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“The great thing about this level of automation is that it frees people up. They
don’t have to focus on these manual task labour that a machine can do.”

- Josh Steimle

“Teams are now doing their jobs faster and easier, a job that would have
previously taken two days is now done in less than a day thanks to mistakes
or errors being caught in the digital process.”

- James Monahan

“Almost all quality improvement comes via simplification of design,
manufacturing, layout, processes, and procedures.”

- Tom Peters



Abstract

Research has been conducted to evaluate the feasibility of automating crack
and pothole repairs in bituminous pavements within a laboratory setting.
Traditional manual methods, while effective, are labour-intensive, time-
consuming, and prone to variability, underscoring the urgent need for
automation to enhance efficiency, precision, scalability, and safety. To address
these limitations, machines requiring minimal human input were developed
alongside asphalt mixtures tailored for automated applications. A
comprehensive review identified 3D printing as an optimal, economical, and
user-friendly technology for creating repair machines. Accordingly, a RepRap
3D printer was modified for repair tasks, with parameters such as filling speed
and extrusion temperature systematically optimised to improve repair quality.

The research investigated the effects of bitumen type, crack width, irregularity,
and hot bitumen flow on the performance of automated crack filling. Results
revealed that bitumen flow rate, filling speed, and crack geometry significantly
affect fill quality. Specifically, lower temperatures resulted in incomplete filling,
while higher temperatures and suboptimal speeds led to overfilling. These
findings highlight the critical importance of precisely controlling temperature,
flow rate, and filling speed to optimise performance in future fully autonomous

robotic systems.

A novel digital methodology, developed using physics engine software with
aggregate geometry as a key input, enabled the design of asphalt mixtures
tailored to performance requirements such as extrudability, stability, and flow.
Validated through independent tests at the Czech Technical University in
Prague, the method achieved 78% accuracy in predicting the properties of real
mixtures with highly variable compositions. It offers a reliable, performance-
based alternative to traditional trial-and-error methods and lays the groundwork

for automating asphalt design in road repair operations.

The digital method was further applied to produce asphalt repair cartridges for
a screw-extrusion-based automated pothole filling machine, which achieved
86% of the rutting resistance observed in manual techniques. In a transitional
phase, this machine could be mounted on trucks for in-situ pothole repairs,
providing an immediate and cost-effective solution for practitioners. Over the
long term, it has the potential to evolve into advanced, fully autonomous robotic

systems, paving the way for more efficient, self-operating road maintenance.
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Definition of Keywords

For the purposes of this research, the following terms and definitions apply.

Aggregates: Crushed stone used in construction. Aggregates form a major part
of asphalt and concrete, providing reinforcement to add strength to
the overall composite material.

Asphalt Mixtures: A composite material commonly used to surface roads,
parking lots, and airports. It mainly consists of aggregates bound
together with bitumen.

Automation: The technology by which a process or procedure is performed with
minimal human assistance.

Bitumen: A black, viscous mixture of hydrocarbons obtained naturally or as a
residue from petroleum distillation. It is used for road construction
by being a binder in asphalt.

Crack (in asphalt pavement): A fracture or discontinuation in the pavement
surface, which can be caused by stress from traffic loads, thermal
fluctuations, and aging of the pavement material.

Extrudability: The ease with which a loose asphalt mixture is extruded from a
heating vessel.

Extrusion Rate: The speed at which asphalt mixtures are extruded or pushed.
In practice, this is a way of quantifying extrudability.

Flow (of asphalt mixtures): Determines the elasto-plastic characteristics of
asphalt, which is considered as the capability of asphalt concrete
to adjust to the gradual movements and settlement in the subgrade
and underlying layers without cracking.

Machine: A device or system designed to operate with minimal human
intervention.

Nomograph: A two-dimensional diagram designed to allow the approximate
graphical computation of a function.

Physics Engine: A software component used in computer simulations and video
games that simulates physical systems in real-time, including the
dynamics of objects in motion, collisions, and other physical

phenomena.

Pothole (in asphalt pavement): A depression or hollow in a road surface formed
due to the localised failure of the asphalt.

Scalability: The ability of a system, process, or method to efficiently adapt to
increased demand, workload, or size without compromising its
performance, functionality, or quality.

Stability (of asphalt mixtures): The ability of an asphalt mixture to resist
deformation from imposed loads.

Workability (of asphalt mixtures): Refers to the ease with which an asphalt mix
can be mixed, placed, compacted, and finished.
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Chapter 1: Introduction

The purpose of this opening chapter is to establish the fundamental groundwork
for the entire research. It introduces the central theme of automation within the

road maintenance field and offers an outline of the thesis structure.
1.1 Background

Since ancient times, road construction and maintenance have predominantly
been manual endeavours. Despite recent technological advancements, this
manual nature persists. In the UK, the construction sector is noted for its
relatively low hourly productivity compared to key industries such as production,
manufacturing, and services [1]. Manual repairs of roads are not only labour-
intensive but also expose workers to significant accident risks on highways.
Additionally, they generate considerable waste due to lack of precision, result
in variable quality dependent on the discretion of the technicians involved, and
increase repair costs in some circumstances. For example, in crack filling,

labour costs are estimated to account for about 66% of total expenses [2].

Automation in road repair is identified as a crucial solution to address challenges
in road maintenance, such as enhancing efficiency, improving safety, ensuring
consistent quality, reducing waste, decreasing costs, promoting scalability, and
fostering smarter, more sustainable construction practices [3—8]. Reference [9]
suggests that the UK could save approximately £15 billion annually by

enhancing construction productivity through automation.

In the era of the Fourth Industrial Revolution, marked by a convergence of
technologies that blur the boundaries between the physical and digital realms -
including robotics, physics engines, sensing, and 3D printing technology - it is
surprising that automation in road repair remains nascent, especially when
compared to sectors like manufacturing and healthcare. From a pavement
engineering viewpoint, the often-inferior quality linked with so-called "automated
and improved" repair systems is one of the key reasons for the slow adoption
of automation. Even the most advanced repair machines are currently limited to
working with cold mix asphalt, which is only suitable for temporary repairs due
to its weaker structural performance. Therefore, the effectiveness of these
systems relies not just on the sophistication of the robots or machines but
crucially on their ability to effectively manage complex materials like bitumen

and asphalt mixtures, especially hot mixes. For successful automation, these



materials must be designed to be compatible with machine operations, and the
operational and repair parameters of these machines must be comprehensively

understood.

Consequently, this research does not pursue the development of highly
sophisticated systems comparable to NASA's robotic technologies. Instead, it
focuses on engineering more straightforward prototype repair machines at the
laboratory scale and advancing digital methodologies for formulating asphalt
repair mixtures. This initiative aims to address critical challenges in material
design and automated repair techniques within the sector, with a focus on
minimising human involvement. Undoubtedly, the results from these feasibility
studies have the potential to be applied in subsequent machine up-scaling
research, which is aimed at achieving the goal of fully robotic defect repair on

asphalt roads in future research endeavours.

Roads are crucial for the transportation of goods and the overall economic
development of countries [10]. In 2022, cars, vans, and taxis accounted for 86%
of all passenger kilometres travelled for domestic journeys in the UK.
Additionally, approximately 81% of freight within the UK was transported by road
[11]. About 95% of these UK roads are paved with asphalt mixtures [12]. An
asphalt mixture is a composite material primarily consisting of mineral
aggregates bound together with a sticky substance called bitumen. These
mixtures are designed by selecting the appropriate combination of aggregates

and bitumen to achieve desired properties, such as stability under traffic loads.

