as well, reducing the pavement’s

capacity for withstanding the thermal and traffic-induced stresses [[82],[83]].
There are numerous types of cracking, that can be broadly catalogued as follows:

Fatigue cracking

This distress can be manifested as a group of interconnected cracks forming sharp-
angled fragments, generating a crocodile pattern. The cracks initially propagate as
small longitudinal parallel cracks located in one or both wheel paths, to later create a
characteristic crocodile pattern [[35],[79]], that can lead to the disintegration of the

pavement surface if the cracks continue growing [36].

Fatigue cracking is regarded as major load-related structural distress [[35],[84]], and
has been traditionally associated with the tensile stresses generated at the bottom of
the asphalt base, which produce cracks that then propagate to the asphalt surface.
Thus, this mechanism is commonly referred to as bottom-up cracking
[[80],[82],[84]]. However, another approach has been increasingly studied, based on
the propagation of the cracks from the top layer to the base, referred to as top-down

cracking (TDC) [[85],[86]], as shown in Figure 2.8.
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Asphalt concrete

Asphalt concrete

(b)

Figure 2.8. (a) Bottom-up cracking and, (b) top-down cracking. Extracted from [87].

Extensive research has been conducted on identifying the exact mechanisms
responsible for the initiation and propagation of top-down cracking, including both
field and laboratory testing campaigns [[82],[85]] and numerical modelling using
continuum mechanics [85] and micromechanics [88]. These studies suggest that TDC
is induced by the shear and tensile stresses generated at the edge of the tyres, but
there is a lack of consensus as to which is the dominant mechanism inducing damage

and the mechanism responsible for the damage propagation [[85],[88],[89]].

Although TDC is mainly attributed to fatigue failure, due to the gradual deterioration
of the material’s properties resulting from cyclic traffic loads that induce stresses
below asphalt's strength thresholds [[86],[90]], other factors can contribute to the
initiation and propagation of TDC as well. Notable among these are the properties of
the asphalt mixtures, such as a high air void content or a weak mastic; construction
issues including poor compaction of the mixture, segregation and stiffness gradients

within the asphalt courses caused by binder hardening and thermal stresses

[[86].[88]].
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Longitudinal cracks

This type of asphalt cracking is located parallel to the pavement midline and is
generally classified as wheel path or non-wheel path longitudinal cracking
[[35],[79]]. Unlike crocodile cracking, longitudinal cracking is often not load-related
and has its origins in either a deficient construction of the pavement joints or is caused

by frost heaving [35].

Transverse cracks

This type of asphalt cracking is located perpendicular to the pavement midline and
presents a regular spacing between the cracks, which are narrow at an early stage and
then widen over time [36]. The causes and treatments of transverse cracking are
similar to those for longitudinal cracking. In addition, thermal stresses induced by

low temperatures can also lead to transverse cracking [35].

Map or Block cracking

Block cracking refers to a group of cracks that create square divisions in the
pavement, that can sometimes arise as a result of the crossing between transverse and
longitudinal cracks [[36],[79]]. Although traffic loading may affect the severity of
block cracking, it is not directly responsible for this distress, which is mainly
influenced by the cyclic stresses and strains induced by the daily gradient of

temperatures [35].

Reflective cracks

Reflective cracking is a prevalent distress on composite pavements in which an
asphalt overlay has been placed over jointed or cracked concrete, but also on
pavements with discontinuities that are being covered with an HMA overlay, so that

any cracks and joints are reflected in the surface course [35], as shown in Figure 2.9.
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Figure 2.9. Reflective cracking mechanism. Extracted from [91].

Edge cracks

The usual pattern for recognising edge cracking consists of half-moon cracks located
at or near the pavement edge of roads without paved shoulders, particularly in curved
sections [[35],[84]]. Causes of edge cracking are weak materials or an excess of water

in the unpaved shoulders [[36],[79],[84]].

Slippage cracks

Slippage cracking is identified as semicircle cracks with the ends pointing towards
the approaching vehicles in the pavement. They emerge from horizontal forces
caused by traffic on pavements with a poor binding between the wearing course and

the layers underneath [36].
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2.3.2.2 Surface Defects

Asphalt Fretting and Ravelling

Fretting and ravelling are two asphalt defects that imply a progressive deterioration
of the asphalt surface, requiring maintenance and potentially reducing the
pavement’s service life [[8],[78]]. Fretting is characterised by the loss of fine material
from the wearing course at an early stage, whereas ravelling, which has a high
occurrence on thin overlays and high-textured materials, involves a more substantial
loss of coarse aggregates [[2],[9],[36]], having as a result a rough surface that is prone

to develop potholes [[79],[84]].

—>

Figure 2.10. Shear stresses generated by the vehicles on the pavement surface. Extracted
from [92].
The loss of aggregates is caused by the shear stresses generated by the tyres of
vehicles during driving manoeuvres (e.g. braking or accelerating) on asphalt surfaces
with a weak bond between the aggregates [92], as represented in Figure 2.10,
prompted either by cohesive failure of the binder or adhesive failure in the bitumen-

aggregate interface [[93],[94]], as shown in Figure 2.11.

(a) (b)

Figure 2.11. Modes of failure in asphalt ravelling: (a) Cohesive damage and, (b) adhesive
damage. Extracted from [94].
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Diverse factors promote this lack of bonding, including a poor binder content in the
mixture and a low compaction grade of the asphalt. However, asphalt ravelling is
usually associated with wet weather due to the moisture that affects the bitumen’s
cohesive strength and adhesive bond in the interface region [95]. Also, traffic loading
can induce tensile stresses in the pores saturated with water [96], as seen in Figure

2.12.

Figure 2.12. Increase of the tensile stress in the asphalt mixture due to the presence of
water. Extracted from [96].

The risk of ravelling increases at low temperatures and during short loading periods
[95], when the binder has a high stiffness modulus. It is possible that the lack of bond
between the aggregates and the binder is caused by the presence of dust in the
aggregates, thick enough for the binder to adhere to it instead of the aggregate [32].
There are also some other factors that can induce fretting and ravelling, summarised
in Table 2.1, including the chemistry of the surface aggregates and the binder, the
rheological characteristics of the binder or the morphological characteristics of the

aggregates [[10],[11],[96]].

Lastly, the physical-chemical interaction between the aggregate and the binder can
be strengthened by using biobased and chemical additives that promote wetting,
improve adhesion, and reduce water susceptibility. They are also known as adhesion
agents or anti-strip additives, and among the most used are fatty amines and hydrated

lime [[191,[97]].
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Table 2.1. Factors that can initiate and/or accelerate ravelling, based on [96].

Category Factor

Permeability
Presence of water
Surface macrotexture

) Aggregate-binder affinity
Materials .
Aggregate cleanliness

Air voids
Binder content
Mix design Binder grade
Binder type
Aggregate grading and filler content

Compaction

Segregation

Construction quality Layer thickness
Asphalt temperature
Wet weather

Joints

Bitumen ageing
Weather
Substrate
Traffic loading

In situ conditions

Bleeding

Bleeding is caused by an excess of bituminous binder that, either because of
excessive temperatures or due to an incorrect binder dosing, flows to the pavement
surface creating patches that are usually located in the wheel paths. In the beginning,
it can be manifested as a change of colour in the asphalt, and with time it turns into a

loss of texture in the surface due to excess of mastic [[98],[99]].

Polished Aggregates

If the binder of the asphalt surface is eroded due to traffic loading, the aggregate is
revealed, and it can lead to a loss of skidding resistance. The rate of polishing of the
aggregates varies, and it is expressed as the Polished Stone Value (PSV), which is an
index that compares the resistance to the polishing of an aggregate to a standard

[[32].[36],[79]].
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2.3.2.3 Surface Deformations

Rutting

Rutting is a permanent deformation located in the wheel path and arises from periodic
traffic loads that generate cumulative plastic deformations. This asphalt distress is
characterised by a longitudinal surface bowl, and it might have associated transverse
displacements as well. Asphalt rutting can be broadly categorised into

[[100],[1017,[102],[103]]:

e Instability rutting, which is the most typical form of rutting, and involves
different deformation modes: At an early development stage, the material
densification that characterises the cumulative longitudinal deformation; and
at an advanced stage, the transversal displacement controlled by shear-related
deformations. Instability rutting is associated with the material performance,
and more specifically to an incorrect design of an asphalt mixture subjected
to heavy traffic and/or high temperatures. Hence, polymer-modified
bituminous binders are frequently used to design rut-resistant asphalt

mixtures, due to their higher softening point.

e Structural rutting when the deformation of the subgrade is reflected to the
asphalt pavement. The structural capacity of the subgrade may be affected by
an insufficient thickness to bear traffic loads, or by the presence of water,

among other factors.

The most suitable measurement of the rutting profile is mean rut rate, however, this

measurement does not provide enough information to determine the type of rutting

[104].

Shoving

Shoving consists of longitudinal or transversal displacements in a reduced section of
the pavement, usually located in areas of vehicle manoeuvring subjected to shear
stresses, such as curves, hills, or intersections. The causes for shoving are similar to

those of instability rutting [[78],[79]].
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2.3.2.4 Potholes and Patching

Asphalt potholes are localised bowl-shaped distresses in the pavement surface,
frequently generated as a result of the expansion of surface cracks that break the
pavement in conjunction with the presence of water, which accelerates the pavement
degradation and hence the severity of the pothole [105]. Patching is one of the most
common maintenance treatments for potholes and some types of surface cracking,
using hot mix asphalt or cold mixtures. The material and technique selection for

patching is key to ensure the effectiveness of the repair [106].

2.3.2.5 Evaluation of the Surface Texture

Skid Resistance

Skid resistance is a measurement of the way the surface of the pavement can
contribute to the friction developed between the road and the tyres of a vehicle when
a driver performs manoeuvres such as spinning or accelerating and decelerating
[[107],[108]]. The mechanisms that generate this friction, which are adhesion and
hysteresis, depend to a great extent on the pavement microtexture in dry conditions,
and the pavement macrotexture in wet conditions, see Figure 2.13 [[109],[110]]. In a
road section, this parameter does not have a constant value due to the degradation

caused by the traffic, but also due to the seasonal fluctuations [[111],[112]].
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Pavement Surface

Profile Characteristics Wavelength
Roughness (unevenness) 0.5 mm < wavelength < 50 mm
Megatexture 50 mm < wavelength < 500 mm

Macrotexture

Microtexture \ Wavelength < 0.5 mm

/A

Figure 2.13. Pavement texture and wavelength. Extracted from [113].

Roughness

In order to provide skid resistance, it is essential to have a surface with texture, but it
can also affect users' comfort and cause premature ageing of the pavement and tyres,
as well as accelerating fatigue damage on the roads as a result of increased dynamic
traffic loads [114]. Roughness is the characterization of the surface irregularity, see
Figure 2.13, also defined as the vertical deviations of the pavement surface from an

ideal reference plane [115].

The World Bank sponsored several research programs in the late 1970's to establish
a common quantitative basis for comparing roughness measurements, which led to
the development of the International Roughness Index (IRI) [116]. It consists of a
roughness scale based on the response of a common vehicle to road surface roughness
[117]. To calculate it, the profile of the road must be processed through software that
simulates how the suspension of a common vehicle would react to roughness details

[118].
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2.4 Asphalt Self-Healing
2.4.1 Self-Healing Mechanism

2.4.1.1 Asphalt Ageing and Self-Healing Properties

Asphalt ageing is a complex phenomenon that involves a change in the rheological
properties of the material caused by a modification in the chemical composition of
the binder. There are different forms of ageing, among which hardening,
volatilization and oxidation can be highlighted, and it can occur either while the
asphalt mixture is produced, due to excessively high temperatures, or during its

service life, caused by diverse environmental effects [119].

Due to ageing, the stiffness modulus of the binder increases, and the bitumen
becomes more brittle, resulting in an asphalt with less relaxation capacity. This
ageing process can be affected by extrinsic agents such as UV radiations [120],
traffic, or weather conditions [121], but also by intrinsic factors such as the bitumen
type and air void content [119]. As a result, asphalt ageing leads to the development

of microcracks that will grow, and ultimately cause the failure of the pavement [122].
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Figure 2.14. CT scans of the self-healing process of a beam made of SMA. Extracted from
[123].
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However, asphalt concrete is also known for its healing capacity [124], which is
described as the ability of the bitumen-bound materials to recover part of the initial
strength and stiffness [125], thereby decelerating the microcrack damage [126], as
shown in Figure 2.14. This phenomenon is vastly influenced by high temperatures
and the resting time between applied loads [125], albeit other agents must be
considered as well: External factors such as traffic loading and the damage level, and
internal factors including the surface energy of the material and the interdiffusion

capacity of its molecules [123].

While these variables are difficult to control and asphalt's self-healing effect on
retarding damage is limited, research has been conducted to investigate treatments
that can trigger this self-healing capacity, including induction heating, nanoparticles,

and embedded rejuvenators [126].
2.4.1.2 Functioning Principle of the Encapsulated Rejuvenators

The binder components can be broadly catalogued into two chemical groups:
asphaltenes and maltenes. Asphaltenes are an insoluble component with a high
polarity that constitutes the solid part, while maltenes are a soluble group constituted
by saturates, aromatics and resins [[127],[ 128]]. Throughout the ageing process, and
more specifically oxidative ageing, the fractions of saturates, aromatics, resins and
asphaltenes (SARA) are altered and the ratio of asphaltenes to maltenes increases
[95], as seen in Figure 2.15, inducing an increase in the binder viscosity as well,

which results in a harder and more brittle material [129].

Thus, asphalt rejuvenators were developed as a product that aimed to restore the
original ratio of asphaltenes and maltenes in the mixture, reconstituting the chemical
composition of the asphalt by using highly aromatic oils that contain an elevated
proportion of maltene components [130]. However, the main drawback of this type
of treatment, which is applied to the asphalt surface at an early stage, is that it must
penetrate the asphalt layers for the rejuvenators to be effective, which is almost never
completely achieved [131]. Hence, the application of rejuvenators on the pavement

surface can lead to a loss of skid resistance. Moreover, for the rejuvenators to be
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effective, some resting time is needed after the application, leading to traffic

disruptions due to road closures [26].
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Figure 2.15. Changes in the SARA fractions over time due to oxidative ageing. Extracted
from [95].
Another approach for enhancing asphalt’s self-healing characteristics is by using
encapsulated rejuvenators. The capsules containing the rejuvenator agents are added
to the asphalt during the mixing process, therefore they must resist the stresses and
high temperatures induced by the mixing and compaction processes. Then, the
encapsulated rejuvenator is progressively released in response to external stimuli,
enhancing the bitumen flow to delay or mitigate asphalt cracking [26]. This
mechanism is shown in Figure 2.16, and requires a mechanical loading to activate
the capsules, chemical interactions to restore the binder’s composition and binder
flow in a porous medium to seal the cracks with the restored binder. The crack healing

process can be explained by a three-stage model that includes: (i) Closure of
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macrocracks by cause of the consolidation stresses and flow, (ii) closure of
microcracks and cohesion enhancement through wetting and, (iii) restoration of

mechanical properties due to diffusion [27].

crack bitumen/mastic
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I: Crack open II: Compressive forces III: Bitumen drains to
upon mixture & oil the crack
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Figure 2.16. Representation of asphalt crack healing using encapsulated rejuvenators.
Extracted from [26].

2.4.2 Manufacturing of Encapsulated Rejuvenators

2.4.2.1 Asphalt Rejuvenators Used

The application of asphalt rejuvenators, whether through spraying or encapsulation
methods, has received significant attention within the research community due to
their potential for extending the lifespan of the pavements [24]. Diverse types of
rejuvenators have been evaluated over time and one of the key findings from these
studies is that, although there is still some lack of knowledge as to the exact
rejuvenation mechanism, the effectiveness of the rejuvenator appears to be mainly
determined by its type and origin [132]. Table 2.2 provides a summary of some of
the most researched rejuvenators, classified by their origin into vegetable oils,
petroleum-based rejuvenators, by-products from the industry, waste oils and bio-oils

derived from agricultural and animal waste.
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Table 2.2. Asphalt rejuvenators classification and examples, based on [24] and [132].

Category Rejuvenator
Soybean oil
Corn oil

Vegetable oils or Rapeseed oil

organic rejuvenators Sunflower oil

Pongamia oil

Castor oil

Aromatic extract

Petroleum-based rejuvenators Paraffinic oil
obtained from crude oil distillation Naphthenic oil
Fuel oil
Tall oil
By-products from industry Coke oven gas condensate
Cotton seed oil
Waste Engine Oil (WEO)
Waste oils Recycled Engine Oil bottoms
Waste Cooking Oil (WCO)
Bio-oil from wood waste
Bio-oils derived from agricultural Bio-oil from sawdust

products and wastes, or animal wastes  Bio-oil from swine manure

Bio-oil from algae

It has been reported that vegetable oils and waste cooking oils outperformed
petroleum-based and waste engine oils when studying their effect on the rheological
properties of the binder [[28],[133],[134]]. Organic rejuvenators are not only rich in
fatty acids but also, require a lower dosage, have enhanced temperature resistance

and, waste vegetable oils may offer greater environmental sustainability.

If the rejuvenator is encapsulated, one of the main challenges to overcome is
achieving a stable emulsion that ensures an efficient encapsulation [135]. To date,
several types of rejuvenators have been successfully encapsulated, which include
virgin cooking oils [[30],[136]], bio-oils [137] and waste oils [[138],[139]].
Moreover, virgin sunflower oil yielded the best performance among the encapsulated
rejuvenators, not only meeting the stability criteria for ensuring an effective
encapsulation but also showing the greatest thermal stability when subjected to

asphalt’s manufacturing temperatures [140]. Furthermore, although the
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abovementioned rejuvenators proved to help restore the chemical composition of

aged binder, sunflower oil showed the greatest rejuvenation effect [135].
2.4.2.2 Materials and Methods for the Encapsulation Process

Encapsulation is a process that has been used in many different industries, such as
the food industry or pharmaceuticals, to coat or entrap one material within another
material or system [141]. The most common encapsulation methods can be broadly

categorised into the following [142]:

e Physical methods, in which mechanical actions or physical processes are
used to encapsulate. Pan coating and spray drying are among the most popular
physical encapsulation methods, and extrusion-based techniques are worth

mentioning as well

e Chemical methods rely on chemical interactions that lead to the

polymerisation (interfacial or in situ) of the encapsulating material

e Physico-chemical methods combine the use of physical methods with pre-
formed polymers and include techniques such as ionic gelation and

coacervation

Before reviewing the techniques used for the encapsulation of rejuvenators to
enhance asphalt’s self-healing properties, it is important to consider the classification
of the encapsulated rejuvenators based on their size (microcapsules with an average
diameter of less than 100 um or capsules over 100 um diameter [31]), and
morphology (core-shell, multi-cavity or fibre-shaped encapsulated rejuvenators
[29]). Figure 2.17 includes a schematic representation of the aforementioned

morphologies and sub-categories of encapsulated rejuvenators.
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Figure 2.17. Morphologies evaluated for encapsulated asphalt rejuvenators. Extracted

from [29].

Numerous efforts have been undertaken to successfully encapsulate asphalt

rejuvenators that do not only withstand the temperatures and forces involved in the

mixing process but also ensure a progressive and controlled release of the rejuvenator

agent. The first generation of encapsulated asphalt rejuvenators were Saturated

Porous Aggregates (SPAs), as shown in Figure 2.18(a) using a physical-chemical

method reliant on vacuum saturating the porous medium [26]. Based on the

classification from Figure 2.17(B2), the encapsulator provides a solid multi-cavity

structure made of calcium-silicate aggregates, which is covered by a shell made of

an epoxy—bound cement. This type of encapsulated rejuvenator was manufactured in

a range of 1 to 7 mm diameter approximately [[143],[144],[145]].
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Figure 2.18. Different morphologies of encapsulated rejuvenators: (a) Saturated
aggregates [143], (b) double-shell core microcapsules [146], (c) polymeric spheres [147]
and, (d) compartmented fibres[148].
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The succeeding set of encapsulated rejuvenators was manufactured with a core-shell
morphology, either single or double shell, see Figure 2.17(A1 & A2). However, this
technique yielded microcapsules with an average diameter ranging between 5 and 55
um, primarily tested in bituminous binders rather than asphalt mixtures [29]. Single-
shell microcapsules were synthesised by in-situ polymerisation, using a Melamine-
Urea-Formaldehyde (MUF) copolymer for the shell [[146],[149]]. In contrast,
double-shell microcapsules were produced by a combination of in-situ
polymerisation (chemical) and two-step coacervation (physico-chemical), using a
Melamine—Formaldehyde modified by Methanol (MMF) commercial prepolymer
[[150],[151],[152]].