Although engineered to last a set number of years, it is common for asphalt
mixtures to develop defects such as cracks and potholes before their service
life is due. These damages can be triggered by repeated loading from vehicles,
extreme weather conditions, loss of flexibility due to aging, subgrade settlement,
and chemical and oil spills. Cracking refers to the development of fractures in
the pavement, while potholes are localised road surface areas that develop
surface layer cracks, which subsequently fracture due to the repetitive stress
induced by passing traffic, forming a depression with irregular vertical
boundaries. Timely crack repairs can prevent the occurrence of potholes and

other severe defects.

Both cracks and potholes significantly compromise the safety of road users and
reduce the service life of pavements. Cracks allow water to penetrate the inner

part of the pavement, causing further defects such as potholes. Potholes remain



a significant and costly challenge to pavement maintenance, posing risks to
road safety, vehicle integrity, and economic well-being [13]. As a result, both
crack and pothole repairs are classified as routine maintenance [13,14] by road
agencies, which implies that they should be repaired at early stages when
detected in pavements. In repairs, bitumen is used to fill cracks, while asphalt
mixtures are used for pothole repairs. This approach is adopted because
asphalt mixtures, being less fluid than bitumen, are unable to effectively fill the
"narrow" crevices of cracks. Conversely, bitumen alone does not have the

structural integrity required to adequately repair "widely open" potholes.

Current crack filling methods predominantly involve pouring hot or cold bitumen
into clean and dry cracks. Hot-pour sealants are typically applied at
temperatures above 177°C, while cold-pour sealants are used at ambient
temperatures [15]. Hot pour crack filling is known to be more durable than cold
pour fillings [16]. Like crack filling, potholes could be filled with either hot or cold
asphalt mixtures. Cold filling is less problematic to manage on site, but they are
less durable, making hot filling still a preferred option. In most cases, cold

asphalt filling or patching are done mainly as emergency or temporary repairs.

Tracing back through history, the desire to automate road repairs began
decades ago. One of the early machines that approached automated operations
is the Sealzall machine [17], developed in 2009 by the Advanced Highway
Maintenance and Construction Technology Research Centre. Since then, there
has been little advancement in this area. The Sealzall is simply a truck with a
crack filling pour pot attached to the driver side. The driver would have to gauge
the pour pot outlet to follow cracks while the liquid sealants drip into the cracks.
This made the machine suitable for longitudinal cracks only. Moreover, the
accuracy of the filling operation depended on the expertise of the driver. Worse
still, the machine was unable to fill in-lane cracks such as fatigue cracking, which
are typically made up of a group of interconnected cracks. In such situations,
the in-lane cracks were filled manually with a hose and nozzle, making the repair

process still largely manual.

Pothole repair, on the other hand, has perhaps seen greater advancement in
the last decade. Advanced machines such as those cited in references [18,19]
utilising spray injection techniques [14], have emerged in the road industry.
However, like the throw-and-go method, spray injection techniques [20]

simultaneously blow bitumen emulsion and aggregates into potholes [21], a



technique generally characterised by its lower durability and predominance in
temporary or emergency repairs [22]. Also, the nozzle of these spraying
machines has to be manually oriented by labour gangs. As such, the
development of a machine that can automatically follow and fill cracks and

potholes remains a gap in the road construction industry’s toolkit.

In this research, modified RepRap 3D printers are utlised as laboratory
machines due to their capability to handle large payloads, follow complex
shapes, maintain consistent operational temperatures and speeds, and their
simplicity and cost-effectiveness. An automated crack filling machine (ACFM)
has been constructed using a modified 3D printer outfitted with a bitumen
dispenser. Similarly, automated pothole filling machines (APFMs) have been
developed by adapting a 3D printer with a screw-based extruder, which
functions similarly to the augers used in asphalt pavers in the field. These
extruders are equipped with heating bands that heat solid asphalt pieces,
referred to as asphalt cartridges, whilst the integrated screws push the heated

asphalt through the nozzle outlet into the pothole.

Although hot-mix asphalt is preferred for its enhanced durability in road repairs,
the challenge of formulating it to be extrudable by autonomous machines while
still meeting standardised volumetric and mechanical performance criteria
remains a significant gap in the field. Commonly, mixtures that are extrudable
or pumpable are associated with compromised durability [23,24]. Moreover, for
an effective autonomous system applicable in future scenarios, machines
should be capable of autonomously selecting optimal asphalt recipes,
particularly the right proportions of aggregates and bitumen, with minimal
human oversight. This necessitates a new digital design methodology that can
reduce the reliance on time-consuming and labour-intensive physical and
mechanical tests to ascertain the properties of new asphalt mixtures. This

research has tackled this challenge by incorporating a physics engine [25-28].
1.2 Aims and Objectives

The primary objective of this research was to develop prototype automated
machines for filling cracks and potholes that require minimal human intervention
in the laboratory, and to compare the quality of their automated repairs with that

of manual repairs.



To achieve this aim, the following objectives (OB) were developed:

OB 1: Develop a modified bitumen 3D printer and demonstrates its
ability to follow regular and irregular cracks in asphalt pavements

and fill them with hot modified and non-modified bitumen.

OB 2: Develop a digital design method to rapidly design asphalt
mixtures that can be extruded with screw-based pothole filling

machines and meet industrial quality standards.

OB 3: Develop a pothole filling machine and demonstrate its ability to
extrude hot mix asphalt (developed in OB 2) to fill lab-simulated

potholes.

OB 4: Investigate the quality of automated crack and pothole fills in
objectives OB 1 and OB 3 and compare their performance to

manual repair methods.
1.3 Research Methodology

This research adopts a multi-faceted methodology aligned with the objectives
outlined in Section 1.2. A modified RepRap 3D printer served as the core repair
machine, equipped with a customised hot-end extruder to function as an
autonomous arm for both crack- and pothole-filling applications. Utilising Fused
Deposition Modelling (FDM), the printer applied a layer-by-layer material
extrusion technique for repairs, with movement and operational parameters like

printing speed controlled via Repetier 3D printing software [29].

For quality assessment, manual crack and pothole repair methods were used
as controls. Objective 2, focusing on digital asphalt design, incorporated a
physics engine [26,30,31] to simulate asphalt performance. This involved
extracting aggregate geometric properties using image processing, generating
virtual asphalt models, and validating results against traditional laboratory
designs from Nottingham Transportation Engineering Centre (NTEC) and
Czech Technical University (CTU).

Asphalt mixture preparation adhered primarily to British Standards. Where
deviations or novel methods were required, these were fully justified. For
example, a bespoke penetrometer was developed to evaluate asphalt
workability under specific conditions. Performance tests, including shear bond

strength, tensile bond strength, wheel tracking, and X-ray CT scanning, were



employed to assess the integrity of crack and pothole repairs.

Finally, statistical tools such as regression analysis and performance metrics

(R-squared, RMSE) provided gquantitative validation of experimental findings.

These methodologies are systematically aligned with research objectives and

visually summarised in Figure 3-47 to ensure coherence and reproducibility.
1.4 Statement of Novelty

The research has demonstrated the viability of automating the repair of cracks
and potholes in asphalt pavements using hot bitumen and asphalt mixtures,
achieved through 3D printing technology and digital design of repair asphalt
mixtures. Specifically, this research showcases innovation in the following

areas:

1. 3D Printing to fill cracks in asphalt pavements.*

2. Automation of pothole filling with screw-extrusion based 3D printers
using digitally crafted hot-mix asphalt cartridges.*

3. A new Data-Driven digital approach for selecting aggregates and
bitumen content in hot-mix asphalts. This method aims to reduce the
need for time-consuming and labour-intensive physical and mechanical
tests to determine the properties of new asphalt mixtures. Additionally,
it can be integrated into future robotic systems, enabling automatic and
on-demand production of repair asphalt mixtures with tailored
functionalities.