There were several attempts to use fibre-shaped encapsulated rejuvenators as well,
see Figure 2.18(d), as porous aggregates were reported to affect asphalt’s stability,
and the chemical substances used for the microencapsulation, when used in large
quantities, might present an environmental hazard [148]. Besides, the use of fibres
instead of capsules offers several advantages, facilitating the release of the
rejuvenator in cracked areas due to the vascular network they create. The main
drawback, however, is the difficulty of properly distributing the fibres during asphalt

manufacturing [153]

Compartmented fibres, see Figure 2.17(C2), were manufactured either by wet-
spinning (physico-chemical) [154], or using a microfluid device in combination with
ionic gelation (physico-chemical) [155], yielding compartmented fibres with average
diameters ranging between 170 and 500 pum [29]. Hollow fibres containing
rejuvenators were manufactured as well, using the same techniques as for

compartmented fibres, within the same size range [156].

However, among the manufacturing techniques, the external gelation of sodium
alginate in the presence of calcium emerged as the most prevalent, see Figure 2.19(c).
Moreover, the polymeric encapsulated rejuvenators manufactured with this physico-
chemical method, see Figure 2.17(B1), remain the subject of ongoing research for

enhancing asphalt self-healing capabilities [29].
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This technique requires preparing a stable emulsion of water, sodium alginate
(CeH706Na), and the selected rejuvenator, which in much of the research conducted
is sunflower oil, as mentioned in Section 2.4.2.1. Then, this emulsion is dripped
through dropping funnels or pressure pumps into a solution of water and calcium
chloride (CaCl,), as shown in Figure 2.19, which makes the droplets of emulsion
react due to the diffusion of calcium ions in the emulsion, boosting the cross-linking
of the sodium alginate. Lastly, the capsules are decanted, washed, and dried [135].
The use of an epoxy-bounded cement shell for this type of capsule was evaluated in
the early stages of research and later discarded, as the capsules demonstrated the

ability to withstand asphalt mixing and compaction effectively [157].

(a) Encapsulationmethods of rejuvenators (b) Extrusion by drippingtechnique
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Figure 2.19. Manufacturing of encapsulated rejuvenators by external gelation of sodium
alginate in the presence of calcium using a dripping technique. Extracted from [140)].

Sodium alginate has been extensively used for the encapsulation of asphalt
rejuvenators due to its non-toxic, biodegradable, and stable properties, as well as its
low environmental impact [140]. In addition, the polymeric matrix provides more
structural strength when compared to core-shell capsules, which is convenient for
resisting asphalt manufacturing but also for ensuring a progressive release of the
rejuvenator, promoting long-term healing [158]. Calcium-alginate capsules

containing sunflower oil as the rejuvenator agent have been manufactured in a range
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of 1.3 to 7 mm [29]. This type of encapsulated rejuvenator was fine-tuned in
laboratory-based studies, evaluating the optimum capsule size and compressive force
to maximise asphalt self-healing [30]. Based on these studies, encapsulated
rejuvenators should resist an average compressive force of about 10 N [159] and have

an approximate size of 1.4 mm for optimal self-healing of Stone Mastic Asphalt.
2.4.3 Characterization of Encapsulated Rejuvenators

Capsules must be characterised after manufacturing to assess their properties and
verify their suitability for the intended purposes. Gray classified in [160] the methods
for characterising the capsules according to their physico-chemical, structural, and
mechanical characteristics. This review will be limited to the assessment of calcium
alginate capsules containing sunflower oil for asphalt self-healing purposes, using
the classification provided in Table 2.3 as a framework. It will not, however, be

exclusive to this classification.

Table 2.3. Classification of the methodologies used to characterise capsules, based on

[160].

Physicochemical properties

Size and Surface roughness Chemical Surface charge
distribution and morphology composition and zeta potential
Dynamic Light Atomic Force Attenuated Total Streaming
Scattering (DLS) Microscopy (AMF) Reflectance Fourier-  potential technique
Laser diffraction Transform Infrared Electrophoresis
Scanning Electron (ATR-FTIR)

Microscopy (SEM) spectroscopy

Structural properties

Release of core

Shell thickness Pore size Crystallinity .
material

Scanning Electron %ggguizr hy (CT) X-Ray Diffraction Application of

Microscopy (SEM) scan grapiy (XRD) loads

Transmission Differential scanning

Electron calorimetry (DSC)

Microscopy (TEM) Yy

Focused Ion Beam Thermo-gravimetrical

(FIB) analysis (TGA)

Mechanical properties

Compression testing using a cylindrical

Anatomic Force Microscopy (AFM) probe
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2.4.3.1 Particle Size

In the majority of the research studies, the particle size was determined from
individual measurements using an optical microscope, measuring the average
diameter from a sample set, or by processing photographs taken from the microscope
to analyse the particle size and shape descriptors [[135],[140],[144],[157],[161]].
Polarised light microscopes were used as well embedding the capsules in an epoxy
resin and polishing the sample for optimal results [162]. Lastly, electronic callipers
were also used to determine the dimensions of the capsules in the three axes but, due
to their reduced size, the measurements might lack accuracy with this method [30].
The average size of the studied capsules ranged from 7 (mm) to 1.3 mm [138],

however, their size was later optimised based on the studied asphalt mixtures.
2.4.3.2 Particle Density

The volume and density of the capsules were evaluated using a Gas Pycnometer [25].
In several studies, these measurements were taken at different temperatures to
simulate the gradient of temperatures to which the capsules are exposed during
asphalt manufacturing. It was found that the capsule density had a slight decrease
when capsules were exposed to 140 °C and 160 °C [[163],[164]], simulating asphalt

manufacturing temperature conditions.
2.4.3.3 Inner Structure

Scanning Electron Microscopy (SEM) was employed as well by researchers to
evaluate the inner morphology of the capsules, as this technique can reveal the
multiple cavities generated by the ionic gelation of sodium alginate, as illustrated in
Figure 2.18(c). The assessment focused on the inner morphology and pore size, but
also SEM images from the outer structure were extracted [30]. The capsules were
either: (i) embedded in an epoxy resin and then polished to expose their inner
structure [157] or, (ii) directly cut and coated with gold powder to enhance electrical
conductivity [158]. SEM images have been widely used in diverse studies, including

[[25],[135],[147],[159],[161],[165],]. Another imaging technique used in prior
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research to evaluate the multi-cavity structure of the capsules is through X-ray

Computer Tomography (CT) scans [[30],[159],[162]].
2.4.3.4 Distribution within the Asphalt

The full potential of CT scans was unlocked in [[143],[147],[157],[164]], to evaluate
the distribution and integrity of the capsules in asphalt samples. After the CT-scan
acquisition, 2D images of the cross-sectional area were reconstructed and stacked to
create a 3D visualization. Then, the capsules were isolated to be studied separately

through material segmentation [163], as shown in Figure 2.20.

5 mm

BN O

<— Closed capsule

Released oil

L SN
N Broken

capsule

10 mm

e

Figure 2.20. Reconstruction from CT scans of a sample containing capsules: (a) cross-
sectional area of the samples, (b) detailed 3D visualisation of the capsules and, (c¢) 3D
reconstruction of the sample. Extracted from [163].

2.4.3.5 Mechanical Properties

The mechanical strength of the capsules was determined by uniaxial compression
testing until failure using a Universal Testing Machine (UTM) with parallel plates
[[157],[165]], although in some studies specific equipment adapted to the micro-scale
was used, such as a Micro Tensile Strength Testing Machine (TSTM) [[162],[163]].
This test was conducted to characterise the mechanical properties of the capsules and

evaluate whether they would break during asphalt mixing and compaction, based on
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the approximate required strength defined by [144] to prevent the capsules from
breaking. Moreover, the compressive strength of the capsules was measured as well
to evaluate the effect of the capsule size, emulsion proportions and testing
temperature on the mechanical properties of the capsules. It was determined that at
higher temperatures, the stiffness of the capsules decreased [[25],[30],[135],[164]]
and the test results had a higher variability [25]. The strength of the capsules

increased with the diameter [30], and decreased with the oil-to-water ratio [25].
2.4.3.6 Chemical Composition

After the image reconstruction from the raw data obtained from CT-scanning
capsules, the volumes of calcium alginate and sunflower oil were estimated in [162],
based on the grey-level histograms. In [30], SEM was used in conjunction with
Dispersive X-ray Spectroscopy (EDS or EDX) to perform elemental mapping. The
distribution of sodium and chloride elements indicated the formation of sodium
chloride salts, which was then confirmed through Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES), reinforcing the theory that the ion

exchange during the capsule manufacturing stops after reaching an equilibrium.
2.4.3.7 Thermal Stability

Numerous studies evaluated the thermal stability of sodium-alginate capsules
through Thermogravimetric Analysis (TGA), including
[[31],[157],[158],[164],[165]] among others. These research studies concluded that
within the asphalt production range of temperatures (up to 200 °C), as shown in
Figure 2.21(a), the capsules experienced a minimal mass loss, of about 4% or lower,
depending on the formulation of the capsule. Moreover, this mass loss was attributed

to water evaporation and polymer degradation.

The thermal expansion of the capsules was evaluated as well in [[163],[164]] using
a Thermomechanical Analyser (TMA). Although the changes in volume were not
significant up to 170 °C (approximate asphalt manufacturing temperature), as

presented in Figure 2.21(b), the reduction in the density of the capsules observed in
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Section 2.4.3.2 in the range of 140 °C to 160 °C might be attributed to the increase of

volume.
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Figure 2.21. Evaluation of the thermal and volumetric stability of sodium alginate capsules
containing sunflower oil: (a) TGA results and, (b) TMA results. Extracted from [164].

2.4.4 Evaluation of Asphalt Containing Encapsuled Rejuvenators

Although there has been considerable research conducted on the evaluation of the
self-healing capacity of bituminous binders [[135],[140]] and asphalt mastic
[[25],[162]] containing encapsulated rejuvenators, this literature review will
exclusively focus on the evaluation of asphalt samples containing calcium alginate

capsules with encapsulated sunflower oil.

Previous studies characterised the physical and mechanical properties of asphalt
samples containing capsules and evaluated asphalt’s self-healing to determine the
optimal capsule dosage, size, and characteristics that maximised asphalt’s self-
healing capabilities without compromising its overall performance, as well as the
required resting time for the oil to diffuse and promote the binder flow. Some other
studies, such as [163], focused on evaluating asphalt’s manufacturing process to
determine the optimum procedure to add the capsules. It was concluded that the
capsules do not require any pre-heating and the author’s recommendation was to add
the capsules at the end of the mixing process. Later research [147] verified as well

through CT scans that the capsules can resist both mixing and compaction.
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2.4.4.1 Conventional Test Methods

In early research, cyclic uniaxial compression of unconfined samples was used to
compare the effect of different types of capsules and the resting time required for the
oil to act on dense asphalt mixtures [[157],[161]]. Samples were subjected to a certain
number of cycles, the test was stopped and then, after a resting time, cyclic loading
restarted until completing the testing. Results showed that samples required a
minimum resting time of 24 to 48 hours for the oil to diffuse and repair part of the
damage. Compared to samples without capsules, samples containing capsules
showed a higher increase in their stiffness after this resting period, but a reduced

deformation resistance.

The risk of rehydration of the capsules [166] and its potential impact on asphalt’s
performance was studied in [[167],[168]] with the Indirect Tensile Strength (ITS)
test on dry and wet samples. This testing campaign showed that moisture damage on
dense asphalt and SMA containing capsules did not influence ITS results. The
Indirect Tensile Strength was evaluated as well in [147], on samples containing
different percentages of capsules. It was observed that the increase in ITS on samples
containing 0.5% capsules might be related to the decrease in asphalt's air void
content. As to asphalt’s physical properties, changes in the air void content due to the
presence of capsules variated on different types of asphalt based on the capsule size

and dosage [[147],[163],[167],[168]].

Indirect Tensile testing was also employed to calculate the Indirect Tensile Stiffness
Modulus (ITSM) and the number of cycles until failure on AC 20 base 40/60 [167]
and SMA 14 surf 40/60 [168] samples containing 0.5% of capsules. In [167], the
stiffness modulus and number of cycles until failure were lower on asphalt with
capsules, which was attributed to the capsule size (2.9 mm) and the test conditions,
which made the capsules act as soft aggregates under high temperatures. Hence, the
authors recommended reducing their size and, in later research [168], the size of the
capsules was adjusted to the asphalt mixture, obtaining equivalent stiffness and

fatigue life in samples with and without capsules.
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Moreover, several studies included in their experimental program additional testing.
For instance, the release of oil from the capsules was evaluated using Fourier
Transform Infrared spectroscopy (FTIR) on samples of bitumen extracted at different
stages of asphalt manufacturing and testing [[135],[140],[147],[157],[168],]. The
Cantabro test was performed on dense asphalt mixtures, reporting a reduction in
particle loss on samples containing 0.1 to 0.5% of capsules [167], while in [147] the
addition of 0.5% of capsules had no impact on the particle loss and higher
percentages resulted in higher mass loss. In [[159],[168]], the dynamic pendulum test
was used to determine whether the use of capsules on SMA surface mixtures could
affect their skid resistance, and results showed the measurements were not affected

by the addition of capsules.
2.4.4.2 Test Methods Designed to Evaluate Crack Healing

In [167], a new test method was developed to quantify the effect of the capsules on
asphalt self-healing capabilities, using the three-point bending test (3-PB) to evaluate
the strength recovery of samples with induced damage. This new methodology,
which was replicated in later research studies, is divided into three steps, as presented

in Figure 2.22:

e Step A: Crack generation in asphalt samples, by means of 3-PB testing.
Sample preparation includes cutting a notch in the middle of the bottom face
and conditioning the specimen at -20 °C to facilitate the generation of a crack

at the midpoint.

e Step B: Capsule activation by simulating traffic conditions. After cracking,
both halves of the sample are confined in a mould and a compressive load is
applied to release the rejuvenator from the capsules. A plastic membrane
separates both halves during compression testing, to prevent any crack-

healing due to the confinement pressure.

e Step C: Asphalt crack healing. After the compressive load is applied, the
membrane is removed, and samples are stored for a certain resting period in
temperature-controlled rooms, to let the oil diffuse and make the bitumen

flow, boosting asphalt crack-healing. Then, step A is repeated.
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Figure 2.22. Schematic representation of the test method developed to evaluate asphalt
crack healing by 3PB testing. Extracted from [31].

Lastly, the Healing Level (HL) is calculated as the ratio between the maximum load
applied after the crack-healing process and the maximum load originally applied to
the sample. In [167], this method was used to evaluate the effect of the capsule
content and identify the optimum resting time that maximises asphalt crack healing.
This research concluded that, in dense asphalt mixtures, the maximum healing level
was reached within 72 hours of resting time. Also, the healing level increased with
the capsule content, although 0.5% of capsules was determined as the optimum
dosage for maximising asphalt self-healing without compromising the overall
performance of the mixture. Similar conclusions were reached in [147] and in [168],
that identified constant healing levels after 96 hours of resting time on dense asphalt,

and SMA, respectively.

This novel methodology was used as well in [31] to evaluate the effect of the healing
temperature on the capsule’s performance. The results were consistent with prior
research as to the healing time and the effect of the capsule content on the healing
level. Moreover, this research study found that for temperatures up to 30 °C, the
addition of capsules to the asphalt increased its healing level. However, samples

without capsules reached higher healing levels than those with capsules at 50 °C,
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which might be explained due to the changes in the bitumen viscosity and flow

characteristics induced by the higher healing temperature.

Based on this testing method, in [159] another methodology was proposed to
determine the healing index of SMA samples containing capsules by reflective
cracking fatigue testing. The test setup to simulate reflective cracking is summarised
in Figure 2.23, and consists of a wheel tracker that applies a cyclic load on an asphalt
sample supported by a concrete plate with a gap in the middle, that is resting on the

top of a neoprene layer. This novel methodology includes the following steps:

e Step A: Determination of the median number of cycles resisted by samples

with and without capsules until failure.

e Step B: Reflective cracking generation, by applying a percentage of the total

median number of cycles resisted by the samples.

e Step C: Asphalt crack healing, stopping the test for 24 hours at 20 °C to let
the oil diffuse and make the bitumen flow, boosting asphalt crack healing.
Then, samples are subjected again to cyclic testing until failure under the test

conditions of Step A.

Lastly, the Healing Level (HL) of the sample is calculated as the total number of
cycles applied on the sample minus the median number of cycles resisted, divided by

the median number of cycles resisted.

In [159], this test method was used to compare the HL of different types of capsules
and determine the optimum timing for the application of the resting period. The
authors concluded that asphalt crack healing on samples with capsules is maximised
when the resting period is implemented after subjecting the sample to 30% of the
median number of cycles until failure. Besides, the Healing Level increased on
asphalt containing capsules, directly proportional to the amount of oil released.
Moreover, the capsules that optimised asphalt self-healing on SMA mixtures, without
compromising its overall performance, had an average diameter of 1.4 mm and a

compressive strength of 11.3 N.
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Figure 2.23. Test method developed to evaluate asphalt crack healing by reflective
cracking fatigue testing: (a) Schematic representation and (b) testing equipment. Extracted

from [159].
2.4.5 Numerical Models

Literature on the use of numerical models to evaluate encapsulated rejuvenators or
asphalt containing encapsulated rejuvenators is limited. In [169], a Discrete Multi-
Physics model (DMF) was proposed to simulate the performance of encapsulated
rejuvenators under uniaxial compression testing. This model was validated with
experimental data and could accurately reproduce the capsule breakage of core-shell
capsules, see Figure 2.17(Al), and the release of the rejuvenator. This assessment
was completed with a parametric study, to evaluate the effect of the material

properties on the mechanical performance of the capsules.

However, DMF is a relatively new modelling and simulation tool and, in pavement
engineering, micromechanical two-dimensional (2D) or three-dimensional (3D)
Finite Element Modelling (FEM) is the prevalent choice. Most asphalt geometries
for FEM are generated by processing CT scans of laboratory samples, using digital
catalogues of aggregates, or directly discretizing both the aggregates and air voids as
spheres. Then, asphalt mastic or bitumen is modelled as a viscoelastic material, while
aggregates are assigned elastic properties or evaluated as rigid body particles for
computational simplicity. Lastly, the accuracy of these models and the hypothesis

considered are validated by comparing numerical and experimental results.
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FEM has been used for evaluating preventive maintenance treatments in Porous
Asphalt mixtures [170], assessing the impact of the aggregate embedding on chip
seal treatments [171], predicting the viscoelastic properties [172] and mechanical
performance [173] of asphalt mixtures, studying the micro damage initiation on
asphalt mixture due to thermal stresses [174], and analysing the effect of the
aggregate morphology on the compressive behaviour of SMA asphalt [175], among

other examples.

In fact, FEM has been used as well for the evaluation of asphalt containing capsules.
In [48], the capsules were modelled as viscoelastic particles in a 2D micromechanical
model, using MATLAB for a more realistic discretization of the asphalt mixture.
Then, a parametric study was conducted to evaluate the impact of the capsule size
and dosing on the capsule activation and asphalt’s viscoelastic properties under
loading conditions. In [176], cylindrical asphalt samples containing capsules were
evaluated using a 3D FE model, in which asphalt was modelled as a homogeneous
material and the capsules, which were discretized as spheres randomly located within
the cylindrical sample, were assigned elastic properties. This study evaluated the
correlation between the capsule content and asphalt’s response to creep tests. Lastly,
in [177], a 3D micromechanical FE model was used to simulate different loading
cases on a specimen of SMA containing capsules, to evaluate the stress field in the

capsules.

2.5 Lattice Metamaterials

2.5.1 Metamaterials

Metamaterials, which are characterised by their microstructural geometry rather than
the material composition, can acquire qualities that are normally not present in nature
[178], providing a smart and adaptive alternative to conventional materials [179].
There are different types that are worth mentioning, such as acoustic, thermal and
mechanical metamaterials. The latter is a type of architected structure designed to
enhance the mechanical response, and the existing studies in this field can be

categorised into [178]:
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e Material design at the physical level: Investigating functioning materials

and their mechanisms.

e Structural design at the local level: Designing periodic patterns that are
going to comprise the microstructure, using digital tools such as topological

design or biometric optimization.

e Structural design at the global level: Manufacture mechanical

metamaterials by fabricating and assembling the designed microstructures

e Inverse design and application at the industrial level: To implement the
use of metamaterials at an industrial level, not only affordable and efficient
manufacturing must be achieved, but also inverse design to attain the required

properties.

Mechanical metamaterials have promising applications in civil engineering, such as
improving structural and material performance [[180],[181],[182]], protecting
infrastructures  from impact [[183],[184],[185]] and seismic damage
[[186],[187],[188],[189]], or reducing noise and vibration pollution [190], as

summarised in Figure 2.24.

Seismic protection Impact protection

Structural elements that
hinder buckling
Dumping devices and
mitigation barriers

Energy-absorbing road
guardrails and pier protections
against car/ship crashes

Improved structural
performance

Reduction of noise and
vibration pollution
Phononic bandgaps for Cement-polymer composites

highways and railways Corrosion-resistant grids to
reinforce slabs or decks

Figure 2.24. Potential applications of metamaterials in civil engineering.
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2.5.2 Lattice Metamaterials

2.5.2.1 Lattice Structures

The distinctive properties of porous structures were initially studied by Gibson &
Ashby, who referred to them as “cellular solids™ after using the term "cell" to describe
their structure, composed of interconnected beams or surface elements that conform
the edges and faces of the unit cells [191]. Among other outstanding properties, these
lightweight structures can withstand significant deformations at an almost constant
stress under compression loading, exhibiting an excellent energy-absorption
performance; their porous structure made of multiple unit cells makes them suitable
for acoustic and thermal insulation; and their vast surface area and pore connectivity
can be used in multiple fluid and biomedical applications [[191],[192],[193]].
Although several classifications have been proposed over time, they can be broadly

categorised into:

e Foams. They have a random cell formation and distribution, and they are
frequently classified into open-cell foams and closed-cell foams. They can be
easily identified in natural materials such as cork or bones, but also polymers

can be foamed [191].

e Honeycomb panels or 2D lattice structures. They can be described as
prismatic cellular structures formed by the extrusion of a 2D arrangement, in
which the shape and size of the unit cells are regular. Some studied shapes
for the unit cells include triangular, square, or hexagonal prisms, and
tetrahedrons. There is a current interest in re-entrant auxetic honeycombs and

chiral honeycombs that exhibit a negative Poisson ratio [[194],[195],[196]].

e 3D lattice structures. They are generated by the array of unit cells with edges
and faces that can be uniform or non-uniform in shape, size and distribution

[[193],[197]]

Honeycomb and foams, which can be commonly found in nature, (e.g. cork or
trabecular bone) were among the first cellular materials to be studied, and then, in

light of the recent advances in Additive Manufacturing (AM), the focus changed

51



Literature Review Laura Traseira Pifieiro

towards architecting lattice structures with more complex geometries [[198],[199]].
Hence, lattice structures are commonly employed in the design of mechanical
metamaterials [200] to obtain enhanced mechanical properties that are optimised
through their microstructure (type, size and arrangements of unit cells), providing
high deformation resistance, or enhancing the energy absorption and damping
properties [201]. Moreover, numerical modelling can be used to optimize the internal
structure of the lattices to attain the required mechanical properties, becoming an

effective alternative to conventional experimental optimizations [[178],[197],[198]].
2.5.2.2 Classification of Lattice Structures

There have been numerous attempts to classify lattice structures according to the
characteristics of their microstructure, including the geometry of the unit cell and the
assembly approach. In [192], Bhate attempted to synthesize and unify various criteria
and nomenclatures, establishing three levels for categorising lattice structures based

on the decisions taken during the design stage, as summarised in Figure 2.25.

e Tessellation, which is the division of space into independent, volumes of a
certain shape. During the design stage, a tessellation pattern must be selected.
They can be broadly categorised into periodic tessellations, in which both the
elements and their connectivity are prescribed; stochastic tessellations that
emerge from a function, such as the Voronoi tessellation; and hierarchical

tessellations, that are commonly found in nature.

e Elements. The type of elements inside the spaces defined by the tessellation
pattern must be specified, which can be beam-based or surface-based. In
beam-based lattices, the cross-section of the beam is defined, while its length
depends on the tessellation pattern and connectivity. Flat surface elements
can be used as well, but curved surface elements such as Triply Periodic

Minimal Surfaces (TPMS) have been more extensively studied.

e Connectivity. Tessellated spaces must also be connected through the edges,

faces or vertices of the elements during the design stage.
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Figure 2.25. Lattice classification made by Bhate et al. Extracted from [192]

2.5.3 Lattice Manufacturing

Additive Manufacturing (AM) or 3D printing refers to a group of manufacturing
techniques that create three-dimensional objects by a progressive layering of a
specific material, which could be a polymer, concrete, metal, or composite. An AM
process includes Computer Aided Design (CAD) tools to generate 3D models, slicing
software to transform the designed structure into a layered model, and an additive

manufacturing machine to convert the model into a real structure [202].

As to the manufacturing methods, according to the American Society for Testing and
Materials (ASTM), they can be classified as material extrusion techniques, powder
bed fusion techniques, vat photopolymerization methods, material jetting techniques,
binder jetting techniques, sheet lamination techniques and direct energy deposition
techniques [203]. Some of the additive manufacturing methods that are worthwhile

mentioning include:

e Fused Deposition Modelling (FDM). It is a material extrusion technique that
uses a polymer as the raw material (thermoplastic filament), often heated

before being extruded through the nozzle of the 3D printer. Polylactic acid
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(PLA) is the most used thermoplastic, and typically the only type supported
by small or affordable 3D printers [202].

e Stereolithography (SLA). It is a Vat Photopolymerization technology, in
which layers of a liquid precursor are successively subjected to UV light and

therefore deliberately solidified [[204],[205]].

e Direct Metal Laser Sintering (DMLS). It is a Powder Bed Fusion (PBF)
technique, that uses a high-power laser beam to melt and fuse areas of

powdered metal. There are currently just two powders being commercialised

[206].

e Selective Laser Sintering (SLS). It is a PBF technique with the same
principle as DMLS but designed to work with a variety of metallic and non-
metallic materials, such as amorphous polymers (e.g., polycarbonate), semi-
crystalline polymers (e.g., polyamide PA), reinforced and filled polymers
(e.g., PA coated copper powder), metals, hard metals, ceramics and foundry

sand [207].

e Electron Beam Melting (EBM). It is a PBF technique that, unlike laser-
based technologies (DMLS and SLS), melts metallic powders using an
electron beam, resulting in reduced residual stresses but also a lower surface
finishing quality. Even though several types of metallic powders can be used,

the current research is focused on titanium and titanium alloys [208].

e  Multi Jet Fusion (MJF). It is, along with SLS, one of the most industrialised
PBF technologies. However, instead of high-power laser beams, MJF uses
infrared heating to fuse the powered thermoplastic material. The areas to be
fused are marked with a fusing agent that is jetted, while the contours are

jetted with a detailing agent for enhanced accuracy and surface finish [209].

2.5.4 Lattice Characterization

Multiple analyses can be conducted on the compressive stress-strain curves of lattice
structures to reveal key properties of their energy absorption (W), and both loading
and unloading characteristics have a major impact on the lattices’ performance in

most applications. The energy absorbed by a cellular structure up to a certain strain
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(gm) 1s represented by the area underneath the compressive stress-strain curve (&),
see Equation (1), and the efficiency in the energy absorption (n(g)) can also be
calculated from the stress-strain curves, as the ratio of energy absorbed up to a certain

strain divided by the stress itself [[210],[211]], see Equation (2).

W= f " o e)de (1)
1 [em
n(e) O f o(e)de )

When subjected to uniaxial compression, an ideal energy absorber will present a rigid
behaviour, showing no strain until a certain level of stress is reached, to then reveal
an increasing strain at a relatively constant stress, exhibiting a linear relationship
between the strain and the energy absorption efficiency, as presented Figure 2.26(a),

reaching 100% of efficiency at 100% of strain (&) [212].

Ideal stress-strain graph Experimental stress-strain graph
A Ar A _ A
(o) ) S b Absorption <
T efficiency 3
Absorption 2
efficiency :
1 ¢ \fe &y €ed & €
Initial contact
(a) (b)

Figure 2.26. Stress-strain and efficiency-strain graphs of: (a) An ideal energy absorber
and, (b) an experimental energy absorber.

Lattice structures, however, often present three regimens [213], as shown Figure
2.26(b):
¢ A linear elastic region due to the initial bending of the cell edges,

e A stress plateau in which the cell edges collapse by elastic buckling, plastic

yielding, or brittle fracture at a relatively constant stress and,

55



Literature Review Laura Traseira Pifieiro

e A densification region caused by the contact between the cell edges in which

the stress has a steep rise while the energy absorption barely increases.

Although the exact boundaries between those regions remain ambiguous, the
efficiency in the energy absorption is frequently used to determine the onset
densification strain (g.4) by identifying the maximum of the efficiency-strain graph

[212], as shown in Equation (3) .

dn(e) B
de =0 3)

E=E&cd
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Chapter 3. Materials and Methods

3.1 Introduction

This chapter presents the materials and methods used in this research and has been
divided into two parts. The first part provides an overview of the raw materials and
manufacturing process to produce cellular capsules, asphalt mixtures and 3D-printed
lattices; and the second part summarises the test methods adopted to accomplish the
research objectives. The testing procedures include the physical and mechanical
characterization of the cellular capsules and the evaluation of their influence on
asphalt’s physical properties and mechanical performance. The experimental testing
and numerical modelling used to assess the deformation of the cellular capsules
embedded in asphalt when subjected to external loads are presented as well in the
test methods. Moreover, the characterization of lattice structures and evaluation of
energy absorbing particles in an unbound granular medium are also included. A

summary of the sections of Chapter 3 is provided in Table 3.1
Table 3.1. Summary of materials and methods from Chapter 3.

Sections Chapter 4 Chapter 5 Chapter 6
Raw materials and 321,33 322,33 322,34
manufacturing methods

Characterization / evaluation  3.5.1,3.5.2,3.5.5, 3.5.1,3.5.2,3.5.3, 3.5.1,3.5.3,

of cellular capsules 3.5.6 354,355,356
Characterization / evaluation  3.5.7,3.5.8,3.59, 3.5.7,3.5.8,3.5.9,
of asphalt 3.5.11,3.5.12 3.5.10, 3.5.13,

3.5.14,3.5.15
Characterization / evaluation 3.5.16,3.5.17,
of lattices 3.5.18
Evaluation of energy 3.5.19

absorbing particles in a
granular unbound medium
Numerical modelling 3.6
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3.2 Capsule Manufacturing

Encapsulated rejuvenators, also referred to as polymeric capsules, cellular capsules,
or architected cellular particles, were produced by external gelation of sodium
alginate in the presence of calcium chloride. For Chapter 4, they were manufactured
with the procedure used in previous research (Section 3.2.1) and, for the following
chapters, an upscaled procedure (Section 3.2.2) was proposed to attain the required

amount of capsules for their use in an asphalt plant.
3.2.1 Capsule Production in the Laboratory

Commercial sunflower oil (relative density of 0.92 g/cm?, smoke point of 230 °C)
was used as the rejuvenator agent. This healing agent was enclosed in cavities of a
polymeric structure formed by ionotropic gelation of sodium alginate (C¢H7OgNa in
powder). Calcium chloride (CaCl; in pellets) with 95% purity was employed to cross-
link sodium alginate ionically. Both sodium alginate and calcium chloride were

supplied by Sigma Aldrich.

The encapsulation procedure is described in Figure 3.1, based on the methods
adopted in [30] and the capsule optimization performed in [159]. A stable emulsion
of oil and water was prepared by stirring 1500 ml of water and 150 ml of oil in a
2000 ml lab beaker glass at 400 rpm for 1 minute. Then, 47 g of sodium alginate were
added to the emulsion (ratio o/w 0.1, a/o 0.3), and the overhead stirrer continued
operating for 10 minutes. Concurrently, a solution of 1800 ml of water and 36 g of
calcium chloride was prepared in a 5000 ml glass container using a magnetic stirrer

at 60 rpm.

Magnets continued agitating the solution while the capsules were manufactured with
the set-up described in Figure 3.1. First, 60 ml syringes filled with emulsion were
connected to needles of 40 mm length and 0.8 mm gauge through elastic PVC tubing
of 3 mm inner diameter. Then, a laboratory syringe pump was used to make the
compound flow through the system at a rate of 7.5 ml/min. Capsules were formed
when the oil-alginate emulsion was dropped into the calcium chloride solution. After

the manufacturing process, capsules were collected, washed, and dried in a
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dehydrator at 40 °C for 24 h. The density of these cellular particles after the drying
process was 1.13 g/cm?. While not being used, capsules were stored at -15 °C to

prevent sunflower oil oxidation.

Syringe
with
OV§rhead Syringe emulsion
st1|rrer pump
! Elastic ¢—
' tubing -
Needle
Capsules
re p
Emulsion of water, oil and | Dehydrator at 40°C
sodium alginate Magnetic Water + CaCl,
stirrer
Step 1: Preparation of Step 2: Capsule Step 3: Capsule drying
emulsion formation

Figure 3.1. Steps for manufacturing capsules in the laboratory.
3.2.2 Upscaled Methodology for Capsule Production

The manufacturing process of the capsules was upscaled to attain the required
amount of capsules for Chapter 5 (approximately 23 kg), as well as to provide an
efficient methodology for future research focused on the construction and evaluation
of road sections with asphalt containing capsules. The materials employed to obtain
the crosslinked calcium-alginate polymer that comprises the capsules’ cellular
structure were sodium alginate (C¢H70¢Na in powder), supplied by Ingredients UK,
and calcium chloride (CaCl; in pellets) with 95% purity, supplied by RS Minerals.
The cavities formed by the external ionotropic gelation technique contained

commercial sunflower oil (relative density of 0.92 g/cm?, smoke point of 230 °C).

The manufacturing process comprised the same stages as the methodology used in
Section 3.2.1, and details of the upscaled methodology are provided in Appendix 1.
First, a stable emulsion of water and sunflower oil was prepared using a high-shear
disperser of 40 1 capacity with a serrated impeller, in which 17 I of water and 2 1 of

oil were mixed at 1000 rpm for 1 minute. Then, sodium alginate (360 g) was added
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to the emulsion (ratio o/w 0.12, a/o 0.18), and the high-shear disperser continued
operating for 10 minutes. Concurrently, 100 I of calcium chloride solution at 2%y
were prepared in a tank of 400 1 capacity, using a water pump (24 v motor) to dissolve

the pellets of calcium chloride.

Emulsion droplets were generated with the set-up described in Figure 3.2, after
transferring the emulsion to a smaller container of 25 1 capacity connected through
flexible PVC piping (25 mm inner diameter) to a pump (230 V motor), to make the
emulsion flow through the capsule dripper pipework (stainless steel pipes of 25 mm
inner diameter), generating emulsion droplets using nozzles of 0.8 mm. The emulsion
flow was regulated with three needle valves and an additional outlet was included to

return the excess emulsion to the main vessel, as presented in Figure 3.2.

Nozzles Rigid pipe
||IIIIIIXIIII||||||||||||||IIIIEIIIII||||||||||||||||||||||||||| .

. Flexible
rrrrrrrrrrnrrrrrrrrnnnnnnnnnrnrnnnnnnrrnrnnnnnnnnrrnnnnnnnnnnnnnn \ /' pipe
Capsules Valves.for

regulating
flow Mixed
\- emulsion
e °
......‘..o.o.'o.° f
e o ° o % °% o°
e o ° .. ... o .. - ..
20°C Pump

Pump for Water + CaCl, -I
water flow

Figure 3.2. Capsule formation step with the upscaled methodology for capsule
manufacturing.

The capsules were collected from the calcium chloride solution with a basket filter
of 12 1 capacity (Figure 3.3(a)), and the final step required coating the capsules with
limestone filler (<63 pm) to aid drying (Figure 3.3(b)). After drying for 24 h at 50 °C
using an industrial dehydrator, the capsules were sieved (1.8 mm sieve) to remove
any excess filler or alginate remains (Figure 3.3(c)). Lastly, the capsules were packed

in melting bags of 5 kg and stored in a temperature-controlled room at 5 °C.
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Table 3.2. Cellular capsule composition.

Composition Weight (%)
Sunflower oil 67.0%
Limestone filler 15.4%
Sodium alginate 13.1%
Water 4.5%

The density of the cellular particles after the drying process was 1.07 g/cm?, and the

capsule composition is detailed in Table 3.2. Cubes of the same composition and

approximate dimensions of 20 x 20 x 20 mm? were also produced with an analogous

manufacturing technique that did not require the drop formation step, to determine

the Poisson ratio of the calcium-alginate polymer containing sunflower oil.

(b)

(©)

Figure 3.3. Capsules at different steps of the manufacturing process: (a) After collection
from the calcium chloride solution, (b) before drying with the filler coating and, (c) after
drying and sieving.
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3.3 Asphalt Manufacturing

3.3.1 Raw Materials

This research used granite aggregates (Bardon Hill quarry) and limestone filler
(Tunstead quarry) to manufacture asphalt at NTEC laboratory. The gradations of the
nominal sizes used in Chapter 4 and Chapter 5 are presented in Table 3.3, including:

10 mm (2.82 g/cm?), 6 mm (2.83 g/cm?), dust (2.80 g/cm?) and filler (2.70 g/cm?).

Table 3.3. Aggregate gradations of the nominal sizes used for asphalt manufacturing.

Chapter 4 Chapter 5
Sieve Size 10 mm 6 mm Dust 10 mm 6 mm Dust
(mm) Pass. (%) Pass. (%) Pass. (%) Pass. (%) Pass. (%) Pass. (%)
12.5 100.00 100.00 100.00 100.00 100.00 100.00
10 94.87 100.00 100.00 93.26 100.00 100.00
8 69.93 100.00 100.00 65.03 100.00 100.00
6.3 35.62 91.96 100.00 36.01 91.96 99.76
4 5.63 32.55 100.00 7.73 32.55 96.49
2.8 2.30 10.84 97.47 3.61 10.84 77.87
2.0 1.43 4.00 81.87 1.47 4.00 35.85
1.0 1.22 2.09 52.92 0.65 2.09 12.88
0.500 1.14 1.75 35.37 0.54 1.75 9.37
0.250 1.10 1.57 24.06 0.48 1.57 8.42
0.125 1.03 1.45 16.05 0.43 1.45 7.57
0.063 0.90 1.31 10.89 0.37 1.31 6.53

Bitumen 40/60 pen was supplied by Shell (1.027 g/cm?, penetration at 25 °C of 52 x
107! mm, softening point of 51.3 °C), and Arbocel cellulose fibres (0.095 g/cm?®) were
used to prevent bitumen drain drown. The cellular capsules were manufactured

according to the methodologies described in Section 3.2.

In addition, asphalt was also produced at Mountsorrel Tarmac Asphalt Plant
(Loughborough, UK) for Chapter 5, using Gritstone aggregates (2.78 g/cm?) from
Bayston Hill quarry, Puma bitumen 40/60 pen (1.027 g/cm?, penetration at 25 °C of
54 x 10! mm, softening point of 50.6 °C) and Arbocel cellulose fibres (0.095 g/cm?).
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3.3.2 Asphalt Mixtures Composition

The composition of the asphalt mixtures used in Chapter 4 is summarised in Table
3.4. Aggregate gradations M1 to M3 comply with the grading requirements of Stone
Mastic Asphalt (BS EN 13108-5 [214]), and M4 to M6 with those of Porous Asphalt
(BS EN 13108-7 [215]). A range of percentages of cellular capsules was added to
the asphalt mixtures in Chapter 4, varying from 0% to 2% (by total weight) in M1
for the first phase of the research plan, whilst mixtures M2 to M6 were manufactured

with 0% and 1% of capsule content, based on the results from the first phase.

Table 3.4. Asphalt mixture compositions used in Chapter 4 and Chapter 5.

Sieve M1 M2 M3 M4 M5 Mé6 M7
size Pass. Pass. Pass. Pass. Pass. Pass. Pass.
(mm) (%) (%) (%) (%) (%) (%) (%)
12.5 100.0 100.0 100.0 100.0 100.0 100.0 100.0
10 97.7 96.4 95.7 95.0 94.3 93.7 97.0
8 86.5 81.1 77.6 74.1 70.6 67.1 84.1
6.3 69.5 65.3 59.0 52.6 46.2 39.8 69.5
4 44 .4 48.8 39.9 31.0 22.1 13.3 45.7
2.8 38.0 37.7 30.6 23.5 16.5 9.4 33.5
2.0 32.2 21.1 17.7 14.3 10.8 7.4 20.8
1.0 24.2 11.5 10.3 9.1 7.8 6.6 13.8
0.500 19.6 10.0 9.2 8.3 7.4 6.5 12.7
0.250 16.6 9.6 8.8 8.0 7.2 6.5 12.4
0.125 14.4 9.3 8.5 7.8 7.1 6.4 12.1
0.063 13.0 8.8 8.2 7.6 7.0 6.3 11.8

Binder  6.0% 6.0% 6.0% 6.0% 6.0% 6.0% 6.0%
Fibres  0.3% 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%

For Chapter 5, SMA 10 surf 40/60 (BS EN 13108-5 [214]) was produced at both
Mountsorrel Tarmac Asphalt Plant (Loughborough, UK) and NTEC laboratory,
containing 0.0% and 0.5% capsule content by total weight. At the Mountsorrel plant,
asphalt composition by weight was: Nominal size 14 mm, 5.0%; size 10 mm, 48.4%;
size 6 mm, 106-%; dust, 15.4%; filler, 8.5%; bitumen, 6.4%:; fibres, 0.3%. At the
NTEC laboratory an analogous SMA mixture, M7 from Table 3.4, was produced
under controlled conditions, to validate results obtained from testing plant-produced

asphalt.
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3.3.3 Sample Manufacturing

3.3.3.1 Sample Manufacturing for Chapter 4

Thirty-nine sample sets of asphalt cores were manufactured for Chapter 4, with
varying aggregate gradation (Table 3.4) and compaction type (Table 3.5). Prior to
asphalt manufacturing, aggregates and metallic compaction moulds were preheated
at 165 °C for 8 hours. Bitumen was also preheated at 165 °C for 4 hours, and the

cellular capsules were conditioned for 24 hours at room temperature.