4. A new penetration device for measuring the workability of asphalt

mixtures.
1.5 Thesis Structure
The contents of the remaining chapters in the thesis are briefly described below:
Chapter 2: Literature Review

This chapter presents a comprehensive overview of the state of the art in
several key areas: the status of road networks in the UK, the deterioration of
asphalt roads, defect evaluation, conventional methods for repairing road
defects, the application of additive manufacturing (3D printing) in civil

infrastructure development and maintenance, the use of autonomous systems

! Lab-scale repair machines developed in this research can be upscaled by the industry and
attached to repair vehicles.



in construction and maintenance, and the application of physics engines in
addressing engineering challenges. The review concludes by identifying gaps
in the field of automated road repairs that require further attention and by
discussing critical knowledge from the literature that could be leveraged to

address these challenges.
Chapter 3: Materials and Methods

This chapter describes asphalt materials, including aggregates, fillers, and
bitumen, used in specimen manufacturing processes. It also covers crack filling
materials, the additive manufacturing process, and a description of the Original
Prusa MK3 3D Printer adopted for modification. Additionally, the chapter
provides details on the design standards used in this research, as well as a
description of the analytical methods and statistical derivatives applied in the

data analysis.
Chapter 4: Machine Filling of Cracks in Asphalt Pavements

This chapter covers the development of the ACFM and examines how filling
speed, temperature, bitumen type, crack width, crack irregularity, and the flow
of hot bitumen affect the quality of filled cracks. It also presents details of the
commercial sealants that were used in the crack filling work. A detailed analysis
of the characterisation of filling quality in terms of porosity, shear, and tensile
strength is also presented. Additionally, a comparison is made between the
quality of cracks filled by automated techniques and those filled manually,

establishing the feasibility of automated crack filling techniques.
Chapter 5: Digital Design of Asphalt Mixtures

This chapter introduces a new digital asphalt mix design method that
streamlines the traditional process using physics engine software. It ensures
that mixtures selected for use in the APFM (see Chapter 6) are extrudable
(easily dispensed from the extruder) and adhere to industrial standards,
including Marshall stability, Marshall flow, and AVC limits. This method is
applicable not only to automated repair mixtures but also to everyday asphalt

design.

The section also covers the validation of the newly developed design method
using experimental mixtures independently verified through physical testing at

the Department of Road Structures at the CTU in Prague.



Chapter 6: Machine Filling of Potholes in Asphalt Pavements

This chapter details the development of an Automated Pothole Filling Machine
(APFM) and the optimisation of its operational parameters to improve the filling
of lab-simulated potholes. The APFM consists of a 3D printer equipped with an
extruder that heats asphalt cartridges (manufactured asphalt mixtures cut into
pieces) and expels the heated material through the extruder nozzle into
potholes. The chapter provides a detailed account of how potholes were
simulated in the laboratory. Additionally, the quality of the potholes filled
automatically has been assessed using the Hamburg Wheel Tracking test and
compared with those filled manually.

Chapter 7: Conclusions, Future Work and Outlook

This chapter provides a summary of the main conclusions from the research,
along with recommendations for future research. Additionally, the Outlook
section provides a comprehensive view of the implications of this research's
findings and their relevance to both future upscaling research efforts and real-
world applications.



Chapter 2: Literature Review

2.1 Introduction and Structure

This literature review examines four key areas crucial to the development of

materials and techniques for the automated repair of bituminous pavements.

First, it provides a comprehensive overview of road transportation in the UK,
emphasising its critical role in supporting economic growth and the necessity of
timely, efficient defect repairs. Additionally, it examines the structural

composition of asphalt pavements and the formulation of asphalt mixtures.

Second, it explores the nature of defects in asphalt pavements and compares
manual and automated repair methods. The strengths and limitations of both
approaches are assessed, offering insights for enhancing the efficiency and
durability of automated repair systems.

Third, the review investigates emerging automation technologies, with particular
emphasis on the application of 3D printing in pavement repair. It evaluates how
additive manufacturing can enhance repair automation by drawing parallels with
its successful use in concrete construction and other infrastructure applications.
Additionally, the potential for 3D printing to streamline repair processes,

increase precision, and reduce manual intervention is assessed.

Finally, the review evaluates the application of physics engines in simulating
asphalt mixture behaviour, optimising the design of repair materials, and
supporting the digitalisation and streamlining of material development for

pavement repairs.

Throughout the review, key gaps in current automated repair technologies and
insights from conventional repair practices are identified. The chapter concludes
by discussing how these findings inform the methodologies adopted in this
research, particularly in developing more workable and durable automated

repair mixtures, such as those used for pothole filling in bituminous pavements.

2.2 Overview of Road Transportation in the UK and Its Contribution to

Economic Growth

Road transportation is integral to the UK's economic vitality, influencing various
sectors both directly and indirectly, and is essential for sustaining economic

growth and development. The extensive network of motorways and roads spans



the entire region, facilitating the safe, reliable, and efficient movement of people
and goods [10]. In the UK, roads carry over 86% of passenger travel and about
81% of domestic freight [11]. Consequently, investments in road infrastructure
are seen as vital economic stimulators. Maintaining, renewing, and improving
road networks makes journeys safer, more reliable, and more efficient [10].
Furthermore, improved road infrastructure attracts foreign investment and
supports tourism, further bolstering economic growth [10,32,33]. Different ranks
of road infrastructure have varying impacts on the economic fabric of a nation;
consequently, road networks in the UK are systematically classified to

strategically prioritise their development and maintenance.
2.2.1 Road classification system in the UK

The UK road classification system categorises roads based on their function,
importance, and traffic volume. The various classes include motorways, A
roads, B roads, and minor roads. This classification is crucial for road
management, maintenance prioritisation, and strategic planning to ensure
efficient traffic flow and safety across the country. The roads are either centrally

managed or locally managed.

Centrally managed roads are typically major routes and highways that form part
of the Strategic Road Network (SRN) [34]. This includes motorways and some
major A roads (trunk roads) designated as part of the national transportation
network. Responsibility for centrally managed roads lies with national agencies
such as National Highways in England, Transport Scotland in Scotland, and the
Welsh Government in Wales. Maintenance, upgrades, and investment
decisions for centrally managed roads are made at the national level, with a
focus on ensuring connectivity, safety, and efficiency for long-distance travel

and freight movement.

On the other hand, locally managed roads are typically under the jurisdiction of
local authorities, such as county councils or unitary authorities. Local roads
include residential streets, minor roads, and some A and B roads within urban
and rural areas. Local authorities are responsible for the maintenance, repair,
and improvement of these roads, including pothole repairs, signage, and traffic

management.

The total length of roads in Great Britain was recently estimated to be 247,800
miles. Major roads in Great Britain cover 31,900 miles, consisting of 2,300 miles
of motorway (99% trunk, 1% principal) and 29,500 miles of ‘A’ road (18% trunk,
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82% principal). Additionally, there were 216,000 miles of minor road in Great
Britain, comprising 18,900 miles of ‘B’ road and 197,100 miles of ‘C’ and ‘U’
roads [35]. Figure 2-1 illustrates the UK road classification structure.

managed roads

Trunk Motorways
Centrally Major roads K

Trunk ‘A’ roads

All publicly .
maintained Major roads

roadsin K o
Great Britain Principal ‘A’ roads
Locally managed

roads

‘U’ roads

Figure 2-1: Visual representation of road classifications and their administration in
Great Britain [36].