Asphalt cores were produced in sets of five specimens (asphalt batches of
approximately 10 kg), using a lab mixer armed with two shafts for the mixing process
(BS EN 13108-35 [216]). First, aggregates and fibres were mixed for 30 seconds at
165 °C and 135 rpm, then bitumen was poured into the mixture, and the lab mixer
continued mixing for 3 minutes. The capsules were added at the end of the mixing
process, in the last 30 seconds, to ensure an adequate dispersion in the mixture [163].
Afterwards, asphalt was poured into 105 mm diameter moulds and was compacted
using a Marshall hammer (BS EN 12697-30 [217]), applying the number of blows
per face specified in Table 3.5. The average weight of the asphalt cores was 1162 g

and the sample average height ranged from 60 to 74 mm, as presented in Table 3.5.

An analogous mixing procedure was followed for manufacturing slabs with the
mixture composition M1, containing 0.0%, 0.5%, 1.0%, 1.5% and 2.0% capsules by
total weight. Slabs with approximate dimensions of 305x305x40 mm? (8.562 + 5 kg)
were produced in sets of two specimens (asphalt batches of approximately 17 kg).
After mixing (BS EN 13108-35 [216]), asphalt was poured into square metallic
moulds of 305%305 mm? and compacted using a roller compactor (BS EN 12697-33
[218]) to attain the same bulk density and air void content as the asphalt cores, see
Table 3.5. Slabs of 305x305x40 mm? were used for rutting testing with the Hamburg
Wheel tracker, while specimens of 90x90x40 mm?® were cut from the slabs for the

evaluation of asphalt’s energy absorption under compression testing.
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Table 3.5. Details of the core manufacturing for Chapter 4.

Mixtur(? . Capsule Compaction Sa.mple Bulk glensity AVC (%)
composition content (%) (Nb blows) height (mm) (g/cm’)

Ml 0.0 40.0 65.3 2252.0 11.4
Ml 0.5 40.0 65.9 2247.0 11.6
Ml 1.0 40.0 64.3 2301.6 9.5
Ml 1.5 40.0 65.4 2264.8 10.9
Ml 2.0 40.0 65.1 2263.0 11.0
Ml 0.0 20.0 63.6 2271.0 10.7
Ml 1.0 20.0 63.6 2257.0 11.2
Ml 0.0 30.0 61.7 2319.0 8.8
Ml 1.0 30.0 62.7 2278.0 10.4
Ml 0.0 40.0 61.2 2340.0 7.9
M1 1.0 40.0 62.4 2296.0 9.7
Ml 0.0 50.0 60.9 2353.0 7.4
Ml 1.0 50.0 61.3 2335.0 8.1
Ml 0.0 60.0 60.4 2376.0 6.5
Ml 1.0 60.0 60.8 2359.0 7.2
Ml 0.0 70.0 60.1 2388.0 6.0
Ml 1.0 70.0 60.6 2363.0 7.0
Ml 0.0 80.0 60.0 2388.0 6.0
Ml 1.0 80.0 60.3 2370.0 6.8
Ml 0.0 100.0 59.6 2397.0 5.7
Ml 1.0 100.0 60.0 2386.0 6.1
M2 0.0 50.0 65.7 2174.0 14.5
M2 1.0 50.0 66.0 2178.0 14.3
M3 0.0 50.0 66.9 2137.0 16.0
M3 1.0 50.0 67.7 2121.0 16.6
M4 0.0 50.0 68.9 2086.0 18.0
M4 1.0 50.0 69.4 2069.0 18.7
M5 0.0 50.0 71.2 2021.0 20.6
M5 1.0 50.0 70.4 2042.0 19.8
M6 0.0 50.0 73.0 1959.0 23.1
M6 1.0 50.0 74.1 1940.0 239
M4 0.0 100.0 66.7 2170.0 14.7
M4 1.0 100.0 66.0 2193.0 15.0
M4 0.0 70.0 68.0 2153.0 15.4
M4 1.0 70.0 67.7 2115.0 16.9
M4 0.0 40.0 68.2 2104.0 17.3
M4 1.0 40.0 68.2 2063.0 19.0
M4 0.0 30.0 69.0 2063.0 19.0
M4 1.0 30.0 68.8 2080.0 18.3
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3.3.3.2 Sample Manufacturing for Chapter 5

At Mountsorrel Tarmac Asphalt Plant, asphalt was produced using a drum-mix
facility, with a total mixing period of 27 s at 180 °C. The production was divided into
4 batches of 0.5 tonnes each. The first batch (B1) did not contain cellular capsules,
whereas the subsequent batches contained 0.5% capsules by total weight. As no prior
research used industrial facilities to produce asphalt containing cellular capsules,
they were incorporated at different stages of the mixing process in melting bags of 5
kg: With the aggregates in the second batch (B2); at second 5/27 of mixing in the
third batch (B3), to evaluate whether the maximum mixing time could damage the
capsules; and at second 20/27 in the fourth batch (B4), to evaluate if the minimum
mixing time could affect the distribution of the capsules; as summarised in Table 3.6.
A total of 800 kg of loose asphalt was packed into boxes of approximately 10 kg and
transported to the NTEC laboratory for asphalt specimen preparation. Additionally,
the composition of the four batches was analysed following BS EN 13108-1 (Annex
B.3.1) [219], using methylene chloride as solvent, and BS EN 13108-2 [220].

Table 3.6. Times for adding cellular capsules into the asphalt during the mixing stage in
Chapter 5.

Mixing Achieved (%) Mixing Time (min)

Asphalt plant NTEC Laboratory Asphalt plant NTEC Laboratory
0% 0% 00:00 00:00

19% 20% 00:05 00:36

- 50% - 01:30

74% 75% 00:20 02:15

Total mixing time (min:sec) 00:27 03:00

At the NTEC laboratory, an analogous SMA mixture was produced under controlled
conditions with 0.0% and 0.5% of cellular capsule content (Mixture M7 from Table
3.4), to validate results obtained from testing plant-produced asphalt. Cellular
capsules were added during asphalt mixing as presented in Table 3.6. Besides, as the
binder dosing in the plant is prone to undergo certain variations, four additional SMA
mixtures were manufactured with the following binder contents: 4.5%, 5.0%, 5.5%,

and 6.5%. Cellular capsules were added in the last 30 seconds of mixing when
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modifying the bitumen content, based on previous research at a laboratory scale

[163].

SMA mixtures from the Mountsorrel plant were preheated at 170 °C for 4 hours
before being transferred to metallic moulds of 305x305 mm? and compacted with a
roller slab compactor (BS EN 12697-33 [218]) to achieve the target air void content
(4%). SMA mixtures from NTEC were directly transferred to the moulds after mixing
(BS EN 13108-35 [216]) for compaction under the same conditions. The slabs’ target
height for rutting testing was 50 mm, whereas 100 mm diameter cores for semi-
circular bending and particle loss testing were extracted from 45 mm and 60 mm
slabs, respectively. Semi-circular cores required trimming the top and bottom
surfaces of the specimen and adjusting the thickness to 40 mm, and a notch of 4x8
mm? was also made at the mid-point of the semi-core base. Cylinders of 35 mm
diameter were cored as well from slabs (305%305x30 mm?) of asphalt from the

Mountsorrel plant for CT scanning.

Lastly, based on the mixture composition of the SMA produced at the NTEC
laboratory (mixture composition M7 from Table 3.4), asphalt mastic samples were
prepared for the Dynamic Shear Rheometer. Bitumen and aggregates up to 1 mm
were preheated at 165 °C for 4 hours, and then the aggregates were progressively
mixed in the bitumen until a homogeneous mixture was obtained. Then, asphalt
mastic was poured into moulds of 8§ mm and 25 mm diameter and stored in a

temperature-controlled refrigerator at 5 °C until testing.

3.4 Lattice Manufacturing

3.4.1 Materials and Advanced Manufacturing

The lattices were 3D-printed by Multi Jet Fusion (MJF) using polyamides PA11
(particle size of 50 pm, powder melting point of 200 °C) and PA12 (particle size of
60 pum, powder melting point of 187 °C). PA12 is an oil-based polyamide obtained
from petrochemical sources, whereas PA11 is a bio-based polyamide with a lower
carbon footprint, usually synthesised from castor plants or other renewable sources.

However, both thermoplastics possess a similar chemical structure, composed of
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amide groups (CO-NH) separated by 10 (PA11) or 11 (PA12) methylene groups
(CH») [221].

They present a remarkable performance in terms of mechanical strength, fatigue,
impact resistance, and abrasion resistance. Notably, PA11 stands out due to its
enhanced elongation at break, superior chemical and ageing resistance and lower
moisture absorption [222]. Both polyamides are heat-resistant and show an adhesion
to bituminous binders similar to that of granite aggregates [223]. Furthermore, due
to the wide range of temperatures between their melting and crystallisation points
during manufacturing, PA11 and PA12 are excellent for printing parts with geometric

complexity [221].

As to the selected Additive Manufacturing (AM) technique, MJF provides fast
printing with great accuracy and does not require any support. Moreover, the parts
3D-printed using MJF are practically isotropic and, therefore, their mechanical
properties are not affected by the orientation of the part during the 3D-printing

process [212].
3.4.2 Lattice Design

The lattice design was restrained by the tolerance of the additive manufacturing
technique, approximately 1 mm, and the maximum size of the aggregates used in
Stone Mastic Asphalt (SMA) mixtures that contain cellular capsules, which is 10
mm. Hence, the minimum thickness of the beams and surfaces was limited to
approximately 1 mm and the enclosing volume of the lattice to a cube of 10x10x10
mm?, as the preferred geometries for compressive testing are right prisms or
specimens with a square or circular cross-section [224]. The generation process of
periodic lattices is summarised in Figure 3.4 and started with the selection of different

beam-based or walled Triply Periodic Minimal Surface (TPMS) unit cells.

68



Materials and Methods Laura Traseira Pifieiro

(a) Periodic lattices

2 Type of unit cell Size of unit cell
g
2
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Fluorite ~ Kelvin Octet 5x 5%5 mm?
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6x6x6 mm?
Diamond Gyroid Lidinoid Neovius Schwarz Splitp

Enclosing volume and cell map
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(b) Stochastic lattices

Voronoi tessellation

-ERTR

Points: 20 Points: 20 Points: 40 Points: 40
10x10x10 mm? Randomness: 1 Randomness: 2 Randomness: 1 Randomness: 2

Figure 3.4. Generation of: (a) Periodic metamaterials (beam-based lattices and walled
TPMS) and (b) non-periodic metamaterials (Voronoi tessellation).

Then, to generate lattices with the same microstructure and different relative
densities, three sizes were considered for the unit cells. Lastly, these arrangements of
cubic unit cells were centred in the previously defined enclosing volume, see Figure
3.4. Stochastic lattices, on the other hand, were generated using Voronoi tessellations
and required defining the number of points and randomness of the points in the

enclosing volume to generate the inner polygons, see Figure 3.4 and Figure 3.5.
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(b) l
(d) l
® l

S mm

Figure 3.5. Examples of 3D-printed lattices (left) and, lattice design from which they were
3D-printed (right): (a) BCC, (b) Octet, (c) Voronoi, (d) Diamond, (e) Splitp and, (f)
Lidinoid.

Lastly, the thirty-four geometries generated were discretized to obtain closed,
oriented, manifold, and not self-intersecting triangular meshes for the manufacturing
process. The relative density of the lattices p*, was also calculated from the generated
meshes, see Equation (4). The two lattices selected for the fundamental study in a
granular unbound medium (see section 3.5.19) were generated and 3D-printed
following the same steps but using a spherical enclosing volume instead, obtaining

therefore spherical particles.

., Volume of the lattice
p =

4

Enclosing volume

To characterise the parent materials PA11 and PA12 by tensile testing, dumb-bell-
shaped type 1B specimens from BS EN ISO 527-2 [225] were 3D-printed as well.
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3.5 Testing Methods

3.5.1 Evaluation of the Capsule Size and Morphology

The size and morphology of the cellular capsules were examined through ImageJ
software (Version 2.3.0), a digital image analysis tool. First, plan-view images of
capsules in their resting position were taken to generate threshold images from which
measurements of individual particles were extracted, including the area (in mm?) and
the major and minor axis of the fitted ellipse (in mm), as shown in Figure 3.6. Then,
the equivalent circular area diameter (D), circularity, and Aspect Ratio (AR) were
calculated through Equations (5), (6) and (7), respectively. In addition, in Chapter 5,
the cellular capsules’ volume was estimated as the volume of the equivalent ellipsoid,

using front-view images to determine the length of the third axis.

Area
o (5)
T
4 -1+ Area
Circularity = —— 6
y Perimeter? (©)
Major axis
Aspect Ratio = Cyor axs (7)
Minor axis
Capsule
Fited _ Area
ellipse gy =~
Image N
analysis /A T
Perimeter Minor axis

Capsule
projection

Major axis

Figure 3.6. Shape descriptors of the cellular capsules.
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Images from asphalt slabs containing cellular capsules after rutting testing were also
processed with this tool in Chapter 4, to calculate their shape descriptors. A cut was
made on the slab to obtain a photograph of the cross-section of both tested (wheel-
path) and untested regions (sides) of the asphalt samples. Then, the cellular capsules
were manually identified as Regions Of Interest (ROI) and measured as shown in

Figure 3.6, using Equations (5), (6) and (7).
3.5.2 Capsule Imaging Through Computer Tomography Scanning

X-ray Computer Tomography scanning was used to characterise the cavities of the
capsules manufactured with both methodologies defined in Section 3.2 (capsule
production in the laboratory and upscaled methodology for capsule production) in
Chapter 4 and Chapter 5. The equipment used was a Phoenix Nanotrom S, operating
at 190 kV and 1.25 pm of spatial resolution, and image stacks (approximately 1700
cross-sectional images) were obtained from reconstructing scans with VG Studio
Max (Version 2.2.6). Then, the size of the cavities in which the oil is located was
determined using ImageJ on the cross-sectional images, and their equivalent diameter

was calculated with the methodology defined in Section 3.5.1, through Equation (5).

In addition, in Chapter 4, cellular capsules were extracted from an asphalt core after
the Cantabro test, and CT scanning was used to assess changes in the internal and
external structures of the cellular capsules after testing. Cross-sectional images were
used to re-evaluate the cavities of the cellular capsules and generate a 3D

reconstruction using VG Studio Max.
3.5.3 Capsule Imaging Through Scanning Electron Microscope

The inner and outer structures of the capsules manufactured with the upscaled
methodology (Section 3.2.2) were documented using an FEI Quanta 600 Scanning
Electron Microscope (SEM). Beam settings were adjusted to a high accelerating
voltage of 2 kV and spot size of 3. Sample preparation for SEM analysis required: (i)
Razor-cutting samples to expose the inner structure, (ii) individual particle
embedding into an epoxy resin using a vacuum system to eliminate air, (iii) specimen

polishing, (iv) plasma cleaning to remove any organic contamination from the sample
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and, (v) specimen platinum sputter coating for high-resolution imaging in the SEM

microscopy.

In Chapter 6, an Environmental Scanning Electron Microscope (Thermo Fisher FEI
Quanta 650 ESEM), was used to obtain detailed views of the cellular capsules before
and after testing in a granular unbound medium. This technique was selected to
document the deformation of the capsules’ shape due to: i) its greater depth of field
when compared against an optical microscope and, ii) lack of conductive coating on
the samples. The sample preparation only required fixing the particles to the sample
holders with conductive carbon adhesive tape. Then, the equipment was operated

with a vacuum level of 50 Pa, a beam voltage of 10 kV and a spot size of 5.

3.5.4 Evaluation of the Capsule’s Distribution and Morphology in
Asphalt

X-ray Computer Tomography scanning was used to evaluate the cellular capsule
distribution and morphology on asphalt manufactured at the Mountsorrel plant and
compacted at NTEC laboratory. The equipment used was a Phoenix Vtomex M,
operating at 200 kV and 68 pm of spatial resolution. For each sample set, 3 cores of
35 mm diameter and 30 mm height were vertically stacked using foam sheets to
prevent any damage and scanned. Image stacks (approximately 550 cross-sectional
images per asphalt core) were obtained from reconstructing scans with VG Studio

Max (Version 2.2.6).

VG Studio Max was used as well to identify the cellular capsules as Regions of
Interest (ROI) and generate coloured 3D reconstructions of asphalt samples. Then,
stacks containing the capsules as ROI were exported for individual analysis of the
capsules on Image] (Version 2.3.0), using the particle analyser of Bonel. As the
volume of loose capsules presented a normal distribution, undamaged capsules were
identified in the CT scans as those whose volume was within the estimated average
volume + 2 standard deviations [226]. Lastly, the total percentage of undamaged
capsules was calculated as the ratio between the volume of undamaged capsules to

the total volume of the capsules in the mixture.
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3.5.5 Evaluation of the Capsule Density

The density of the cellular capsules after drying and sieving was analysed using a gas
displacement pycnometer, model Micromeritics AccuPyc II 1340, at room
temperature (20 °C), testing a sample size of approximately 2 g. The density (g/cm?)

was then calculated as the average of five measurements.
3.5.6 Uniaxial Compression Testing of Capsules

Compression testing was performed on cellular capsules after preconditioning the
samples for 24 hours at 20 °C. The equipment used was an Instron 5969 at 20 °C and
50% humidity, operating at a displacement rate of 0.3 mm/min. In addition, an optical
extensometer was coupled to the equipment to obtain accurate readings of the contact
area between the steel plate and the capsule, to determine the corresponding stress—
strain curves of the capsules manufactured with the upscaled methodology from
Section 3.2.2. Due to the size and morphology limitations of the capsules, cubic
samples of 20x20x20 mm? with identical composition were tested under the same

conditions to estimate the average Poisson ratio (v) using an optical extensometer.
3.5.7 Evaluation of Asphalt’s Bulk Density and Air Void Content

The test specimens’ maximum density (p,,) was determined through the
mathematical procedure described in BS EN 12697-5 [227]. Then, the sealed
specimen procedure from BS EN 12697-6 [228] was used to calculate the bulk
density (pp,) of the asphalt cores, as follows: (i) Weigh dry asphalt samples, (ii) seal
asphalt samples in foil, (iii) weigh sealed specimens, (iv) determine water density of
the water bath, (v) submerge samples in the water bath, and (vi) weigh them
underwater while avoiding any air bubbles. The asphalt slab bulk density was also
determined through the Saturated Surface Dry (SSD) procedure from BS EN 12697-
6 [228]. Lastly, each specimen Air Void Content (AVC) was calculated using
Equation (8), from BS EN 12697-8 [229], where p,, is the maximum density of the
mixture and p;, is the bulk density. The Air Void Content (AVC) of each sample set

was expressed as the average of 5 specimens.
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Pm — Pb

AVe (%) =2 100 8)

m

3.5.8 Aggregate Loss Test

The Cantabro test was selected to characterise the mass loss of asphalt cores and
assess and quantify any potential ravelling retardation due to the cellular capsules
and their deformation under impact loading. It is important to highlight that the
results from the Cantabro test and other devices for assessing asphalt ravelling, such
as the Aachen ravelling tester, the Darmstadt Scuffing Device (DSD), or the Rotating
Surface Abrasion Test (RSAT) should only be regarded as indicative of the relative

resistance to ravelling of the evaluated sample tests [10].

s
- (e o.,v-
s
° T g~

Core Core
before testing after testing

Figure 3.7. Schematic representation depicting the interior of Los Angeles abrasion
machine during the Cantabro test.

The Cantabro test was performed in the Los Angeles machine without abrasive
charges, which encompasses a steel cylinder with approximate inner dimensions of
700 mm diameter and 500 mm length that rotates at 31 to 33 rpm, see Figure 3.7.
Following standards (BS EN 12697-17 [230]), sets of five cylindric specimens of
100 mm diameter (mass of 1.0 + 0.2 kg) were individually tested in the Los Angeles
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drum without steel balls after sample conditioning at room temperature for 4 hours.
The samples’ mass was recorded before and after the test, and the Mass Loss (ML)
was calculated through Equation (9), where M; is the specimen’s mass before testing
and Mg is the mass of the sample after 300 cycles.

ML (%) = 100 - u 9)
M;
Before calculating the average Mass Loss (ML) of each population, a preliminary
statistical analysis of data gathered from the Cantabro test was undertaken to discard
any outliers obtained from random variations. The modified Z-score (MZ;), which
utilises the Median Absolute Deviation (MAD) as an estimator, was selected for
unbiased labelling of the values. It was calculated for every set of five samples, see
Equation (10), where x; is a single value from a dataset and X is the median of the
dataset. Results with MZ; greater than 3.5 were removed as outliers from the total of
five results that comprise each dataset, according to [231]. Hence, 8 outliers were
removed from the total of 195 samples in Chapter 4, and 4 outliers were removed

from the total of 95 samples in Chapter 5.