2.2.2 General overview of road maintenance in the UK

A review of literature on road maintenance in the UK reaches a definite
conclusion — resources for road maintenance by road authorities are stretched
[37,38]. Specifically, reference [37] indicates that local road authorities will
require approximately 10 years to clear carriageway maintenance backlogs in
the UK, at a one-time cost of £16.3 billion. Although the ALARM Surveys [37,38]
attribute this backlog to shortfalls in budgets (see Figure 2-2), it is apparent,
from the technical point of view, that both the techniques and materials used for

pothole repairs need to be reevaluated.

Pothole repairs constitute a significant portion of this backlog, with 2 million
potholes filled each year between 2020 and 2023 - up more than 40% from 1.4
million in the previous year, equivalent to one repair every 16 seconds in
England (including London) and Wales. The 2024 Alarm survey [37] reports that
the rise in repairs correlates with increasing weather-related damage across the
road network, including floods and landslides. Be that as it may, the cost
disparity between planned and reactive pothole repairs is evident in Figure 2-2,

with the average repair cost now £72.26. Consequently, the total expenditure in
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England and Wales last year was approximately £143.5 million, a 50% increase
from £95.6 million, illustrating the combined effects of more frequent repairs and

recent inflation spikes.

24

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

B Annual average budget for carriageway maintenance
M Annual average carriageway maintenance budget needed
Shortfall

Figure 2-2: Average annual maintenancc[esk;ijdget allocations and shortfalls in the UK
The growing prevalence of potholes on UK roads is exerting pressure on the
maintenance budgets of road authorities (as depicted in Figure 2-3) and driving
up road user compensation claims (illustrated in Figure 2-4). In the 2023/24
financial year, local authorities in England and Wales experienced an 80%
increase in the average number of claims per authority, reaching 421, with 89%
directly related to potholes. This increase in claims has led to a 31% rise in
compensation payouts, now averaging £15.2 million per authority. An additional
£13.6 million was spent on staff costs to handle these claims, pushing the total
expenditure on claim-related issues to £28.8 million across England, London,
and Wales - a 27% increase from the previous year's £22.7 million. This
amounts to £142.15 paid out per mile of road in 2023.

From the preceding considerations, the pothole problem on UK roads presents
not only safety and health concerns but also significantly impacts the UK

economy.
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Figure 2-3: Number of potholes filled and cost (Em) (data from 2023/24 financial year)
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Figure 2-4: Road user compensation claims? [37].

2.3 Road Pavement Structure

A road pavement comprises layers of processed materials placed atop the
natural soil subgrade. Its primary function is to distribute the vehicle loads

applied to the top layer to the underlying layers and eventually to the subgrade.

2 Average number of claims per authority in the past year and the total cost (£) of handling these
claims (previous year's figures in brackets for 2022/23).
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This ensures that the transmitted stresses from wheel loads are adequately
reduced, preventing them from exceeding the bearing capacity of the subgrade
[39,40].

The pavement structure should be able to provide a surface of acceptable riding
quality, adequate skid resistance, effective drainage, and durability against
weathering and traffic wear [40,41]. Road pavements are categorised as flexible
pavement, rigid pavement, and composite pavement based on their structure
and material compositions, which influence the way traffic loads are distributed

to the subgrade.
2.3.1 Flexible pavements

Flexible pavements are typically constructed using bituminous materials and
employ surface treatments [41,42] or asphalt courses [42,43]. These pavements
distribute wheel load stresses through grain-to-grain transfer, allowing for
multiple layers to accommodate varying stress levels. The top layer requires
high quality to withstand maximum stress and wear, while lower layers can use
lower-quality materials. Design considerations focus on overall performance
and stress management within allowable limits for each layer. Due to the flexible
nature of these layers, deformations in the subgrade and lower layers can
manifest in the top layers of the pavement. Key components of an asphalt

pavement include the following:

Surface Course: The topmost layer of the pavement, designed to provide skid
resistance, ride quality, and drainage. This layer also facilitates the efficient
removal of surface water to prevent water-induced damage and pavement
deterioration. Additionally, it ensures a smooth and comfortable driving
experience by minimising surface roughness and irregularities. Due to their
direct contact with vehicle wheel loads and exposure to weather conditions,
most pavement deterioration - such as cracking and potholes, which are the

focus of this research - develop within this layer.

Binder Course: This course or layer is located beneath the surface course and
serves as an intermediate layer between the surface and base courses. It is
composed of bitumen mixed with aggregates, providing structural support and

flexibility.

Base Course: This layer is positioned beneath the binder course, responsible

for distributing traffic loads and preventing deformation. It is typically
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constructed using aggregates of varying sizes bound together with bitumen or

cement.

Subbase: Situated below the base course, serves as a transition layer between
the pavement structure and the subgrade. It comprises coarse aggregates or

recycled materials, offering additional support and drainage capabilities.

Subgrade: The natural subsoil or prepared foundation beneath the pavement
layers provides load-bearing capacity. Although this layer receives the least
loading from traffic, it requires proper stabilisation to minimise settlement and
deformation under traffic loads. If too extreme, its deformation can lead to

damage of all the entire pavement structural layers that sit on top of it.

Figure 2-5 shows the layers that makes up a typical flexible pavement.

SURFACE LAYER = |

BINI]ER LAYER -

.
Poas

Figure 2-5: Section of a typical flexible Pavement®.

2.3.2 Rigid pavement

Rigid pavements are typically composed of cement concrete or reinforced
concrete slabs. These pavements exhibit substantial rigidity and modulus of
elasticity, facilitating the dispersion of loads over a wide soil area. Unlike their
flexible counterparts, minor fluctuations in subgrade strength exert minimal
influence on the structural resilience of rigid pavements. In the design of rigid
pavement systems, the paramount consideration is the flexural strength of
concrete, superseding subgrade strength [44]. This property enables the
concrete slab to effectively bridge localised subgrade deficiencies and regions

with inadequate support, thereby upholding pavement integrity.

8 Asphalt Investigations: https://www.guidelinegeo.com/asphalt-investigations/
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2.3.3 Composite pavement

Composite pavements combine the benefits of both flexible and rigid pavement
systems. They utilise a combination of materials and layering techniques to
provide enhanced performance and durability. The concrete base layer provides
structural capacity, while the asphalt surface layer serves as the wearing
surface course [45,46]. By combining the properties of both layers, composite
pavements can achieve greater strength and longevity, offering a practical

solution for various road conditions [45].
2.4 Asphalt Mixtures

An asphalt mixture is a composite material that is commonly used to construct
the structural layers of roads, parking lots and airports. In the UK, these mixtures
are designed predominantly in accordance with the BS EN 13108 standards
[47], which ensure consistency and quality in asphalt mixtures for various
applications. The aggregates form a solid skeleton that provides the required
compressive strength, while the bitumen keeps the aggregates together. The
smallest aggregates, for example, those under 2 mm and the filler (<0.063 mm)
[48], help fill the space between the biggest aggregates [49]. The aggregate
gradation, filler content, bitumen type, and amount are carefully selected to
provide the best cost, strength, resistance to loading and environmental
degradation, and vehicle traction. Then, the aggregates and the bitumen are
mixed at an asphalt plant and compacted onsite to provide a stable solid
skeleton that can carry loads by interlocking the aggregates [50]. An asphalt
mixture typically consists of 90-95% aggregates (by mass) and 5-10% bitumen
[43]. To meet increasing traffic demands, asphalt mixtures are increasingly
nowadays modified with materials such as fibres to enhance their mechanical
properties [51]. Also, moving towards a sustainable approach, existing asphalt
is now being recycled for reuse. Furthermore, to achieve specific asphalt
properties such as enhanced traffic noise reducing abilities, some additives may
be added to the asphalt mixture. An example is a rubberised asphalt which is
made by blending crumb rubber (finely ground scrap tires) into an asphalt mixer
[52-54]. Also, asphalt may be coloured for aesthetics and to reduce heat
absorption [55-57].