06745 (x; — %)
"~ median; {|x; — %|}

i (10)

In Chapter 4, samples containing different percentages of capsules (0.0%, 0.5%,
1.0%, 1.5% and 2.0% by total weight) were photographed before and after the
Cantabro test, and RGB colour values were calculated through an image editor. An
Efficiency Index (ET) was also defined to compare in Chapter 4 data from sample
sets with and without cellular capsules and evaluate their performance, see Equation
(11). ML, is the average mass loss of a sample set without cellular capsules, and ML,
is the average mass loss of the corresponding sample set containing cellular capsules.
Lastly, the determination coefficient (R?) was calculated to assess the dependence of
average Mass Loss (ML) and Efficiency Index (EI) on the compaction energy and
asphalt gradation. The closer the value to 1, the higher the strength of the relationship.

76



Materials and Methods Laura Traseira Pifieiro

Ly

El=1-
ML,

(11)
3.5.9 Rutting Resistance Test

Asphalt’s stability was studied with the Hamburg wheel tracker following BS EN
12697-22 [232], to evaluate whether asphalt’s permanent deformation could be
affected by the cellular capsules and their deformation under cyclic loading. Sets of
two specimens of 305%305 mm? were tested per population and, in Chapter 4,
metallic packing plates of 10 mm thickness were used to adapt samples to the height
of the moulds (50 mm). The test was performed with the samples fully submerged in
water at 45 + 1 °C, and asphalt slabs were preconditioned for 4 hours at the specified
temperature. Specimens were tracked by a 55 mm wide wheel at a speed of 26.6 rpm

and a load of 705.0 = 4.5 N, until 10,000 cycles or 20 mm rut depth were achieved.

Th —To

PRD,, = 100 - (12)

T — T
WTS = 100005 5000 (13)

Every 200 cycles, readings of the vertical position of the wheel were taken at 100
points, equally distributed at £ 50 mm from the centre of the loading area of the slab.
The rut depth at cycle n was then calculated as the average reading at that cycle. The
proportional rut depth (%) at cycle n (PRD,,) was obtained from Equation (12), where
t is specimen thickness in millimetres, 7;, the vertical displacement after n cycles
(mm) and 7y the initial displacement (mm). The wheel track slope (WTS) (mm/1000
cycles) was also calculated for each specimen using Equation (13), where 75900 18
the vertical displacement after 10000 cycles (mm) and 75, the displacement after
5000 cycles (mm). Lastly, the average of the two specimens for each sample set was

calculated.
3.5.10 Semi-Circular Bending Test

The semi-circular bending test was used for quality control of asphalt manufactured
at the Mountsorrel plant [233]. The equipment used was an Instron 1332, operating

at a mm/min. Samples (semi-circular cores of 100 mm diameter and 40 mm
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thickness, with both faces trimmed and a notch of 4x8 mm? on the mid-point of the

semi-core base) were preconditioned at -10 °C for 24 h.

The test setup entailed a pair of 20 mm diameter rollers with a span of 80 mm to
support the sample base and a plate of 8 mm thickness to load the top of the semi-
cores. Calculations of the maximum stress at failure (0,,,,) and the fracture
toughness (K) followed BS EN 12697-44 [234], using Equation (14) and Equation
(15), respectively. F,, 4, is the maximum force, D and t are the diameter and thickness
of the sample, I; is the normalized mode I stress intensity factor, and a is the notch

depth of the specimen. A total of 10 samples were tested for each batch of asphalt.

Omax = Fmax/ (DY) (14)
K = omax - Il\/ﬁ (15)

3.5.11 Evaluation of Asphalt Energy Absorption Under

Compression Testing

The energy absorption of asphalt samples containing different percentages of
capsules (0.0%, 0.5%, 1.0%, 1.5% and 2.0%) was determined using an Istron 5985
at 20°C and 50% humidity, compressing at a displacement rate of 10 mm/min. The
approximate dimensions of the asphalt samples were 90x90xx40 mm?, and 9
specimens were tested per sample set after preconditioning the samples for 24 hours.
The compression stopped after reaching an approximate vertical strain of 30%. The
minimum peak load of the tested specimens was determined, 69 kN, and the energy
absorbed up to the corresponding strain 495y Was calculated as the area underneath
the stress-strain curve (g-¢) obtained from compression testing, following Equation

(16).

€69kN
E.ps =f o(e)de (16)
0
3.5.12 Evaluation of Asphalt Skid Resistance

The skid resistance of asphalt slabs containing different percentages of capsules

(0.0%, 0.5%, 1.0%, 1.5% and 2.0%) was determined using the Pendulum Test Value
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(PTV) following BS EN 13036-4 [235], to evaluate any loss of skid resistance in the

surface of the asphalt due to the oil contained in the capsules.

First, the pendulum tester and slider, as well as asphalt specimens and water, were
preconditioned at 20 + 2 °C for 30 minutes. Then, the standardised test was performed
on a rigid horizontal surface after calibrating friction in the pointer of the pendulum
and adjusting the height of its arm with a marked gauge. A total of 10 readings were
taken per sample, wetting specimens each time the operation was performed. Lastly,
the PTV was calculated as the constant value achieved in the last three readings, as

described in BS EN 13036-4 [235].
3.5.13 Evaluation of Asphalt Texture

A laser texture scanner, Ames model 9400, was used to evaluate whether asphalt’s
macrotexture was affected by the capsules’ deformation after wheel tracking on lab-
produced and plant-produced asphalt. Regions of 100x70 mm? were analysed on
asphalt slabs before and after being tested in the Hamburg Wheel tracker, scanning
150 segments in each region to calculate the Mean Profile Depth (MPD). The
generated data were filtered using a 3 mm Butterworth second-order filter before

processing. The data was collected and processed under BS EN ISO 13473-1 [236].
3.5.14 Evaluation of Oil Released from the Capsules After Testing

The volume of oil released by the cellular capsules after the Cantabro test on plant-
produced asphalt was calculated through Fourier Transform Infrared Spectroscopy
(FTIR), following the methodology defined in [[159],[163]]. The equipment used
was a Bruker Optics IFS66 spectrometer with an ATR attachment, operated in the
absorption mode in the wavenumber range of 400 to 4000 cm™! with 4 cm™ of
resolution. Sample preparation required: (i) heating tested asphalt samples for 20
minutes at 160 °C, (ii) extracting bitumen samples, (iii) homogenizing the samples.
To determine reference values, virgin bitumen was blended with sunflower oil, based

on the material dosing in Section 3.3.2 and the capsule composition in Table 3.2.
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The absorption spectra were normalized in the range of 1720 to 1770 cm’!, as seed
oils can be identified due to an intensification at approximately 1745 cm™! (C=0
stretching vibration). The absorbance area between curves with and without capsules
was calculated using numerical integration. Then, the percentage of oil released was
determined by Equation (17), where Abs. area capsules is the absorbance area of
bitumen from tested samples containing capsules, and Abs. area oil is the reference
absorbance area of virgin bitumen blended with oil. An analogous procedure was
followed to identify traces of the calcium alginate polymer after asphalt

manufacturing with a distinct peak at 3320 cm™! (-OH stretching vibration [237]).

Abs.area capsules

Oil released (%) = (17)

Abs. area oil

3.5.15 Characterization of Asphalt Mastic Rheological Properties

The rheological properties of asphalt mastic from the SMA produced at the NTEC
laboratory were characterised using a Gemini 200 Dynamic Shear Rheometer (DSR).
First, an amplitude sweep test was conducted to determine the strain for the frequency
sweep test, ensuring that the mastic was tested in the linear viscoelastic region. Then,
a frequency sweep test was performed to determine the complex shear modulus (G*)
and phase angle (p) of the mastic over a range of temperatures and frequencies. Both

tests were performed following BS EN 14770 [238].

The test parameters for the amplitude sweep test were set to a frequency of 1 Hz, a
strain range between 0.1% and 1%, and a sample number of 300. The testing gap was
set to 1 mm for the 25 mm spindle and 2 mm for the 8 mm spindle, removing any
sample excess with a spatula. The temperature was set to 40 °C for the 25 mm
geometry and 10 °C for the 8§ mm geometry, in accordance with the operational
procedure established by the technicians at NTEC. To remain in the linear
viscoelastic region, the shear storage modulus (G") and the shear loss modulus (G'")
should not differ more than 5% from the initial value. Based on the results from the
amplitude sweep tests, the strain for the 25 mm geometry was set to 0.4%, and 0.2%

for the 8 mm geometry for the frequency sweep test.

80



Materials and Methods Laura Traseira Pifieiro

In addition, the following test parameters were set for the frequency sweep test: A
minimum frequency of 0.1 Hz, a maximum frequency of 10 Hz, and a sample number
of 11. For the 8§ mm geometry, the start and end temperatures were 30 °C and 5 °C,
respectively (6 samples). For the 25 mm geometry, the start and end temperatures
were 25 °C and 75 °C, respectively (11 samples). Then, a master curve was
constructed at a reference temperature of 20 °C with the time-temperature
superposition principle using the Williams-Landel-Ferry (WLF) equation, see
Equation (18), combined with a sigmoidal fit function, see Equation (19)
[[175],[239]]. w and w, are the test and reduced frequencies (in rad/s), T and T, the
test and reference temperatures (in °C), G*is the complex shear modulus obtained

from the test (in MPa), and C;, C,, 8, 4, k, y are the fitting parameters.

Cl (Tr - T)

(T, —T) (18)

log(w,) = log(w) -

log(G*) =& + (19)

1 + ex+ylog(wy))

3.5.16 Characterization of Materials Used for MJF

The base materials used for lattice manufacturing using Multi jet Fusion (MJF) were
characterised through tensile testing following BS EN ISO 527-1 [240]. Five
specimens of each type were tested in an Instron 5969 with a 50 kN load cell at 20
°C, at a loading rate of 0.5 mm/min (10% gauge length/min), and an optical
extensometer was coupled to the equipment to evaluate the strain, expressed as the
relative increase of the gauge length. Then, based on the measured stress-strain curve,

the maximum stress and strain were calculated, as well as the Young’s modulus, E.
3.5.17 Mechanical Characterization of Lattice Structures

As to the designed lattice structures, several analyses were conducted on the
compressive stress-strain (g-¢) curves to characterise key properties of their energy
absorption (W). The energy absorbed by a cellular structure up to a certain strain
(&) 1s represented by the area underneath the compressive stress-strain curve (o-€)

[213], see Equation (20), and the efficiency in the energy absorption (n(g)) is
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expressed as the ratio of energy absorbed up to a certain strain divided by the stress

itself, see Equation (21) [210].

w =J0 o(e)de (20)

j— 1 em d
“@_HEL o(e)de (21)

When subjected to uniaxial compression, lattice structures often present three
regimens: 1) A linear elastic region due to the initial bending of the cell edges, ii) a
stress plateau in which the cell edges collapse by elastic buckling, plastic yielding,
or brittle fracture at a relatively constant stress and, iii) a densification region caused
by the contact between the cell edges in which the stress has a steep rise while the
energy absorption barely increases. Although the exact boundaries between those
regions remain ambiguous, the efficiency in the energy absorption is frequently used
to determine the onset densification strain (&.4) by identifying the maximum of the

efficiency-strain graph, as shown in Equation (22) [212].

dn(e)
de

E=&cd

=0 (22)

Therefore, the designed lattices were characterised by uniaxial compression on three
cubic specimens for each type as recommended in [224]. The test was performed on
the same equipment used for tensile testing, with a loading rate of 0.5 mm/min up to
70% of their initial height, followed by unloading at the same rate. The stress was
then calculated by dividing the compressive load by the original cross-sectional area,

while the strain was computed as the relative decrease in lattice height.

The Young’s modulus was estimated from the stress-strain diagram using the least
square fit method in the steepest linear region, and the average strain in the plateau

region (0p,;) was calculated using Equation (23), where €, was assumed to be 0.1

y
[212], and €.4 was determined by the maximum efficiency method. The peak stress
and total energy absorption at &, , (end of loading) were also calculated, as well as
the recovered strain (expressed as a percentage) after the unloading phase, measured

24 hours after the test was concluded. Lastly, the Pearson correlation coefficient was
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used to identify any correlation between the relative density of the lattices and the

mechanical parameters obtained from their stress-strain graphs.

f;c‘i o(e)de
o= 23)

Ecd — Sy
3.5.18 Evaluation of the Manufacturability of the Proposed Lattice

Structures

Before mechanical testing, the manufacturability of the designed lattices was
evaluated to identify any printing irregularities that could compromise their
performance, such as local printing inaccuracies in beam-based lattices or inaccurate
geometries due the wall thickness of the TPMS lattices. The equipment used was a
digital inspection microscope (Inspectis HD-12) to obtain detailed views of the faces
of the lattice structures, and then an optical microscope (Nikon eclipse LV100ND)
was used for a further evaluation of the printing irregularities. Regarding the
structural integrity of the lattices, those that broke into several parts during
compression testing, instead of experiencing a local collapse of the unit cells, were
discarded from further testing to reduce the likelihood of particle breakage within the

asphalt mixture and ensure a resilient granular medium.

3.5.19 Mechanical Response of a Composite Granular Medium

Containing Energy-absorbing Particles

A fundamental study was conducted to evaluate the deformation behaviour of 3D-
printed lattice structures and cellular capsules in a granular unbound medium
subjected to uniaxial compression testing, to reduce the variability associated with
the presence of the binder on the lattice’s deformation behaviour, as well as the

potential challenges that may arise during the mixing process.

In addition, to further minimise gradation inconsistencies, single-size granite stones
of 1-2 mm (bulk density: 1.22 g/cm?) and 8-10 mm (bulk density: 1.32 g/cm?) were
used to evaluate the cellular capsules (bulk density: 0.63 g/cm?) and the selected 3D-
printed lattices (bulk densities of 0.24 g/cm? and 0.51 g/cm?) respectively, ensuring
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that both granular media were geometrically similar [241]. Moreover, to discard the
effect of introducing spherical particles on the granite granular medium, additional
testing was performed using solid Nylon spheres made of PA66 (bulk density: 0.71
g/em?).

3.5.19.1 Sample Preparation

Uniaxial compression testing was performed on 75 mm height specimens enclosed
in a cylindric steel container of 100 mm inner diameter [241] with plates on the top
and base, see Figure 3.8. Sample preparation included sieving, washing, and drying
the aggregates, as well as calculating the average bulk densities of the aggregates and
the energy-absorbing particles, following the guidelines from BS EN 1097-3 [242].
Volumetric contents of 0% and 5% of energy-absorbing particles were used for the
sample preparation [243], which included the use of a sieve shaker for 5 minutes to
properly mix the particles with the aggregates, ensuring a uniform distribution in the
granular medium. Then, samples were divided in half and compacted in layers, using
a 2.5 kg compaction rammer [[243],[244]] and applying 4 blows per layer employing
the pattern specified in [245], followed by 45 seconds on a vibration table for
additional settling. Lastly, the top surface of the specimens was compacted again and

levelled prior to placing the top plate.
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Figure 3.8. Set-up for uniaxial compression testing of the unbound granular medium.
3.5.19.2Sample Testing

Samples were stored and tested at room temperature (20 °C) and, for the first phase
of testing, uniaxial compression was applied at a constant displacement rate of 0.7
mm/min and up to a maximum load of 50 kN (limit of the equipment), see Figure
3.8, subsequently followed by unloading at the same rate. Five specimens were tested
per sample set, and then stress-strain curves were computed from the load and
displacement readings to determine the average energy absorbed, see Equation (2),

and the average energy recovered.

During the second round of testing, the samples were subjected to cyclic loading after
being preloaded with 0.1 kN, see Figure 3.8. Samples containing 0% and 5% of
cellular particles were tested over a range of loads (10, 20, 30, 40 and 50 kN) at 3 Hz
(T=0.334 s) for a total of 10000 cycles, testing two specimens per sample set. Based
on these tests results, sample sets containing 0% and 5% of lattice spheres were tested
under the maximum load, 50kN, using four specimens per set. Lastly, after applying
a moving average filter to ensure smoothness of the time-strain curves, the maximum

test strain, and the average deformation rate (in millimetres per hour) were calculated.

3.5.19.3 Analysis of Materials After Testing in a Granular Unbound
Medium

After cyclic testing, the aggregates were sieved to assess the influence of the energy
absorbing particles, including both the cellular capsules and the selected lattices, on
the aggregate crushing behaviour. Additionally, the deformation of the energy
absorbing particles was evaluated by determining the equivalent diameter, aspect
ratio and circularity before and after testing on sets of 30 samples, through ImagelJ,
following the same methodology defined in Section 3.5.1 to evaluate the capsule size

and morphology.
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3.6 Finite Element Modelling

Abaqus (Version 2022) was used to perform a set of simulations to supplement the
findings from experimental testing in Chapter 5, in which it was found that the binder
content of the asphalt mixture affected the deformation of the capsules and therefore
also the results as to mass loss and rutting testing. A simplified microstructural model
comprised of a cellular capsule between two stones was modelled in Abaqus,
studying five scenarios in which the area of mastic surrounding the stone-capsule-
stone matrix was progressively increased to evaluate the deformation of the particles
under uniaxial compression. Then, a qualitative study was made by comparing the

results from the simulations.
3.6.1 Microstructural Model

A two-dimensional model was constructed based on a simplified case study of a
circular capsule (1.6 mm diameter) between two stones subjected to uniaxial
compression, varying the area of mastic surrounding the stone-capsule-stone to
create five simulations. This structure was enclosed by rigid body parts surrounded
by a layer of asphalt to limit movements, see Figure 3.9. Boundary conditions were
applied to the base of the model, limiting all displacements and rotations, and to the
rigid top plate, imposing a vertical displacement of 0.35 mm to apply compression.
A limitation of this approach is the assumption of plain stress in 2D models.
Additionally, the selected geometries for the microstructural model were not

generated from asphalt scans, hence, results are only qualitative in nature.

In the interface between the solid skeleton and asphalt mastic, a surface-based
cohesive behaviour with a traction-separation law was defined using the default
contact enforcement method and friction (coefficient of 0.4) [246]. Friction was also
defined between the rigid body boundaries of the model and the corresponding layer
of asphalt that surrounded them (coefficient of 0.6) [247]. Quadratic triangular

elements were used to discretize the model.
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Figure 3.9. Example of a microstructural model and its components, including the stone-
capsule-stone surrounded by mastic, a rigid frame surrounded by asphalt, and a rigid plate
to apply uniaxial compression.

3.6.2 Determination of the Material Properties

As in prior micromechanical models of asphalt [[170],[171],[173],[175]], granite
aggregates were assumed linear elastic, asphalt mastic was assumed linear

viscoelastic, and the capsules were assumed to be elastoplastic.

The elastoplastic properties of the capsules were determined from the stress—strain
curves obtained during uniaxial compression of the material, including the Young
modulus (E) and the plastic deformation and stresses after yielding [248], see Section
3.5.6. Then, they were verified by simulating uniaxial compression testing, and
comparing the predicted behaviour with the experimental data, see Figure 3.10(a).
An analogous procedure was used to determine the properties of the asphalt layer
(Figure 3.10(b)), that surrounded the model’s rigid body boundaries, see Section
3.5.11, before the initiation and propagation of macrocracks when it reached a strain
of 0.06. The properties of the granite aggregates were extracted from [249]. Table

3.7 shows the input parameters for the material properties.
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Figure 3.10. Experimental and numerical results of uniaxial compression testing of: (a)
Cellular capsules and, (b) stone mastic asphalt.

Table 3.7. Material properties for the FE model.

Mastic Cellular particles Asphalt 0.5% ACP  Granite
ti (s) gi Eileeli Plastic Si’rili Plastic
(MPa) strain (MPa) strain
1.00E+04 1.00E-07 6.56E+00 0.00E+00 4.77E+00 0.00E+00
9.24E+02 5.00E-07 7.96E+00 1.55E-02 5.38E+00 3.13E-03
7.60E+01 1.24E-05 8&.54E+00 2.63E-02 5.82E+00 5.96E-03
8.82E+00 1.61E-04 8.74E+00 3.04E-02 6.50E+00 1.22E-02
1.00E+00 1.84E-03 &8.81E+00 3.52E-02 6.76E+00 1.50E-02
9.85E-02 1.57E-02 9.13E+00 4.39E-02 7.09E+00 1.96E-02
1.00E-02 7.95E-02 9.53E+00 5.66E-02 7.56E+00 2.70E-02
4.63E-04 4.39E-01 9.66E+00 7.02E-02 7.84E+00 3.22E-02
1.98E-05 1.08E-01
1.98E-05 1.31E-01
1.96E-06 2.25E-01
GO
(MPa) 1600 ?MPa) 148 ?MPa) 274 ?MPa) 55000
Poisson  0.30 Poisson  0.35 Poisson  0.30 Poisson 0.25

Viscoelasticity in Abaqus is defined by Prony series expansion of the dimensionless

shear relaxation modulus, based on the generalised Maxwell model [[170],[171]]. It

can be expressed in the frequency domain with Equations (24), (25) and (26), in

which G'(w) and G"'(w) are the storage and loss modulus at an angular frequency

w, Gy 1s the instantaneous shear modulus and ¢; and g; are the dimensionless Prony

series parameters, which can be determined from the calibration of frequency
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dependant data from the Dynamic Shear Rheometer (DSR) obtained in Section
3.5.15, which are the complex shear modulus G* and the phase angle ¢.

n n g ¢ 2(‘)2
' _ ivi
6'() = Go (1 -> gi> +Go( T+ 2 Hizwz) (24)

i=1 1=
- t
gitiw
GH =G EEr— 2
=1
K (27)
T 1+v)
1.E+03 N e
1.E+01
= T
(a9
=
. 1.E-01
@)
—— Test data
1E-03 4 Master curve
............. Prony fit
1.E-05 -

1.E-05 1.E-02 1.E+01 1.E+04

Reduced frequency (rad/s)

Figure 3.11. Results from DSR of asphalt mastic, master curve fitting and Prony series
fitting at 20 °C.
The Prony series parameters were calibrated to asphalt mastic master curves of G’ (w)
and G''(w), using the solver from MCalibration, see Figure 3.11. Lastly, viscosity
should be defined along with elasticity in Abaqus, and the E;, modulus was obtained
from Equation (27), where v is the Poisson ratio and G, the instantaneous shear

modulus obtained from the calibration.
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3.6.3 Evaluation of Results from the FE Model

The deformation of the capsule after applying compression was evaluated by the
aspect ratio (AR), see Equation (7), which expresses the ratio between the major and
minor axes of the fitted ellipse. A value of 1 describes a circle, whereas an increasing
aspect ratio depicts a greater difference between both axes, hence, higher deformation
of the capsule and higher energy absorbed due to the gradual collapse of its internal

cellular structure [191].
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Chapter 4. Evaluation of Cellular

Capsules to Mitigate Asphalt Stone

Loss

4.1 Introduction

This chapter evaluated the delay of asphalt’s aggregate loss by incorporating cellular

capsules into asphalt mixtures. The cellular structure of the calcium-alginate capsules

was originally intended to release an asphalt rejuvenator and promote the self-healing

of asphalt cracks. However, the internal porous structure and unique impact-energy

absorption properties of the capsules were considered in this study, that was divided

into four phases:

Phase 1: Manufacturing cellular capsules and analysis of their morphology

using imaging techniques to assess the size and internal structure.

Phase 2: Aggregate loss, rutting and skid resistance results of asphalts with
various percentages of cellular capsules were used to determine their

optimum percentage to increase asphalt’s durability.

Phase 3: Cores with different compaction levels and gradations were
manufactured with and without capsules and the stone loss was determined
using the Cantabro test. Thereafter, the effectiveness of the capsules in
delaying asphalt ravelling and the influence of asphalt physical properties on

their performance were assessed.

Phase 4: The deformation of the cellular capsules in the asphalt during testing
was studied and correlated to their microstructure. Also, the energy

absorption properties of asphalt with cellular capsules were quantified.
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4.2 Size and Structure of the Cellular Capsules

The size of more than 250 cellular capsules was examined through ImageJ software,
and a histogram of the capsules’ distribution by equivalent circular area diameter is
shown in Figure 4.1, where the largest frequency was located in the 1.60-1.65 mm
bin. The median diameter of the particles was 1.6 mm, with a Median Absolute
Deviation (MAD) of 0.054, and a particle size greater than 1.8 mm or smaller than

1.3 mm represented less than 4% of the sample set.
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Figure 4.1. Distribution of the cellular capsule equivalent circular area diameter.

Regarding their inner structure, image analysis revealed that the cavities in which the
oil is enclosed constitute 67.7% of the capsule, whereas the remaining 32.3%
corresponds to the matrix generated by the calcium alginate polymer. The
approximate size of these cavities is 40+ 22 um (average + standard deviation) of
equivalent circular diameter. Some areas may experience a higher density of calcium
alginate, as presented in Figure 4.2, in which the polymer comprises up to 72% of

the inner structure.
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Figure 4.2. (a) CT reconstruction of an energy-absorbing particle after manufacturing and
drying and, (b) top view scan of its inner structure.

4.3 Effect of Cellular Capsules on Mass Loss, Rutting and Skid

Resistance

Figure 4.3 presents average mass loss results of asphalt cores (Mixture M1 from
Table 3.4) containing five percentages of cellular capsules (0.0%, 0.5%, 1.0%, 1.5%
and 2.0% by total weight of the asphalt mixture) tested in the Los Angeles drum for
Phase 1 of the experimental programme (error bars represent + one standard
deviation). As the content of cellular capsules in the asphalt mixture was increased,
the average mass loss of the sample set decreased, see Figure 4.3(a). The association
between the variables was modelled by linear regression, and the goodness of the fit
was assessed through the coefficient of determination, which was approximately
0.99, see Figure 4.3(a). The minimum loss of aggregates was obtained with 2% of
capsule content (2.95% mass loss), with a decrease in the mass loss of nearly 60%

compared to asphalt without cellular capsules, which presented an average mass loss

of 7.27%.
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Figure 4.3. Results from ravelling testing for different cellular capsule contents: (a) Mass
loss after 300 cycles and (b) degradation curves.

Figure 4.3(b) shows the cumulative loss of aggregates over cycles calculated every
30 revolutions. The increase of mass loss was steady over time, as seen in Figure
5(b), and the average mass loss rate (% mass loss per 30 cycles) ranged from 0.30%
for a capsule content of 2%, to 0.75% on asphalt without cellular capsules. Thus,
results presented in Figure 4.3 provide evidence of a correlation between the cellular
capsule content of the asphalt mixture and its ravelling resistance, as measured by

mass loss in the Cantabro test.

A further novel finding was a colour shift after testing samples in the Los Angeles
drum, see Figure 4.4. The RGB model was used to characterise the specimens’
colours from photographs taken of sample cores, and a higher cellular capsule content
in the asphalt mixture resulted in lower RGB values of the tested specimens, that is,
a darker colour. This gradual change of colour, see Figure 4.4, suggests that these
particles deformed during mass loss testing, absorbing the kinetic energy and, as a

result, oil was released from the cavities.
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Figure 4.4. Cores with different content of cellular capsules after the Cantabro test (300

cycles) and RGB values for each asphalt sample set.

In contrast to mass loss testing, increasing the content of cellular capsules in the

asphalt mixture increased rutting, as presented in Figure 4.5. The proportional rut

depth evolution over time, see Figure 4.5(a), revealed different asphalt degradation

rates for each content of cellular capsules from about cycle 2000. The rut depth

increased by 10% (0.5% capsules) to 40% (2% capsules) on asphalt containing

cellular capsules, registering a maximum rut depth of 3.83 mm. Rutting resistance of

tested slabs should be considered acceptable, as the rut depth was far less than the 10

mm maximum recommended by [107].
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Figure 4.5. Results from rutting testing for different cellular capsule contents: (a)

Proportional rut depth over cycles and (b) summary of results.
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The present findings show that rutting development and the cellular capsule content
in the asphalt are related, supporting the notion that these particles are deformed by
external forces, modifying asphalt mechanical properties. Lastly, it has been
concluded that the addition of cellular capsules does not affect asphalt skid resistance,
after obtaining PTV values of 69, 65, 68, 66 and 71 on asphalts containing 0.0%,
0.5%, 1.0%, 1.5% and 2.0% of capsules, respectively.

In view of the results obtained from evaluating the mass loss, rutting and skid
resistance, a cellular capsule content of 1% by total weight was selected for a more
extensive study of asphalt ravelling. This percentage generated significant mass loss
mitigation without showing additional asphalt distresses, such as stripping in the

wheel path after rutting testing.
4.4 Effect of Compaction Energy on Mass Loss

Compaction is a crucial stage of the asphalt manufacturing process, in which the solid
skeleton that will resist external loading is defined. Figure 4.6 depicts mass loss
variation as a function of the number of blows applied per face by the Marshall
compactor, representing the compaction energy. Asphalt cores containing 0% and
1% of capsules (mixture M1 from Table 3.4) presented less mass loss after the
Cantabro test for an increasing number of blows, see Figure 4.6. Furthermore,
substantially better results were obtained by adding cellular capsules to the asphalt,
mitigating the mass loss by 13% (100 blows) to almost 25% (20 blows), as presented
in Figure 4.6.

When the Cantabro test is performed, aggregates from the core surface are subjected
to an impact load that gradually loosens them from the solid skeleton, until they are
finally detached due to a cohesive fracture of the binder caused by an excess of tensile
stress. Hence, poor compaction during the sample manufacturing reduces the contact
points (i.e. interfacial transition zone) [250] and prevents an adequate bond between
the aggregates and the binder, ultimately triggering ravelling. However, the
compaction of the asphalt samples with cellular capsules may be increased during
testing due to the energy absorption capability of the capsules, that deform under

impact loading and increase interactions within the aggregate skeleton.
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Figure 4.6. Effect of the compaction energy (number of blows per face using the Marshall
compactor) on the mass loss of asphalt containing 0% and 1% of cellular capsules.

4.5 Effect of Asphalt Gradation on Mass Loss

Five additional asphalt gradations (mixtures M2 to M6 from Table 3.4) containing
0% and 1% of cellular capsules were tested in the Los Angeles machine to assess the
effect on ravelling of the fraction of the largest aggregate. Test results are presented
in Figure 4.7, where the mass loss was plotted against the number of 10 mm
aggregates (determined from the stone count of a sample of 100 g of unbound 10 mm
aggregates). The percentage of mass loss showed exponential growth as the number
of maximum size aggregates increased in the asphalt mixture. However, as the
fraction of 10 mm aggregates increased, the standard deviation increased as well, see
Figure 4.7; this is thought to be a result of a higher mass loss resulting from the loss

of larger aggregate.

Incorporating cellular capsules into the asphalt mixture yielded increasingly good
mass loss results, reducing the mass loss by at least 24% and up to 30%, as presented
in Figure 4.7. Nevertheless, the capsule efficiency index fluctuated with the
proportion of 10 mm aggregates in the asphalt mixture. After being tested, visual
inspection of asphalt core condition, shown in Figure 4.8, revealed a diminished
degree of disintegration of asphalt containing the cellular capsules and darker colour

that might be associated with their deformation and subsequent oil release.
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Figure 4.7. Effect of the asphalt gradation on the mass loss of asphalt containing 0% and
1% of cellular capsules.

No of 10 mm

1086 1290 1493 1695 1899
aggregates

0% capsules

AVC (%) 14.46 % 15.96 % 18.03 % 20.63 % 23.11%
Density
2174 2137 2086 2021 1959
(kg/m’)

0% capsules

AVC (%) 14.32 % 16.60 % 18.70 % 19.81 % 23.87 %
Density
2178 2121 2069 2042 1940
(kg/m’)
100 mm

Figure 4.8. Photographs of asphalt cores after the Cantabro test with and without cellular
capsules, and physical properties of the cores before testing.
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Previous studies [251] reported that shear stresses induced by the contact of vehicle
tyres were concentrated on the largest aggregates. In the LA machine, if the highest
loads are applied to the largest aggregates, this would result in the mass loss due to
the loss of these aggregates, having a more significant influence on the overall mass
loss (as shown in Figure 4.7). The addition of cellular capsules to the mixture may
reduce the stresses on these aggregates by deforming and absorbing some of the load

during the Cantabro test.
4.6 Influence of AVC on Mass Loss

Both poor compaction and an imbalance between the aggregates in the asphalt
gradation may increase the number of interconnected voids. For this reason, mass
loss values of sample sets from mixture M1 (varying compaction energy - Section
4.4) and mixtures M2 to M6 (varying asphalt gradation - Section 4.5) containing 0%
and 1% of capsules were plotted against the air void content in Figure 4.9. This graph
was supplemented with results from testing additional sample sets (mixture M4
varying the compaction energy, see Table 3.5). The mass loss after the Cantabro test
increased with the AVC up to about 14%, as presented in Figure 4.9, after which it
grew more rapidly. This suggests that asphalt mass loss is mainly dominated by the

air void content.
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Figure 4.9. Mass loss and AVC of asphalts containing 0% and 1% of cellular capsules.
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The mass loss envelope of asphalt cores containing cellular capsules, see Figure 4.9,
lies below the one corresponding to asphalt without capsules, implying that adding
cellular capsules to the asphalt contributed to ravelling mitigation. The efficiency
index (reduction of mass loss, expressed in %) of the cellular capsules was also
calculated and plotted against the air void content, as presented in Figure 4.10. Mass
loss reduction ranged from 13% to almost 56%, and the determination coefficient of
approximately 0.6, see Figure 4.10, indicated that cellular capsules’ performance on

ravelling mitigation is likely to depend on the air void content of the asphalt mixture.
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Figure 4.10. Efficiency index for asphalt mixtures containing 1% of cellular capsules,
based on the Air Void Content (AVC).

4.7 Influence of Cellular Capsules on Asphalt Volumetric

Properties

Figure 4.11 presents average Air Void Content (AVC) measurements of core sample
sets of asphalt mixtures M1 to M6 containing 0% and 1% of cellular capsules from
Phase 2 of the experimental programme before testing. Each set was composed of
five samples, modifying the compaction level and asphalt gradation according to
Table 3.5. Data from Figure 4.11 could be fitted to a linear equation, and regression
analysis of paired AVC values yielded an R-squared of 0.98, demonstrating a

correlation between the variables.
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Figure 4.11. Correlation between Air Void Content (AVC) of asphalt mixtures with and
without cellular capsules.

Moreover, samples containing 1% of cellular capsules presented higher AVC than
specimens without these particles, as seen in Figure 4.11, where results rest largely
above the 45° angle line. Similar variations of AVC of asphalt containing capsules
have also been reported in previous studies [31]. Overall results from asphalt air void
content analysis suggest that the size and number of the cellular capsules may affect
asphalt’s solid skeleton and hence, alter its physical properties. The density of these
particles, lower than that of aggregates and binder, can also explain the reduction of

specimen bulk density seen in Table 3.5.

4.8 Assessment of the Cellular Capsule Deformation During

Testing

The cross-section of asphalt slabs containing 1% of cellular capsules was examined
after rutting testing to assess any changes in the morphology of the cellular capsules-
Digital image analysis revealed deformation of the capsules in the loaded area (wheel
path), as presented in Figure 4.12, compared to the ones located in the slabs’ edges
(untested areas). The area of the cellular capsules was reduced by 24% in the wheel
path and showed a higher aspect ratio that increased by 15% and a lower circularity
that decreased by 7%. Changes in these shape descriptors were significant, as

revealed by a Student’s t-test (P < 0.05). The energy absorption and deformation of
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these cellular particles induced by loading could affect how aggregates interact
within the skeleton, changing the forces between the aggregate skeleton and the

binder and hence the adhesion between the two, see Figure 4.12.
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Figure 4.12. Shape descriptors of cellular capsules embedded in asphalt slabs containing
1% of cellular capsules after testing in the Hamburg wheel tracker.

To evaluate the deformation of the cellular capsules under impact loading, several
samples were extracted from a core after the Cantabro test. As presented in Figure
4.13(b) and (c), CT scans revealed deformations of the cellular capsules in the contact
areas with the aggregates, as well as certain abraded regions that might have
originated during asphalt manufacturing (mixing and compaction) [159]. This
implies that when the cellular capsules are subjected to impact loading, they adapt
their shape to the surrounding aggregates (Figure 4.13(a)), absorbing the energy and
increasing asphalt compaction level. In Figure 4.13(c) the damage in the capsule (1.4
mm diameter) was generated by an aggregate of an approximate size of 1.6 mm. This
suggests that the energy absorbed by these particles may be maximised by adapting
their size to the asphalt gradation, so that it is equivalent to the size of the smallest

aggregate in the solid skeleton.
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Figure 4.13. (a) Diagram of cellular capsule deformation under loading and interaction

within the aggregate skeleton, (b) CT-scan of the top view of a cellular capsule extracted

from a core specimen after the Cantabro test and, (c) reconstruction of a cellular capsule
damaged by the aggregates after impact loading in the Los Angeles machine.

4.9 Assessment of Energy Absorption Under Loading

Figure 4.14(a) presents an example of a load-strain curve for a cellular capsule under
compressive loading, in which three regions can be identified [191]: linear elasticity,
collapse plateau and densification area. Under a moderate load, 20 N, the cellular
particles showed linear elasticity, which may be explained by the bending and
stretching of the cavity faces. After a yield load, the cells may have eventually
collapsed, with the subsequent release of the enclosed oil. Lastly, the complete
collapse of the cellular structure was followed by a densification region with a
significant rise in stress, caused by the contact between the opposed faces of the
cavities. The capsules’ degradation mechanism prior to the collapse of the internal

structure can increase the energy absorbed by the asphalt when it is subjected to
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loading [191], as presented in Figure 4.14(b). Moreover, the energy absorbed by the

asphalt under compressive loading increased linearly with the content of cellular

capsules in the mixture, see capsules in Figure 4.14 (c). Thus, results from the

aggregate loss test, where the mass loss decreased linearly as the content of cellular

capsules increased, see Figure 4.3, may be justified by the energy absorbed by the

cellular capsules in the asphalt under impact loading.
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Figure 4.14. (a) Compressive load-strain diagram of a cellular capsule, (b) Compressive
load-strain curve of asphalt containing 0% and 1% of cellular capsules (c) Energy
absorbed by asphalt containing a range of percentages of cellular capsules under

compression testing.

Previous research reported similar results: Ruiz-Riancho et al. [159] documented that

the size and strength of the polymeric capsules were related to the release of the

encapsulated rejuvenator. What is more, a higher amount of oil released was
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associated with an increase of the cyclic loads resisted, which also increased rutting.
In this study, changes in asphalt performance were associated with the release of the
capsules’ payload. Based on the conclusions of the current study, under cyclic
loading, capsules may deform permanently due to their energy absorption capacity,
promoting local compaction of aggregates. A greater deformation in the capsules
may increase the durability of asphalt due to the absorption of energy and,

consequently, the amount of oil released by the capsule.

Furthermore, Al-Mansoori et al. [25] developed a novel test method to measure the
crack healing of asphalt beams containing capsules. It was found that asphalt beams
broken into two pieces could recover most of their strength by compressing the two
pieces and placing them together [167]. It was explained that the oil in the capsules
would promote the drainage of bitumen in the crack; however, bitumen drainage
might be justified by the capsules’ deformation, which helped relocate the
aggregates, increasing the pore pressure and promoting the draining of bitumen into

the cracks, as presented in Figure 4.15.

Traffic
loading
l l l Shear Deformed cellular Local re-
stress capsules compaction

==

Increase of pore pressure and
bitumen draining

Figure 4.15. Action mechanism of the cellular capsules.
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In addition, Garcia-Hernandez et al. [252] reported, that under cyclic loading, the
release of oil was higher in stone mastic asphalt, compared to well-graded asphalt.
SMA mixtures with capsules showed a higher self-healing level and greater
compressive deformation compared to well-graded asphalt. This could have occurred
due to the capsules being part of the solid skeleton in SMA, which may have
contributed to deforming them. This finding is in line with the results presented in
this study, where asphalt containing cellular capsules and a higher volume of voids
showed more significant mass loss reduction compared to asphalt without cellular

capsules.

Therefore, the key function of the cellular capsules might be to absorb the impact-
load energy, deforming and causing the local re-compaction of aggregates, which
increases asphalt durability, due to: (i) the cellular capsule deformation and, (ii) the
subsequent local increase of pressure in the mastic, which makes it move within the
pores in the solid skeleton, as summarised in [253]. This novel working mechanism
could justify results from previous research that were explained as asphalt self-

healing.
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Chapter 5. Performance of Plant-
produced Asphalt Containing Cellular
Capsules

5.1 Introduction

This chapter assessed the influence of cellular capsules on the performance of asphalt
manufactured at an industrial site. Based on the results from the previous chapter, in
which the capsules were found to be more than just a rejuvenator release mechanism,
the capsules were examined as cellular materials that, under loading, deform and
absorb energy while they experience a progressive collapse of their porous structure.
Therefore, the key variables during asphalt manufacturing that may affect their
plastic deformation under loading were assessed as well to better understand the
mechanisms underlying their deformation and their impact on asphalt’s durability.

This study was divided into the following phases:

e Phase 1: Upscaled manufacturing of cellular capsules and analysis of their

physical and mechanical properties.

e Phase 2: Manufacturing of asphalt at an asphalt plant to evaluate the capsules’
distribution and integrity after mixing using industrial processes. Thereafter,
asphalt’s stability, ravelling resistance, macrotexture, and void content were
evaluated to determine whether the aggregate skeleton that characterizes

SMA mixtures was affected by the deformation of the capsules.

e Phase 3: The results were corroborated with asphalt manufactured at the
laboratory under controlled conditions, eliminating disparities in asphalt’s

performance caused by the large-scale production.

e Phase 4: FE modelling was used to verify findings from the testing campaign.
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5.2 Physical and Mechanical Properties of the Cellular
Capsules

The cellular capsules were characterized to determine the impact of the upscaled
manufacturing methodologies on their physical and mechanical properties. The
median diameter of a set of 50 capsules was 1.6 mm (Q2), and 50% of the ordered
data set ranged between 1.4 mm (Q1) and 1.9 mm (Q3), as in [159]. The capsules
presented an elongated shape, with a notably high median aspect ratio of 1.45 and
circularity values below 1 (median of 0.88). The median volume of the equivalent

ellipsoid was 1.7 mm?.