2.4.1 Aggregates for asphalt mixtures

Aggregates in asphalt mixtures are selected based on their ability to form a

stable skeleton, ensuring load-bearing capacity and effective interaction with
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bitumen for enhanced durability and strength. The BS EN 13108 standards [47]
provide detailed guidelines for the selection of suitable aggregates and fillers,
ensuring optimal performance for specific asphalt types used in roads, airfields,

and other trafficked areas.

These aggregates can be of different mineral origins, which causes them to
have different shapes. Their proportions are selected based on the ranges
outlined in the BS EN 13108 standards [47], such as aggregate gradation.
However, these ranges are flexible to accommodate the varying shapes of local
aggregates, which influence how the aggregates pack together. The shape of
the aggregates is described by properties like Feret diameter, chord length,
aspect ratio, area, perimeter, sphericity, shape factor, form factor, flatness,
elongation, and roundness, among others [58]. These morphological
characteristics are known to affect key pavement properties, including crack and
skid resistance [59], stability [60], workability [61], and compactibility [62].

Aggregates used in asphalt mixtures can be either natural or artificial. For
instance, natural coarse aggregates are typically sourced from crushed rock or
natural gravel, while artificial coarse aggregates, such as slag, calcined bauxite,
and synthetic materials, are also commonly used. Similarly, fine aggregates are
derived from crushed rock fines or natural sand. In addition, common fillers like
hydrated lime, Portland cement, and limestone dust are used to enhance the

mixture’s performance.

Moreover, recycled aggregates, sourced from construction and demolition
waste, serve as secondary aggregates and have been widely used in the UK,
as reflected in standards like PD 6691:2022 [63]. Consequently, these materials
promote sustainability by reducing reliance on natural resources while

maintaining comparable durability and stability when properly processed [64].

Various properties of aggregates employed in asphalt mixtures include
gradation, particle shape, strength, durability, specific gravity, unit weight,

absorption, volume stability, and the presence of deleterious components.
Gradation of aggregates

According to the American Society for Testing and Materials (ASTM), gradation
refers to the particle size distribution within a set of aggregates [65]. While the
required gradations for asphalt mixtures are not fixed, acceptable limits are

specified. The traditional approach to measuring aggregate gradation is through
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sieve analysis. Depending on the type of gradation, this process results in
different percentages of voids between mineral aggregates, tailored to meet
specific design requirements in asphalt mixtures. Gradation specifications can
vary slightly across regions, with notable differences in terminology between
Europe, the United States, and other non-European countries. For example, the
ASTM standard uses a 2.36 mm sieve to distinguish fine from coarse
aggregates, whereas the European Committee for Standardisation (CEN)
defines this division at 2.00 mm [47,65].

There are three typical gradation types for asphalt mixtures: well-graded, which
includes a full range of particle sizes; poorly graded, which has a uniform particle
size distribution; and gap-graded, which excludes a range of medium-sized

particles. Figure 2-6 illustrates these gradation types.

Well Graded Poorly Graded Gap Graded
Figure 2-6: Drawings illustrating typical asphalt mixture gradations — well graded,
poorly graded and gap graded [66].
When describing the sizes of aggregates in gradations, Maximum Size and
Nominal Maximum Size are often used. Maximum size represents the largest
particle size present in the aggregate, while nominal maximum aggregate size
(NMAS) represents the sieve size through which most of the aggregates pass.
Superpave (Superior Performing Asphalt Pavements) [67,68] specifies the
maximum aggregate size as one sieve larger than the nhominal maximum size.
Additionally, it defines the nominal maximum aggregate size as "one sieve size

larger than the first sieve to retain more than 10 percent of the material.”

The maximum aggregate size can impact asphalt mixtures in various ways. For
instance, instability may occur when the maximum aggregate size is too small,
whereas excessively large sizes can lead to poor workability and/or segregation
[69]. A previous study examining the effect of the maximum nominal aggregate
size (NMAS) on Stone Mastic Asphalt (SMA) performance demonstrated that
increasing NMAS enhances the mixture’s resistance to deformation and rutting
[70]. Conversely, decreasing NMAS helps to prevent cracking and ravelling.

Furthermore, reducing NMAS brings aggregate particles closer together,
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thereby resulting in fewer voids in the mix. This reduction in voids subsequently
decreases the permeability of the mix, as fewer pathways are available for water

infiltration through the pavement.

Therefore, the gradation of coarse aggregates significantly influences various
characteristics of bituminous mixtures, including workability, stability, flow,
permeability, and economy. Consequently, it is essential to thoroughly
understand how changes in aggregate size distributions affect the performance
of asphalt mixtures [71,72].

Classification of aggregate shapes

Aggregate is classified according to shape as rounded, irregular or partly
rounded, angular, flaky, elongated, and flaky and elongated [73]. These shapes
have been illustrated in Figure 2-7. Changes in aggregate shape influence the
volumetric and mechanical performance of the structures they form, such as
asphalt mixtures [59,74—78].

Desirable for road pavements Undesirable

\

’
J
/

Rounded Irregular Angular Flaky Elongated Flaky and
Elongated

Figure 2-7: Aggregate classification based on shape.
Also, the presence of flaky, elongated, and flaky and elongated aggregates can
compromise the integrity, durability, and long-term performance of asphalt
mixtures. Consequently, most regulations have restrictions with respect to these
undesirable aggregates as they can break during compaction, changing the
gradation and voids percentage in the mixture. Aggregate shape properties,
such as aspect ratio (AR), denote the relative prevalence of the two
characteristic surfaces of aggregates and are typically defined as the ratio of
the minor axis dimension to the major axis dimension, or vice versa [79]. This

aspect affects the arrangement of aggregates in asphalt mixtures. AR is also
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considered a key geometric parameter for optimising the performance of
granular materials. Generally, high AR nanomaterials have been found to
impact granuloma induction in biomedical science, while high AR fibres in self-
compacting concrete enhance tensile and fracture strength. Therefore,
accurately quantifying aggregate geometric properties, such as AR, is vital for
selecting appropriate aggregate gradations and achieving desirable properties
or performances of asphalt mixtures. Generally, it is essential to use well-graded
aggregates with predominantly cubical or angular shapes to ensure the quality
and longevity of bituminous pavements [80,81]. Also, different proportions of
these aggregates may be combined to meet optimised mixture properties such
as meeting workability and stability requirements. Below are definitions for each

aggregate shape category:

Rounded aggregates: Smooth-surfaced aggregates formed by natural erosion,
typically used in low-resistance concrete due to their low void percentage (32-

33%), ensuring good workability [80].

Irregular or partly rounded aggregates: Created through attrition, these
aggregates have a slightly higher void percentage than rounded aggregates,
offering slightly more resistance but still unsuitable for high-strength cements or

asphalt mixtures [80].

Angular aggregates: Defined by well-defined edges, obtained through crushing
methods. They yield a high void percentage (38 - 45%), enhancing compression
resistance through better interlocking between aggregate and mortar. Although
less workable, they are suitable for high-strength concrete and ideal for asphalt

mixtures due to high internal friction and excellent adhesion [73,80].