Outer structure

Inner structure 45 pum

Figure 5.1. SEM images of the inner and outer structure of a bisected cellular capsule.

Figure 5.1 presents detailed views of the capsules’ inner and outer structure. The
external structure did not present any pores, whereas a porous matrix constituted the
internal one with closed cells generated from cross-linking sodium alginate with
calcium ions. The cellular capsules comprised 47.1% calcium alginate, 46.7%
additive, and 6.2% air. The rejuvenator, which was used in prior research

[[31],[157]], was enclosed in cavities of 4.9 £ 4.8 um diameter (average + one
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standard deviation), while the confined air was in voids of about 3.3 £ 2.1 pm

diameter.

Under compressive loading, the cellular capsules exhibited an elastoplastic
behaviour. The average yield load of a sample set of 50 capsules was 9.5 N, in
accordance with findings from [144], and was dependent on the diameter of the
capsules, as described by a linear regression model (y = 8.68d — 4.82) with
residuals normally distributed and a coefficient of determination (R2) of 0.75, that
reported a meaningful level of predicted accuracy [254]. After yielding, the capsules
showed strain hardening due to the plastic deformation. Lastly, rather than
experiencing a brittle fracture, the internal microstructure showed in Figure 5.1
initiated a gradual collapse with the subsequent release of additive. The average

Poisson ratio was 0.34, a similar value to gels, dental composites, and rubber [255].

5.3 Cellular Capsule Distribution and Integrity in Plant-
Produced Asphalt Samples

Asphalt cores from asphalt produced at Mountsorrel Tarmac asphalt plant containing
capsules were CT-scanned, see Figure 5.2, to evaluate not only if mixing at an asphalt
plant could affect their distribution and integrity but also to evaluate at what stage of
the mixing process capsules should be added. Although their distribution throughout
the asphalt was generally uniform in the evaluated samples, see examples in Figure
5.2, some areas of the B4 batch (adding capsules at second 20 out of 27 seconds of
mixing) had a higher concentration of capsules on the surface and centre of the
scanned cores, suggesting that the mixing drum took longer to distribute the capsules
properly. Further analysis reported an average number of capsules (+ one standard
deviation) per 3 mm of the height of 9 =4, 6 + 4, 8 + 6 in batch B2 (adding capsules
to the aggregates), B3 (adding capsules at second 5 out of 27 seconds of mixing) and
B4 (adding capsules at second 20 out of 27 seconds of mixing), respectively.
Undamaged capsules represented about 88 + 3% of the total volume of capsules in
batch B2, 85 + 5% in batch B3, and 96 = 1% in batch B4. Their morphology was not
affected by the mixing process, as the capsules displayed similar median aspect ratio

and circularity values as loose capsules (AR of 1.45, circularity of 0.92).
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Figure 5.2. 3D reconstruction of plant-produced asphalt specimens containing cellular
capsules, and average number of capsules per mm of height, from batches: (a) B2, (b) B3,
(c) B4.

No more than 15% of the capsules were affected by the mixing process at an
industrial scale. Moreover, adding the capsules at the end of the mixing resulted in
less probability of damage, but also in a poorer distribution. Lastly, no traces of
calcium alginate were identified in the FTIR analysis of the bitumen after mixing and
compacting the asphalt, suggesting that the calcium alginate did not dissolve or

intimately mix with bitumen.
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5.4 Characterization of Plant-Produced Asphalt

The composition of plant-produced asphalt can be prone to a certain variability as-
sociated with the technologies employed to dry the aggregates and dose the materials.
Therefore, prior to asphalt’s evaluation under impact loading (Cantabro test) and
cyclic loading (Hamburg wheel-tracking test), asphalt produced at Mountsorrel
Tarmac asphalt plant was subjected to a compositional analysis to detect any
inconsistencies, and the semi-circular bending testing was performed to assess

whether disparities in asphalt composition might impact its performance.

Table 5.1. Compositional analysis of asphalt manufactured at Mountsorrel Tarmac asphalt
plant.

% Passing

Sieve size

B1 B2 B3 B4
14 mm 100 100 100 100
10 mm 96 95 94 96
8 mm 74 74 62 62
6.3 mm 43 48 29 29
4 mm 26 33 16 15
2 mm 17 23 12 11
1 mm 12 15 9 9
0.5 mm 10 12 8 7
0.25 mm 9 11 7 6
0.125 mm 8 9 7 6
0.063 mm 7 8 6 5
Binder (%) 5.7 6.9 4.8 4.1

Based on Table 5.1, significant variations were found in the binder content, outside
the 6.4% target by up to 2.3%. However, these variations may not have prevented a
homogeneous distribution of the capsules during asphalt mixing, see Figure 5.2.
According to the results from the semi-circular bending test, see Figure 5.3, batch B2
exhibited the highest fracture toughness, while batches B1, B3, and B4 presented
similar fracture resistance values. Furthermore, as reported by [256], asphalt
resistance to cracking severely decreased in batches with a higher percentage of
voids. No outliers were found in the data sets, and further statistical analysis (Student

t-test) revealed that B2 void content and fracture toughness were significantly
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different from batches B1, B3, and B4 (p-value < 0.05). Hence, these results indicate
that asphalt’s composition must be considered when evaluating the performance of

the plant-produced asphalt batches.
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Figure 5.3. Results from semi-circular bending test and Air Void Content (AVC)
calculations of asphalt manufactured at Mountsorrel Tarmac asphalt plant.

5.5 Evaluation of Plant-Produced Asphalt Performance

Due to the capsules’ cellular nature and their ability to deform and absorb energy,
there was no assessment of asphalt’s crack-healing. Instead, asphalt’s loss of stones,
resistance to plastic deformations and macrotexture measurements were evaluated to
determine if the aggregate skeleton that characterises SMA mixtures was affected by

the deformation of the capsules under cyclic and impact loading.

The Cantabro test showed a reduction of the aggregate loss in asphalt containing
capsules of 49% and 12% in batches B2 and B3, as shown in Figure 5.4(a), whereas
it increased by 25% in batch B4. However, based on asphalt’s characterization from
Section 4.3, these results were highly influenced by variations in the binder dosing,
as shown in Figure 5.4(a), in which a power law was fit with a coefficient of
determination of 0.98. Besides, the percentage of coarse aggregates lost increased

with the mass loss, as presented in Figure 5.4(b).
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Furthermore, FTIR analysis of the recovered binder revealed that, during testing, the
capsules released about 66.8% and 62.5% of the additive in batches B4 and B3, and
48.0% in batch B2. These results suggest that the capsules experienced a plastic
deformation that yielded in a release of additive during testing. Additionally, the high
release of additive in batch B4 could have been influenced not only by the binder
dosing, but also by the mixing process, as the 3D reconstruction of batch B4 (Figure
5.2) showed some areas with a higher concentration of capsules, that might have

facilitated their deformation and release of additive.
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Figure 5.4. Results from the Cantabro test: (a) Percentage of mass loss and (b) aggregate
gradation of the lost aggregates.

All four asphalt mixtures showed a proportional rut depth below 5%, or 2.55 mm
after wheel-tracking, as presented in Figure 5.5(a). The highest plastic deformation
was reached in asphalt batches B3 and B4, which contained capsules but also
presented the lowest binder content. Therefore, the differences in the binder dosing
reported in the previous section may have affected the deformation of the capsules
under cyclic loading. Additionally, asphalt’s macrotexture measurements before
testing showed higher MPD values on samples containing capsules: B1, 1.43 mm;
B2, 1.45 mm; B3, 1.57 mm; B4, 1.50 mm. After testing, the MPD was increased by
an average of 2% due to the wheel that, during testing, wore away the initial thick

film of binder, see Figure 5.5(b).
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Figure 5.5. (a) Proportional rut depth of asphalt samples after wheel/tracking and (b)
reconstruction from the scanned lines of a specimen in the mid-centre before (MPD of 1.50
mm) and after (MPD of 1.56 mm) wheel tracking.

There is no clear indication of whether the industrial plant’s mixing stage affects the
capsules’ ability to deform and absorb energy. Additionally, disparities in binder
dosing affected asphalt’s performance, but their influence on the deformation of the
capsules could not be quantified. Hence, a laboratory validation under controlled
conditions is required to assess separately the effect of the capsules on asphalt
performance when modifying: (i) the mixing stage in which they are incorporated,

(i1) the binder content of the batch.

5.6 Validation of Results at the Laboratory Scale: Effect of

Mixing Time

In light of the results from Section 5.5, an equivalent SMA mixture with 0% and
0.5% of cellular capsules was manufactured at lab-scale (mixture M7 from Table
3.4), to determine if the mixing time might have affected the capsules’ performance.
The capsules were added at different stages of the mixing process, as defined in Table
3.6, and the test results from mechanical testing and morphological assessments are

summarized in the following table (Table 5.2):
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Table 5.2. Testing of lab asphalt mixtures varying the mixing process on asphalt containing
cellular capsules.

0.5% capsules

Property measured 0% Mixing time (%)
capsules

0% 20% 50% 75% 83%
Air Void content (%) 8.20 6.69 8.25 7.62 6.96 7.86
Standard deviation 0.35 0.32 0.35 0.42 0.06 0.12
Mass loss (%) 543 3.39 3.31 2.84 4.03 4.10
Standard deviation 0.42 0.53 0.69 0.82 0.61 0.35
Proportional rut depth (%) 4.93 4.90 4.28 3.88 3.92 4.27
Standard deviation 0.92 0.73 0.14 0.34 0.10 0.77
MPD before testing 0.96 0.89 0.91 0.90 0.88 1.02
MPD after testing 1.05 0.97 0.88 0.99 0.90 0.97

Although the volume of voids and the particle loss decreased in asphalt samples
containing capsules, no evidence of a correlation between these parameters and
variations in the mixing process was found. A Student t-test revealed that samples
containing 0% and 0.5% of capsules presented substantially different mass loss
results after conducting the Cantabro test (p-value < 0.05). Besides, adding the
capsules at 50% of the mixing process or before reduced the mass loss by an average
of 38%, compared to an average reduction of 25% when added after 50% of the

mixing.

The proportional rut depth seemed to be reduced when adding capsules at about 50%
and 75% of the mixing interval. An excessive mixing time might have released part
of the additive, affecting the binder and hence also asphalt’s permanent deformation.
However, mixing at the end of the process may have left some areas with a higher
concentration of capsules, as seen in the plant-produced asphalt CT-scans (Figure
5.2), increasing rutting. Lastly, asphalt macrotexture on samples without capsules
had a steeper increase after wheel tracking, of about 9%, when compared to those
containing capsules, whose MPD increased by an average of 3% but with no

statistically significant differences when changing the mixing time of the capsules.
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5.7 Validation of Results at the Laboratory scale: Effect of

Bitumen Content Variations

Considering the results from Section 5.5, an equivalent SMA mixture with 0% and
0.5% of cellular capsules was manufactured at lab-scale (mixture M7 from Table
3.4), to determine if variations in the binder dosing might have influenced the
capsules’ deformation. Five asphalt mixtures were manufactured with different

binder contents, and the test results are summarized in Figure 5.6.
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Figure 5.6. Testing of NTEC asphalt mixtures with different binder contents with 0% and
0.5% of capsules: (a) AVC, (b) ravelling resistance, (c) rutting resistance and (d) initial
and final asphalt macrotexture during the Hamburg wheel tracking test.
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Asphalt’s AVC was barely affected by the presence of capsules, and decreased by
approximately 3% on samples with capsules regardless of the bitumen content, as
seen in Figure 5.6(a), which is in line with the results from the previous section, see
Table 5.2. Moreover, Figure 5.6(b) shows that asphalt resistance to stone loss was
highly dependent on the bitumen content, following a similar power law to that of
Figure 5.4(a). The capsules exhibited a greater performance when reducing the binder
content of the asphalt mixture, decreasing the loss of stones by up to 25% compared
to asphalt without capsules, as presented in Figure 5.6(b). Besides, this finding
suggests that when asphalt’s binder content is increased, the cellular capsules’
deformation and subsequent energy absorption may be limited. This may stem from
the capsules being within the mortar fraction rather than constituting part of the

aggregate skeleton.

Asphalt rutting increased with the bitumen content, as shown Figure 5.6(c). However,
this increase was gradual in samples containing 0.5% capsules, whereas the
development of plastic deformations was steeper in asphalt without capsules. As a
result, asphalt’s stability was improved by adding capsules for bitumen contents
higher than 5%, matching the results obtained from the evaluation of plant-produced
asphalt, see Figure 5.5, and the lab verification from the prior section, see Table 5.2.
Under the test conditions, the capsules, which are prone to deformation, may act as a
micro reinforcement of the mastic if there is a high bitumen content, improving the

mixture’s stability.

Besides, asphalt macrotexture was also affected by the addition of cellular capsules,
as shown in Figure 5.6(d). Before wheel tracking, asphalt MPD values on samples
containing capsules ranged between 0.75 mm and 1.05 mm, compared to 0.70 mm
and 0.85 mm for asphalt without capsules. After testing, asphalt MPD on specimens
with 0.5% of capsules fluctuated in the same range. In contrast, asphalt texture
increased on samples without capsules, with an MPD varying from 0.77 mm to 1.09
mm, which was also observed in the lab verification from the prior section, see Table
5.2. According to [257], MPD values in asphalt with and without capsules are

acceptable despite these variations. As asphalt’s macrotexture contributes to water
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evaporation on its surface [258], adding capsules will reduce the risk of aquaplaning

in wet conditions.
5.8 Numerical Simulations Using FEM

The previous chapter evaluated the capsules as cellular materials that deform under
loading, experiencing a progressive collapse of their porous structure that allowed
them to absorb energy. In addition, the experimental campaign of this chapter
revealed that their performance may be affected by the binder dosing in Sections 5.5
and 5.7. Hence, to supplement findings from experimental testing, Abaqus was used
to model the deformation of a capsule between two stones when applying uniaxial
compression, studying five scenarios in which the area of mastic surrounding the
stone-capsule-stone matrix was progressively increased. Thereafter, a qualitative

study was made by comparing the results from all the simulations.

The results of the simulations are presented in Figure 5.7. The model with the lowest
volume of mastic, see Figure 5.7(a), showed the highest deformation of the capsule,
with an aspect ratio of 1.35. Then, as the area of mastic was gradually increased in
the subsequent simulations, the deformation of the capsule was also reduced, as
shown by the reduction of the aspect ratio up to a value of 1.12 in the last simulation,
see Figure 5.7(e). Therefore, this model provides some explanation of the test results
from the particle loss in Figure 5.6(b), in which the performance of the capsules
increased as the binder content was reduced and the stone-on-stone contact was
enhanced, increasing their deformation and energy absorption when they form part

of the aggregate skeleton.
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Figure 5.7. Total displacement U (in mm) in the FE model after applying uniaxial
compression for the five variations in the case study altering the area of mastic. From (a—
e), AR of the capsule after loading: 1.35, 1.30, 1.20, 1.14, 1.12.
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Chapter 6. Evaluation of Lattice
Metamaterials for Enhanced Asphalt

Performance

6.1 Introduction

According to the results from the previous chapters, cellular capsules may induce
physical changes in the aggregate skeleton of asphalt mixtures due to their energy
absorption properties, ultimately affecting asphalt's durability and performance. To
test this hypothesis, a fundamental study was conducted in this chapter, in which the
use of lattice structures that absorb energy as an alternative to cellular capsules was
evaluated as well due to the advantages they offer in the design, optimisation, and

manufacturing processes. The study was divided into the following phases:

e Phase 1: During the first phase, diverse lattice structures were designed, 3D-
printed, and mechanically characterised through uniaxial compression under
a constant displacement rate. Two lattice structures with distinctly different
mechanical properties were then selected for further evaluation in the second

phase.

e Phase 2: Cellular capsules, spherical lattices and hard spheres with negligible
energy absorption were tested in a granular unbound medium under static and
cyclic compression loading. This fundamental study aimed to evaluate and
compare the effect of the energy-absorbing particles on the overall response
of the composite granular unbound medium, as well as the deformation of the

particles and the crushing behaviour of the aggregates.
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6.2 Characterization of Materials Used for MJF

Polyamides PA11 and PA12 gained significant popularity in power bed fusion
techniques such as Multi Jet Fusion (MJF), and regardless of the similarities in their
chemical structure, the two materials exhibit different mechanical properties [221].
Therefore, to compare their material properties, the mechanical performance of both
polyamides was assessed through tensile testing, as presented in Table 6.1. With a
Young's modulus of E=1209 MPa, PA12 was more prone to elastic deformations
than PA11 (E=1402 MPa). However, PA11 exhibited greater ductility, reaching
higher tensile stress values at break and a maximum elongation of 67%, whereas

PA12 only attained 15% elongation before breaking.

Table 6.1. Results from tensile testing polyamides PA1l and PAI2.

PA11 PA12
Average 1401.70 1208.72
E (MPa) .
Standard deviation 80.82 16.43
Average 50.11 42.56
Max stress (MPa) ..
Standard deviation 0.90 0.99
. Average 0.67 0.15
Max strain (-) .
Standard deviation 0.07 0.02

6.3 Manufacturability of the Proposed Lattices

Despite the design constraints, the excellent printability of the selected polyamides,
coupled with the great accuracy provided by the MJF 3D-printing technology,
enabled the successful manufacturing of the designed lattice structures. However,
local printing inaccuracies were identified in several walled TPMS and beam-based
lattices, regardless of the polyamide used, as presented in Table 6.2. In the case of
walled TPMS, surface points that did not attain the minimum thickness tolerance
presented improper geometries, whereas some beam lattices yielded irregularities

such as fused parts or imperfections at the end of the beams.
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Table 6.2. Lattices discarded due to manufacturability (M) or integrity () issues,
classififed by the material type (PAllor PA12), Unit Cell size (UC of 4mm, Smm or 6mm)
and type of unit cell.

Material PA11 PA11 PA11 PA12 PA12 PA12
Cell size UcC4 UCs UCeé UcC4 UCs UCeé
Diamond I I M M
Gyroid

Lidinoid M I M

Neovius

Schwarz M M M M
Splitp M M

BCC M, 1 I M, 1 I
Fluorite M M, I M M
Kelvin I I I
Octet I I
Material PA11 PA12

Voronoi P20R1

Voronoi P20R2 I |

Voronoi P40R1 I

Voronoi P40R2

6.4 Evaluation of the Lattice Mechanical Performance

Due to the large number of lattices tested, the evaluation of their mechanical
properties focused on the main attributes that characterise their stress-strain curves,
which were plotted against their relative densities, following the methodology used
in prior research studies [259], based on the Ashby plots [192]. Lattices that presented
manufacturability difficulties were not included in this assessment, see Table 6.2, not
only due to the inconsistent results they might lead to during their mechanical
characterisation, but also because of the discrepancies between the original design
and the 3D-printed lattices [200], which might compromise the use of numerical
modelling for further evaluation and optimisation in future research. Moreover,
lattices that fragmented into several pieces during mechanical testing were also
discarded from further evaluation, see Table 6.2, to reduce the likelihood of particle
breakage within the asphalt mixture, which must be composed of a durable granular

medium resistant to fragmentation.
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The test results are summarised in Figure 6.1, and Table 6.3 provides a Pearson
correlation matrix evaluating the selected parameters. In the linear elastic region of
the stress-strain curves, the Young modulus exhibited a wide range of values, from 5
to 670 MPa (Figure 6.1(a)), as well as the average stress in the plateau region, which
ranged from 1.3 to 99MPa (Figure 6.1(b)), and the energy absorbed until the end of
the plateau region, which variated from 0.6 to 60.9 J/cm? (Figure 6.1(c)). Similarly,
the peak stress at the maximum strain also covered a wide range of values, from 3.85
to 240 MPa (Figure 6.1(d)). These four parameters were highly associated with the
relative density of the lattices, as revealed by the Pearson correlation coefficients

from Table 6.3.
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Figure 6.1. Results from uniaxial compression of the lattices, and selected lattices for
further evaluation: (a) Young modulus, (b) average stress plateau, (c) energy absorbed, (d)
peak stress, (e) maximum efficiency and (f) recovered strain.

Similar results were obtained in diverse research studies, in which it was
acknowledged through the definition of scaling laws for each cell geometry [260] the
relationship between the relative density of lattice structures and the mechanical
properties extracted from the compressive stress-strain graphs, for both TPMS [261]
and beam-based lattice structures [259]. However, the scaling laws do not isolate the
effect of cell geometry from the relative density (also affected by the thickness of the
beams/walls), which was also reported to affect the energy absorption properties of
the lattices [[262],[212]]. Regarding the selection of materials for MJF, although the
overall lattice performance was similar for both PA1l and PA12, lattices
manufactured with PA11 exhibited higher elastic modulus and stress values, which
is aligned with the behaviour of the parent materials observed during tensile testing,

that determine the baseline properties of the lattices [193], see Table 6.1.
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Nonetheless, the magnitude of the correlation between the maximum efficiency and
the recovered strain with the relative density of the evaluated lattice structures was
found to be lower, as presented in Table 6.3. Besides, Figure 6.1(e) and Figure 6.1(f)
illustrate that, as the difference between the density of the lattice and its
corresponding parent material grew, the dispersion in the test results increased as
well. This indicates that the relative density is not the main parameter governing
those mechanical properties, and thus, geometric properties inherent to each type of
lattice cause a non-negligible effect on the lattice efficiency and recovered strain.
Similar test results were obtained in [263], in which the efficiency in the energy
absorption of several beam-based lattices printed with different AM processes
yielded efficiency indexes in the same range of values (30-45%) without discerning

a clear correlation with the relative density.

Lastly, the influence of the type of polyamide was almost negligible for lattices with
relative densities above 0.7, as shown in Figure 6.1(e) and Figure 6.1(f), whereas
below that range, lattices manufactured with PA11 exhibited greater recovered strain
and lower efficiency in the energy absorption when compared to those manufactured

with PA12.

Table 6.3. Pearson correlation coefficients of the relationships between the evaluated
variables used to characterise the mechanical performance of the lattices.

=]
o g o 8 = 3’ 2
€8 ¥3  BE 23 Lo g z=
SE 3% 22 :: FE E& 3B
& S =~ E =l 2Ea A5 = % 2
Relative 1.00 0.91 0.86 0.89 0.93 2067  -0.79
density
Young 0.91 1.00 0.96 0.97 0.96 20.56 -0.74
modulus
Energy 0.86 0.96 1.00 1.00 0.95 051 -0.71
absorbed
Stress 0.89 0.97 1.00 1.00 0.97 054  -0.72
plateau
Peak 0.93 0.96 0.95 0.97 1.00 065  -0.76
stress
Max 067 056 -051  -054  -0.65 1.00 032
efficiency
Recovered 2079 -074  -071  -0.72 076 032 1.00
strain
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6.5 Lattice Selection for Testing in a Granular Medium

The selected 3D-printing technologies allowed the successful manufacturing of
lattice structures with a wide range of geometrical and mechanical properties from
the same parent materials, as shown in Figure 6.1, although several lattices were
discarded from further evaluation due to printing inaccuracies after manufacturing or
integrity issues during uniaxial compression, see Table 6.2. Based on the results from
Table 6.3, which identified a high correlation between the relative density of the
lattices and four out of six parameters characterising their mechanical behaviour, the
relative density was divided into two centred intervals, [0.20, 0.45] and [0.65, 0.90],
aiming to select for further evaluation two lattice structures with distinct mechanical

behaviours and thus, conduct a more comprehensive analysis.

In the first interval, the maximum strain recovery was prioritised, whereas in the
second interval, the focus shifted towards optimising the efficiency in the energy
absorption. Based on this screening criteria, the Voronoi tessellation (p *= 0.28,
PAT11), which recuperated about 73% of the strain after testing, and the Lidinoid (p *
=0.9, PA11), with exhibited a maximum efficiency in the energy absorption of 29%,
see Figure 6.1, were selected for testing in a granular unbound medium, aiming to

evaluate the feasibility of using lattice structures as an alternative to cellular capsules.
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Figure 6.2. Compressive stress-strain curve and deformation during mechanical testing of
the selected lattices made of PA11: (a) Voronoi with 40 points and randomness 2 and, (b)
Lidinoid with a unit cell size of 4 mm’.
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Prior to this fundamental study, both lattices were subjected to cyclic uniaxial
compression. Cubic samples were loaded under a constant displacement rate of up to
50% of strain, and for every 10% of strain, they were unloaded at the same
displacement rate until reducing the vertical strain by 5%, generating with this
loading-unloading profile the hysteresis loops depicted in Figure 6.2. The
deformation characteristics of the Voronoi tessellation were affected under repeated
loading conditions, as depicted in Figure 6.2(a), resulting in a reduction of its bearing

capacity.

This might be attributed to the accumulated damage in the lattice structure, as the
bending stresses in the struts initiate and propagate cracks which can be discerned in
Figure 6.3, caused by the cell topology that significantly affects the fatigue properties
of the Voronoi lattice, as reported by [200]. In contrast, the Lidinoid lattice displayed
minimal differences in the stress-strain curve under cyclic loading, see Figure 6.2(b),
exhibiting consistent behaviour on the hysteresis loops, which reveal a constant

energy dissipation capacity.
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Figure 6.3. Stress-strain and efficiency-strain graphs of a Voronoi lattice under uniaxial
compression (a), with (b) photographs taken at different strain levels during testing.
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6.6 Mechanical Response in a Granular Unbound Medium

In previous chapters, it was suggested that under loading, the cellular capsules
deform in the contact areas with the aggregates, adapting their geometry to the
surrounding aggregate skeleton while absorbing energy, inducing a local re-
compaction. But also, the binder content in the asphalt mixture may affect the
capsule's ability to undergo deformation. Therefore, a fundamental study was
conducted to evaluate the lattice's deformation behaviour in a granular unbound
medium (with single size aggregates), to reduce the variability associated with the
presence of the binder on the lattice's deformation behaviour, as well as the potential

challenges that may arise during the mixing process.

The test results from evaluating the mechanical response of the granular unbound
medium with and without energy-absorbing particles under a constant displacement
rate are presented in Figure 6.4. Single-size aggregates of 1-2 mm attained an average
strain at the end of loading of 9.8%, as depicted in Figure 6.4(a), which increased up
to 11.9% when capsules were incorporated into the granular medium, increasing the
energy absorbed by 24%, as shown in Figure 6.4(b). However, as shown in Figure
6.4(a), the unloading force-strain curves remained parallel regardless of the cellular

particle content, with no discernible differences in the energy recovered, as seen in

Figure 6.4(b).
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Figure 6.4. Testing of the granular unbound medium under uniaxial compression: (a) Load
-strain curves on samples containing cellular capsules, (b) energy absorption on samples
containing cellular capsules, (c) load-strain curves on samples containing spherical
lattices and (d) energy absorption on samples containing spherical lattices.

Moreover, when evaluating the results of the 8-10 mm aggregates without any
particles, both the average maximum strain after loading (approximately 9.2%) and
the energy absorbed (0.28 J/cm®) were similar to those seen on the 1-2 mm
aggregates, as shown in Figure 6.4(c) and Figure 6.4(d). Samples containing Voronoi
and Lidinoid lattices yielded a similar response, increasing the total strain after
loading to approximately 10.6%, see Figure 6.4(c), and the energy absorbed to 0.31
J/em?, although a significative overlapping in the standard deviations was observed
in Figure 6.4(d). Lastly, the mechanical response of this granular medium was further
evaluated by introducing spheres made of Nylon 66 (maximum stress of 80 MPa
under tensile testing [264]) to assess the effect of introducing spherical-non
deformable particles on the 8-10 mm granular medium. However, no differences

were observed in the energy absorption of tested specimens with and without these

spheres.

Therefore, to provide a more comprehensive examination, additional testing was
performed under cyclic loading. Firstly, different cyclic loads were used on
specimens with an aggregate size of 1-2 mm, with and without cellular capsules, to
determine the optimum test parameters. Then, based on the results from Figure

6.5(a), a load of 50 kN was selected for further evaluation, see Figure 6.5(b), not only
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due to the lack of overlapping in the maximum strain after testing samples with
cellular particle contents of 0% and 5%, but also due to the increased difference in
the deformation rate, which was found to be 80% higher on test specimens containing

capsules subjected to a cyclic load of 50 kN.
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Figure 6.5. Testing of the granular unbound medium under cyclic loading on: (a) samples
containing cellular capsules) and (b) samples containing spherical lattices.

Thus, results from Figure 6.5(a) seem to suggest that the addition of cellular particles
affected the mechanical response of the granular medium under cyclic loading, due
to their progressive deformation during testing, which increased as well the strain
and deformation rate of the granular unbound medium. As to the test results on
specimens with an aggregate size of 8-10 mm, the addition of Voronoi lattices
increased the total strain of the granular medium, from 12% with 0% of particles to
17% in samples containing 5% of Voronoi lattices, see Figure 6.5(b). Besides, the
displacement rate exhibited on samples containing Voronoi lattices increased by
80%, from 0.29 mm/h to 0.53 mm/h, showing a similar response to the addition of
cellular capsules on the 1-2 mm granular medium. However, Lidinoid lattices barely
affected the deformation rate of the granular medium, and the minimal impact they

had on the total strain, see Figure 6.5(b), might be attributed to the presence of
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spherical particles in the granular medium, as evidenced by the similar response

showed by the spheres made of Nylon 66 in Figure 6.5(b).

100% -
—— Without particles
. Voronoi
80% - Lidinoid
Nylon 66
0% capsules
o0 i
£ 60% + .o 5% capsules
A
&
© 40% A
20% -
0% - ' '
0.01 0.1 1 10

Sieve size (mm)

Figure 6.6. Particle Size Distribution (PSD) curves after uniaxial compression under cyclic
loading.

To further support these findings, after cyclic testing the aggregates were sieved to
evaluate the aggregate crushing, see Figure 6.6, and the deformation of the energy-
absorbing particles was assessed as well through imaging techniques, see Figure 6.7
and Table 6.4. As to the Particle Size Distribution (PSD) curves, aggregates from
samples that did not contain any energy-absorbing particles exhibited parallel curves
that evidenced an equivalent behaviour. Besides, samples containing cellular
capsules and Voronoi lattices did not show an increase in the percentage of crushed
aggregates, see Figure 6.6. However, the PSD curves of samples containing Lidinoid
lattices and Nylon 66 spheres displayed a different response, showing a higher
proportion of crushed aggregates that might be caused by the presence of spheres that
did not absorb any energy and, therefore, contributed to that increase in the fraction

of crushed aggregates.
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Table 6.4. Geometrical measurements of the evaluated energy-absorbing particles before
and after testing in a granular unbound medium.

Diameter (mm) Aspect Ratio (AR) Circularity
AVG SD P-value AVG SD P-value AVG SD  P-value
Capsules
Before 1.60 0.29 1.31  0.22 0.88  0.05
3.67E-06 7.59E-09 5.91E-16
After .77  0.27 1.54  0.35 0.81 0.08
Voronoi
Before 10.55 0.22 1.05 0.03 0.89 0.01
3.07E-30 6.49E-07 2.61E-02
After 899 0.63 1.12 0.06 0.88 0.04
Lidinoid
Before 10.50 0.18 1.04 0.02 0.90 0.00
4.47E-01 1.91E-01 3.69E-03
After 10.54 0.21 1.03  0.02 0.88 0.02
Nylon 66
Before 10.58 0.16 1.04 0.03 0.90 0.01 1.64E-02
8.26E-01 8.52E-01
After 10.59 0.26 1.04 0.02 0.90 0.00

The main outcomes obtained from analysing the response of the granular medium
under cyclic loading and evaluating the PSD curves of the aggregates were
additionally supported by the assessment of the particle deformation in Table 6.4.,
through the measurement of the equivalent diameter, aspect ratio and circularity of
the particles before and after testing. As shown in Figure 6.7(a) and Figure 6.7(c),
both cellular capsules and Voronoi lattices showed deformed particles after testing,
and the shape descriptors used in Table 6.4 depicted sample sets statistically different
before and after testing ( P-value < 0.05). Lidinoid lattices and Nylon 66 spheres,
however, did not evidence signs of a noteworthy deformation in Figure 6.7(b) and

Figure 6.7(d), or statistically significant changes on the shape descriptors evaluated

in Table 6.4.
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Figure 6.7. Evaluated energy-absorbing particles before and after testing, including: (a)
Images of the cellular capsules using the ESEM, (b) photographs of PA66, (c) photographs
of Voronoi lattices and (d) photographs of Lidinoid lattices.
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Chapter 7. Conclusions

7.1 Conclusions

The previous chapters discussed the studies that were conducted as part of this
research, based on the aims and objectives that were initially defined. As past
research focused on evaluating the release and diffusion of the encapsulated
rejuvenator and estimating the self-healing of asphalt cracks, in Chapter 4 the focus
shifted towards evaluating the influence of the cellular capsules on the mitigation of
asphalt ravelling, which is, along with asphalt cracking, one of the most prevalent
distresses on the road network. After investigating the impact of the capsules on the
aggregate loss and assessing the changes in their internal porous structure under
loading, it was found that the capsules are more than a release mechanism, and their
cellular structure experiences a progressive collapse under impact-loading while

absorbing energy, which may cause a local re-compaction in the asphalt mixture.

Therefore, Chapter 5 focused on evaluating the influence of the cellular capsules on
the performance of plant-produced asphalt, as well as evaluating variables
throughout asphalt manufacturing that may affect the mechanisms governing
their plastic deformation. It was found that, to maximize their energy absorption, the
cellular capsules must be part of the aggregate skeleton. Lastly, in Chapter 6, this
hypothesis was tested through a fundamental study in a granular unbound medium,
and this study also evaluated the use of lattice structures that absorb energy as an
alternative to the cellular capsules due to the advantages they offer in the design,

optimisation, and manufacturing processes.

The following sections provide a comprehensive review of the main findings and

conclusions of Chapters 4, 5, and 6.
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7.2 Evaluation of Cellular Capsules to Mitigate Asphalt Stone

Loss

This chapter investigated the use of cellular capsules on the mitigation of ravelling
in asphalt mixtures, as measured by mass loss in the Cantabro test. Firstly, the capsule
content for this study was selected based on results from aggregate loss, rutting and
skid resistance testing. Then, to quantify the effect of the cellular capsules and
investigate correlations, both compaction energy and asphalt gradation were varied.
Lastly, asphalt mechanical properties under uniaxial compression testing were
assessed to identify any changes induced by the cellular capsules, and both the
particle deformation and asphalt’s energy absorption were evaluated. Based on the

results from this study, the following conclusions were obtained:

e The addition of cellular capsules to the asphalt increased the volume of air
voids by up to 1.7%. This may be caused by the size of the capsules and the
cellular capsule content, sufficient to cause changes in the asphalt

morphology.

e As the percentage of cellular capsules in the mixture was increased, asphalt
mass loss linearly decreased while the rut depth increased. Skid resistance
values were not affected by any cellular capsule content. A content of 1% by
weight of total asphalt mixture was selected for assessing ravelling because
it reduced the mass loss by 30% without generating significant uncoated

aggregates (stripping) in the wheel path after rutting testing.

e The Cantabro test results showed a rise in the mass loss when the compaction
energy was reduced. In asphalt mixtures containing cellular capsules, the
efficiency index of the capsules fluctuated between 13% and 25%. Cellular
capsules may have contributed to reducing tensile stresses in the interfacial

zone.

e The mass loss of asphalt showed a significant increase as the proportion of
the largest aggregate was increased. In asphalt containing cellular capsules,
the mass loss mitigation ranged from 24% to 30%. Cellular capsules may

have reduced the shear stresses in the largest aggregates.
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e There was a correlation between the efficiency index of the particles and the
air void content of the asphalt mixture, suggesting that the volume of voids
strongly influences the cellular capsules’ effect on ravelling (mass loss)

reduction.

e Under loading, cellular capsules deform and absorb energy. Increasing the
percentage of cellular capsules in the asphalt mixture increased the energy
absorbed by the asphalt. The deformation of the capsules, along with the
subsequent increase of the pore pressure and bitumen flow, may locally re-

compact the asphalt mixture, which helps increase its durability.

7.3 Performance of Plant-produced Asphalt Containing
Cellular Capsules

In this chapter, the performance of plant-produced asphalt containing capsules was
assessed, evaluating the capsules as cellular materials that deform and absorb energy
rather than simply a means to release the rejuvenator. In addition, the variables during
asphalt manufacturing that may affect their plastic deformation were evaluated as
well. Firstly, the morphological and mechanical properties of SMA mixtures
produced at Mountsorrel Tarmac asphalt plant were evaluated through experimental
testing. The results were then contrasted with those obtained from testing equivalent
mixtures manufactured at laboratory scale under controlled conditions. Lastly, a
simplified FE case study verified the findings from experimental testing with a

numerical simulation. As a result, the following conclusions were obtained:

e The capsules can be incorporated into an asphalt plant without compromising

their integrity or their distribution within the asphalt.

e The mixing stage in which the capsules were incorporated during asphalt
manufacturing did not yield significant differences in lab-produced asphalt’s

morphological and mechanical properties.

e The aggregate loss resistance increased in asphalt containing cellular capsules

with the deformation of the capsules. Asphalt’s stability was also affected by
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the addition of capsules. Below a certain binder content, the capsules can

deform and absorb energy, increasing rutting.

e Asphalt’s macrotexture increased in asphalt containing cellular capsules. In
this asphalt with capsules, the MPD was barely affected by the Hamburg
wheel tracking test. Asphalt without capsules showed a substantial increase

in its macrotexture after Hamburg wheel tracking testing.

e The mixture’s binder content influences the deformation and energy
absorption of the capsules. These need to constitute part of the stone-on-stone
contact for maximising their deformation. If they are floating in mortar, they

will reduce their performance or remain inactive.

7.4 Evaluation of Lattice Metamaterials for Enhanced Asphalt

Performance

This chapter investigated the use of lattice metamaterials as potential alternatives to
the cellular capsules used in asphalt mixtures for ravelling mitigation, with a specific
focus on evaluating the physical impact of both the lattice structures and cellular
capsules on asphalt's aggregate skeleton with a fundamental study. Firstly, the
materials used for 3D-printing the particles were characterised through tensile
testing, and then, the mechanical response of lattice metamaterials was evaluated
through uniaxial compression testing. Lastly, the effect of the cellular capsules and
the selected lattices on an unbound granular medium was assessed with a simplified
study. This fundamental study encompassed the evaluation of the overall mechanical
response of the granular medium containing particles under static and cyclic loading,
as well as the crushing behaviour of the aggregates and the deformation of the
energy-absorbing particles. Based on the results of this study, the following

conclusions were obtained:

e Despite the limitations imposed by the design constraints, the selected 3D-
printing technologies and materials allowed the successful manufacturing of

the lattice metamaterials.
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Lattice metamaterials offer a wide range of mechanical properties, which can
be tailored to meet specific requirements. Although there was a high
correlation between the relative density of the lattices and their mechanical
response, the maximum efficiency and the recovered strain were also

influenced by the lattice design itself.

The fundamental study in a granular unbound medium verified the physical
influence of the cellular capsules on the aggregate skeleton, corroborating

findings from prior research.

The Voronoi lattice emerged as a noteworthy alternative to the cellular
capsules, showing an equivalent particle deformation and mechanical
response of the granular medium. Besides, 3D-printed lattice metamaterials
offer advantages as to particle manufacturing using Multi Jet Fusion, and

particle analysis and optimisation through numerical modelling.

7.5 Recommendations For Future Research

The following section provides guidance and recommendations for future research

based on the conclusions drawn in the previous sections. The suggestions provide

useful insight for future research to enable a more comprehensive assessment of the

cellular capsules:

Cellular capsules induce physical changes in the aggregate skeleton of the
asphalt due to their energy absorption properties. In future research on
cellular capsules, the focus should be shifted from investigating the release of
the encapsulated rejuvenator and the effect of its chemical characteristics on
asphalt self-healing to evaluating and optimizing the energy absorption of the
capsules, with a particular emphasis on open-graded or gap-graded asphalt

mixtures that rely on the stone-on-stone contact.

It has been demonstrated that the production of capsules can be scaled up and
that cellular capsules can be mixed with asphalt at an industrial scale without

compromising their performance. Hence, it is possible to construct road
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sections with and without capsules to monitor their condition and quantify the

increase of asphalt’s service life due to the action of the capsules.

e To evaluate the worthiness of the capsules as an additive that can increase
asphalt’s durability, the cost of manufacturing the capsules and the carbon
emitted during their production should be considered, as well as the estimated
service life of asphalt containing capsules and the maintenance needs over its
lifespan. Therefore, the environmental sustainability of asphalt containing
cellular capsules should be evaluated through a Life Cycle Assessment.
Moreover, a Whole Life Costing (WLC) appraisal should also be considered
in future research to determine if, in terms of Net Present Service Value

(NPSV), asphalt containing capsules is an economically beneficial option.

e In this research, a fundamental study in a granular unbound medium
identified noteworthy alternatives to the cellular capsules using 3D-printed
lattice structures. However, it is essential to acknowledge the limitations of
this fundamental study, which should be addressed in future studies. These
include the influence of the forces and temperatures to which the lattice
structures should be exposed during asphalt manufacturing on their physical
and mechanical properties. It will also be crucial to investigate the response
of lattice structures embedded in asphalt to loading under different load,
temperature, and moisture conditions. Lastly, although the focus in this
research was on 3D-printed lattice structures, the use of natural or synthetic
foams as an alternative porous material should be considered as well in future

research.
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Appendix I

This appendix contains images depicting the prototype model and the final assembly
of the encapsulation machine used to upscale the production of capsules to attain the
required amount for manufacturing batches of asphalts at an asphalt plant. The first
prototype model iterations were done between October 2019 and March 2020 and,
after the university reopened the access to the research facilities, the final prototype
model was assembled, as shown in the following pictures corresponding to October
2020. Tests on this prototype led to the assembly of the final model in March 2021,

which is shown in the pictures as well.
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Schematic representation of the prototype model.

Images of the prototype mode.
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Images of the final encapsulation machine.