Flaky aggregates: Aggregates with thickness much smaller than length and
width, typically considered flaky when thickness is around 60% less than

average size, although specifications may vary [80].

Elongated aggregates: Classified as aggregates with length 180% greater than

average dimension.

Flaky and elongated aggregates: Aggregates possessing both flaky and

elongated properties.
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Methods for measuring aggregate geometry

Manual techniques [82] and Digital Image Processing (DIP) [78,83,84] are
common methods for measuring aggregate geometry, each introducing distinct
indices to quantify size and shape at macro, meso, and microscales. However,
both methods come with limitations. For example, manual measurement entails
assessing the length, width, and thickness of individual aggregates, often using
a shape index gauge, as shown in Figure 2-8. While this approach offers high
accuracy, it is labour-intensive and generally reliable only for aggregate sizes

exceeding approximately 4 mm.

Figure 2-8: Manual measurement of aggregate shape utilising a Shape Index Gauge*
in accordance with EN 933-4.

Digital Image Processing (DIP) methods are increasingly popular for aggregate
shape characterisation due to their simplicity compared to manual techniques.
Two-dimensional (2D) characterisation, for instance, involves analysing images
of aggregates taken from a top-down perspective, which efficiently captures
aggregate shape with minimal manual intervention. While 2D characterisation
provides valuable insights, it may not fully represent the complexity of aggregate
morphology, often requiring complementary three-dimensional (3D) analyses to

achieve a comprehensive understanding.

Three-dimensional characterisation, however, necessitates specialised
equipment, which can be costly, thus limiting its widespread application.
Recently, advanced digital imaging technologies have been developed and
commercialised, such as the Aggregate Imaging System (AIS) [85].
Furthermore, techniques like computed tomography (CT) [86] and three-
dimensional laser scanning [87] offer highly detailed representations of

aggregate morphology, elevating characterisation capabilities to a new level.

4Geotechnical Testing Equipment: https://geotechnical-equipment.com/product/shape-index-
gauge/
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Despite their potential, these advanced methods are relatively new to the field,
and they require the development of new characterisation indices to fully utilise

their capabilities.

Figure 2-9 illustrate some basic geometric properties of aggregates.
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Figure 2-9: lllustration of selected geometric properties of coarse aggregates.

Digital image analysis methods and equipment

ImageJ image analysis software

ImageJ (also called Fiji) is a popular open-source software extensively
employed for visualising, examining, quantifying, and validating scientific image
data [79]. It was developed by Wayne Rasband at the National Institute of
Health in 1987 [81]. BioVoxxel plugin, developed by Jan Brocher [88], can be
employed in ImageJ to compute representative shape factors for aggregates.
The plugin includes functions such as the extended particles analyzer [88],

which calculates the morphological parameters of aggregates.

Aggregate Imaging System (AIMS)

The AIMS measures the angularity, shape, and texture of coarse aggregates
and fines. It analyses aggregate particle characteristics distribution, utilising a
microscope, light, and software. AIMS employs 3D analysis to identify flat and
elongated particles and uses wavelet methods for shape and texture
quantification. A video-microscope is utilised to measure the depth of
aggregates to obtain the third dimension. Particle projections for shape

measurement are derived from 2D images [89].
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University of lllinois Aggregate Image Analyzer (UIAIA)

The University of lllinois Aggregate Image Analyzer (UIAIA) has gained
prominence for assessing particle morphology. This innovative technique
involves capturing images of coarse aggregates and applying segmentation
algorithms within the UIAIA system. By analysing these images, the method
guantifies both particle size and shape. Notably, UIAIA focuses on two-
dimensional image analysis, distinguishing it from previous approaches. In
addition to UIAIA, other static methods have been explored by researchers for
aggregate characterisation. These include Fernlund’s method and another
developed by Texas-Austin. Interestingly, these less popular methods operate

in @ manner similar to the UIAIA approach [81,90-92].

The UIAIA system employs specifically developed algorithms to characterize
the flat and elongated ratio (F&E ratio), angularity, and surface texture of
aggregate particles. These quantitative indices provide valuable insights into
aggregate properties [91]. Furthermore, UIAIA’s accurate determination of
volume and shape factors for individual particles contributes to improved
aggregate analysis [90]. Thus, UIAIA’s image-based approach enhances our
understanding of aggregate characteristics, benefiting fields such as asphalt

pavement design.

Dynamic Image Analysis

Dynamic Image Analysis (DIA) is a technique used to analyse particles in
motion. Unlike traditional static image analysis, where particles are stationary,
DIA involves capturing images of particles as they move through a fluid or
across a surface. This method allows for the analysis of dynamic processes
such as particle size distribution, shape, and morphology changes over time.

However, these devices have a significant drawback: they tend to be expensive.

The VDG-40 Videograder [93], is one of the earliest devices to use DIA. Initially
designed to determine aggregate gradation, it has since evolved to measure
geometric properties like flatness, elongation, and fractured faces. The process
involves introducing aggregates into a feed hopper, transporting them via a
vibratory channel to an extraction drum, and capturing images during particle

descent. Real-time monitoring and calculations occur via a processing unit.

Another similar machine is The Computer Particle Analyzer [94], primarily used

for particle sieving and shape approximation. It measures aggregate shape
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without considering angularity or surface texture which is one of its drawbacks.
Similarly, the Buffalo Wire Works system, developed at the University of
Tennessee, provides size and shape information while also idealising aggregate

shape.

Figure 2-10: The CAMSIZER 3D, developed by Microtrac Retsch GmbH,
operates according to BS 1SO 13322-2 [95] and advances particle size and
shape analysis of bulk solids. Unlike traditional methods, it employs patented
3D particle tracking, capturing up to 30 images per particle as they tumble
through its sensing zone. This approach enables precise measurements of
particle morphology, including length, width, and thickness, with distributions
calculated based on these dimensions. With its dual-camera system—a 9 MP
zoom camera for fine particles and a 5 MP basic camera for coarser ones—the
CAMSIZER 3D achieves a wide measuring range (20 um to 30 mm) without
hardware adjustments. Additionally, it offers rapid measurement times of 2-5
minutes, excellent reproducibility, and compatibility with sieve analysis. The
system's ability to detect particle defects and provide detailed shape information
makes it a transformative tool across various industries, including construction,
pharmaceuticals, and food processing, where particle size and morphology

significantly impact product performance and quality [84] .
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Figure 2-10: The CAMSIZER 3D particle analyser: (left) side view of the device, and
(right) the Dynamic Image Capturing technique [84].

2.4.2 Bitumen for asphalt mixtures

Bitumen, a critical component of asphalt mixtures, typically constitutes less than
10% by mass, according to most standards [43]. Despite its minor proportion,
bitumen plays a vital role in binding aggregate particles together. The choice of
the appropriate bitumen grade significantly impacts pavement durability,
stability, and resistance to various stresses. Key properties used to differentiate
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bitumen grades include needle penetration, viscosity, ductility, and compatibility
[96].

Bitumen emulsion [97], an adaptable alternative to traditional hot bitumen, offers
several advantages. Unlike hot bitumen, which requires heating, emulsion
bitumen’s low viscosity allows it to be used directly without additional energy-
intensive preparation steps. Additionally, it uses water instead of petroleum
solvents, making it more environmentally compatible. Furthermore, emulsion
bitumen remains workable even in colder conditions, improving workability at
lower temperatures. Its versatility extends to applications in road construction,
waterproofing, and civil engineering projects. However, one drawback of

bitumen emulsion is its relatively low durability [98].

To enhance asphalt performance, especially with increased traffic demands,
modifications to bitumen properties are essential. Commonly used bitumen
modifiers include plastomers, natural rubbers, and synthetic rubber elastomers
[99]. These modifications aim to achieve various improvements: lower stiffness
(viscosity) at high temperatures to enhance workability, higher stiffness at high
service temperatures to reduce rutting and shoving, lower stiffness and faster
relaxation properties at low service temperatures to minimise thermal cracking,
and increased adhesion to aggregate in moist conditions to prevent stripping of

bitumen from the aggregate [100].
Bio-Bitumen

Bio-bitumen, also known as bio-binders, is an emerging sustainable alternative
to traditional petroleum-based bitumen. Derived from renewable sources such
as lignin, vegetable oils, animal fats, and agricultural residues, bio-bitumen
offers the potential to significantly reduce the carbon footprint of asphalt
pavements. Its adoption aligns with global sustainability goals and supports

circular economy principles by repurposing waste materials.

Recent studies have highlighted bio-bitumen’s promising performance
characteristics [101,102]. For instance, lignin-based bio-bitumen demonstrates
enhanced stiffness and resistance to oxidative ageing, making it suitable for
high-temperature regions. Similarly, bio-oil-based binders derived from the
pyrolysis of biomass exhibit improved flexibility and low-temperature cracking
resistance. Laboratory tests have also shown that, with appropriate additives

such as polymers or nanomaterials, bio-bitumen can achieve performance
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levels comparable to conventional bitumen, particularly in terms of rutting and

fatigue resistance.

However, the technology is still in its early stages and faces several limitations,
which have hindered its widespread adoption and practical application [103]. A
significant challenge is the variability in the chemical composition of bio-
bitumen, which depends on the source material and production process. This
inconsistency can lead to unpredictable performance, particularly under long-
term service conditions. Additionally, bio-bitumen often requires extensive
modification with additives to meet the rigorous performance demands of

modern road infrastructure, which increases production complexity and costs.

Durability is another critical concern, as some bio-based binders exhibit inferior
resistance to moisture-induced damage (stripping) and thermal ageing
compared to petroleum-based counterparts. Furthermore, data on the long-term
performance of bio-bitumen in real-world conditions is limited, as most studies
have focused primarily on laboratory-scale evaluations. While bio-bitumen
holds significant promise, its integration into asphalt pavements requires further
research to fully understand its properties, address existing challenges, and

ensure consistent and durable performance [104,105].
2.4.3 Types of asphalt mixtures

According to BS EN 13108 standards [47], standard asphalt mixtures
encompass a variety of types, each suited to specific applications. These
include Asphalt Concrete (BS EN 13108-1), Hot Rolled Asphalt (BS EN 13108-
4), Stone Mastic Asphalt (BS EN 13108-5), Mastic Asphalt (BS EN 13108-6),
and Porous Asphalt (BS EN 13108-7). Additionally, BS EN 13108-3 addresses
soft asphalt for roads with lower stability or lighter traffic volumes, while BS EN

13108-8 focuses on reclaimed asphalt for sustainable applications.

Asphalt Concrete (AC) is defined as a dense, well-graded mixture of
aggregates, filler, and bitumen, creating a nearly impermeable material. Known
for its durability and strong load-bearing capacity, AC is widely utilised as a
wearing course on high-traffic roads. It can be classified into coarse or fine-
graded types, depending on particle size distribution, to meet varying

application needs.

Hot Rolled Asphalt (HRA) is a gap-graded mixture with a high binder content

that includes fine aggregates and coarse aggregate chippings rolled into the
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surface layer. This design results in a smooth, durable, and waterproof surface,
making HRA ideal for urban areas with high traffic where resistance to

deformation and wear is essential.

According to BS EN 13108-5, Stone Mastic Asphalt (SMA) is formulated to
achieve stone-on-stone contact within the mix, which enhances rutting
resistance and stability. Due to its composition, SMA requires high-quality
aggregates, raising production costs but delivering durability that makes it well-

suited for high-traffic areas prone to mechanical stress.

Mastic Asphalt, outlined in BS EN 13108-6, is a highly dense, impermeable
mixture with a high binder content, typically applied in thin layers. It offers unique
flexibility and waterproof properties, making it suitable for specialised
applications, including bridge decks, tunnels, and other infrastructure needing

durable waterproofing.

Porous Asphalt, defined in BS EN 13108-7, is an open-graded mixture designed
to allow water to permeate its structure. This enhances drainage and minimises
surface water, making it especially valuable in areas where noise reduction and
splash control are desired, such as highways. Its porosity also improves road

safety by reducing water spray in wet conditions.

BS EN 13108-3 specifies Soft Asphalt for low-traffic or low-stability roads, like
those in rural areas or lightly trafficked settings. Its flexible composition makes
it more resilient to movement but less suitable for high-load conditions, fitting

applications where heavy-duty asphalt performance is unnecessary.

Finally, in line with BS EN 13108-8, Reclaimed Asphalt facilitates recycling by
incorporating used materials into new mixtures. This approach conserves
resources and reduces waste while maintaining performance standards,

making it a sustainable choice for lower-demand applications.

Asphalt mixtures are produced as Hot Mix Asphalt (HMA), Warm Mix Asphalt
(WMA), or Cold Mix Asphalt (CMA), each suited to specific applications
[106,107]. HMA, produced at 150°C-190°C, offers high strength, stiffness, and
durability, making it ideal for high-traffic areas. WMA, manufactured at 100°C—
140°C, reduces emissions [108], improves working conditions, extends haul
times, and enables better compaction at cooler temperatures [98],[108], making
it a sustainable alternative for moderate-performance applications. CMA,

produced with unheated aggregates and emulsified or foamed bitumen, is
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energy-efficient and eco-friendly but lacks the strength of HMA, limiting its use

to low-traffic areas and temporary repairs.
2.4.4 Asphalt mix design methods

The design of asphalt mixtures is a key aspect of pavement engineering, aimed
at optimising performance under varying traffic and environmental conditions. It
involves selecting and proportioning aggregates and bitumen to achieve desired
properties, such as stability and durability. Asphalt design methods are broadly
categorised into empirical, mechanistic-empirical, and performance-based
approaches, each with unique strengths and limitations. Recently, the Balanced
Mix Design, a hybrid of mechanistic-empirical and performance-based
methods, has gained popularity for its ability to balance multiple performance

requirements effectively.
Empirical desigh methods

Empirical methods, such as the Marshall Mix Design [109], and Hveem
Stabilometer Method [110], were widely used in the early 20th century and are
still applied in specific contexts today. The Marshall Mix Design [109] selects
aggregate gradations within specific limits and a binder content that satisfies
minimum stability and flow requirements. Under traffic, Marshall stability
describes how bituminous materials resist displacement and shearing stresses.
Flow determines the elasto-plastic properties of asphalt, which are described as
the ability of asphalt to adapt to settlements and gradual movement without
cracking [111]. Similarly, the Hveem Method emphasises stability through
volumetric calculations and performance parameters, although it is more
commonly used in the western United States [110]. These methods are
relatively simple but rely on limited laboratory testing, making them less

adaptable to modern, high-traffic pavements [69].
Mechanistic-empirical design methods

Mechanistic-Empirical (M-E) methods represent a significant advancement over
purely empirical approaches, as they incorporate structural responses, such as
strain and stress, under real-world loads. The design approach uses
mechanistic principles along with empirical data to predict mix performance. A
typical example of this approach is the Superpave design method [50,67,112]
which offers a more comprehensive approach. The method offers different mix

design levels that allow for adjustments based on the available resources,
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construction methods, and performance requirements. The process considers
the selection of aggregates by determining their proportions according to grade,
shape, and durability specifications, and determining the binder content based
on some volumetric or mechanical properties of the asphalt. In this approach,
the selection of exact aggregate portions is crucial to the performance of the
asphalt mixes. However, the selection procedures are mostly based on an

experimental trial-and-error process that is tedious and time-consuming.
Performance-based methods

Performance-based methods focus directly on achieving specific performance
criteria (such as resistance to rutting, cracking, or durability) based on how the
pavement should perform under real-world conditions. These methods are
highly adaptable and often consider local factors but may require advanced

testing and modelling capabilities.

The Performance mix design (PMD) [113], a more advanced version the
performance-based method, fits within the performance-based approach
category. PMD focuses on creating asphalt mixtures that meet specific
performance criteria, such as resistance to rutting, fatigue cracking, or thermal
cracking, under anticipated real-world conditions. As referenced in previous
studies [59,61,75], these distresses are influenced by the relative quantities of
aggregate and asphalt binder [109,114]. Consequently, control over the
characteristics and quantities of aggregates and bitumen in a mixture could lead

to the development of mixtures with customised functionalities.

PMD methods often use advanced performance tests, such as the Wheel
Tracking Test for evaluating rutting resistance [115] and the Dynamic Modulus
Test (|JE|)* for assessing stiffness [116], as well as modelling to determine how
a mix will perform over time, under various loads, and in specific environmental
conditions. Although PMD requires a more sophisticated testing infrastructure,
it provides a flexible and reliable approach to optimising pavement longevity and
functionality by directly addressing performance requirements rather than

relying solely on volumetric or empirical measures.
Balanced mix design (BMD)

The Balanced Mix Design establishes specific performance thresholds for
rutting and cracking, ensuring that neither property is compromised during the

design process. For example, increasing binder content can improve cracking
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resistance by enhancing the mixture's flexibility and reducing susceptibility to
fatigue. However, excessive binder may reduce stiffness, increasing the
likelihood of permanent deformation (rutting) under heavy traffic loads.
Conversely, optimising the aggregate structure for high stiffness and rut
resistance can result in a more brittle mix, making it prone to cracking under
repeated loading or temperature variations. To address this trade-off, BMD

incorporates rutting and cracking criteria into the design process.

The method often incorporates both empirical and mechanistic tests [117], such
as the Wheel Tracking Test for rutting resistance and the Indirect Tensile
Cracking Test (IDEAL-CT) [118] for cracking. Additionally, BMD can include
other tests, such as the Dynamic Modulus Test (|E[), to address broader

performance needs beyond its primary focus.

Figure 2-11 illustrates a balance mix graph for optimising the fatigue cracking

and rutting performance of a mixture [113].
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Figure 2-11: lllustration of optimisation of mixture performance to meet cracking and
rutting failure criteria [113].

2.45 Asphalt mix design approaches across regions

Asphalt mix design varies across regions to suit distinct traffic demands,
climates, and material availability. This section examines key approaches

across developed and developing regions.
United States

In the United States, the Superpave (Superior Performing Asphalt Pavement)

mix design method, developed under the Strategic Highway Research Program
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(SHRP) in the 1990s, has become the most widely adopted approach for
asphalt mixture design. It has largely replaced traditional methods like Marshall
and Hveem due to its performance-based framework, which incorporates
climate-specific conditions, traffic loads, and material properties into the design
process. Superpave’s ability to produce durable and reliable asphalt mixtures
tailored to a wide range of environmental and traffic conditions has established

it as the standard in modern pavement engineering.

A key feature of the Superpave system is the Performance-Graded (PG) binder
specification, which classifies bitumen based on its resistance to rutting, fatigue
cracking, and thermal cracking under regional temperature extremes. The mix
design incorporates volumetric analysis, including voids in mineral aggregate
(VMA) and air voids, alongside advanced tests like gyratory compaction to
simulate field conditions and assess deformation resistance. Its widespread
adoption highlights its effectiveness in addressing critical performance

demands, particularly for high-traffic roads and highways.
Europe

European countries, guided by harmonised CEN standards, emphasise
performance-based asphalt mix design. While the Marshall method is still used
in countries like France and the UK, it is often supplemented with advanced
testing. France, for example, uses the Gyratory compactor for accurate
volumetrics and specific tests like the Duriez test for water sensitivity, the
Laboratoire Central des Ponts et Chaussées® (LCPC) wheel tracking for rut
resistance, and trapezoidal bending for stiffness and fatigue. These methods
enable the characterisation of deformation resistance, stiffness, and fatigue life,
ensuring asphalt durability and structural integrity under varying climates and

heavy traffic loads.

The French asphalt mix design method

The French design method for asphalt mixtures is based on a performance-
oriented approach that emphasises laboratory validation through empirical
testing to achieve durability and resistance to deformation under load. This
method primarily assesses parameters such as stiffness, fatigue resistance,
and rutting resistance, ensuring that the mix can withstand various traffic loads

and climatic conditions over time. The French methodology principally utilises

® Translated to English as ‘Central Laboratory of Bridges and Roads.’
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the LCPC Wheel Tracking Test and Fatigue Beam Test to evaluate
performance, particularly for high-performance asphalt types like Enrobé a
Module Elevé® (EME), which is widely used for high-stress applications. The
French design approach also considers local materials and regional climatic
conditions, adapting the mix to optimise resistance to aging and environmental
stresses [119,120].

The UK asphalt mix design: recipe-based approach

The UK design approach, as specified in PD 6691:2022 [63], complements the
BS EN 13108 standards [47], by providing a recipe-based framewaork for asphalt
mix design. This method defines mixture proportions for aggregates, binders,
and fillers according to standardised compositions for different applications,
facilitating consistency and ease of production. PD 6691 specifies various
asphalt mixtures, including Asphalt Concrete (AC), Hot Rolled Asphalt (HRA),
and Stone Mastic Asphalt (SMA), with targeted properties aligned with the
functional layer in which each type is used (e.g., surface, base, or binder
course). This recipe approach is grounded in historical performance and
empirical knowledge, allowing contractors to select appropriate mixtures for
specific applications, particularly where rapid application and consistency are
prioritised. Table 2-1 presents a selection of laboratory tests, chosen from
among many, that are performed to evaluate the performance of asphalt

mixtures in the UK.
Asia

Asian countries, including Japan, India, and China, adopt diverse asphalt mix
design approaches to address rapid urbanisation, heavy traffic, and varying
climatic conditions. Japan frequently employs Stone Mastic Asphalt (SMA) for
high-traffic areas, focusing on durability and resistance to deformation. India
relies heavily on the Marshall mix design, modified with locally available
aggregates and additives, to optimise cost-effectiveness. In China,
performance-based methods, including polymer-modified binders and rutting
resistance tests, are increasingly utilised for infrastructure durability under high

axle loads and extreme weather variability.

® Translate to English as ‘High Modulus Asphalt.’
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Table 2-1: Description of selected performance tests on asphalt mixtures (selection informed by the scope of the research).

Performance Description Test name Reference Limit” [121,122]
Stability The asphalt’s resistance to deformation e Marshall test BS EN 12697-34:2020 [123] = 5.0 kN
under load. e Indirect tensile strength  BS EN 12697-23:2003 [118]
* Resistance to fatigue BS EN 12697-24:2018 [124]
» Wheel tracking BS EN 12697-22:2020 [115]
Flow Determines the asphalt's elasto-plastic Marshall test BS EN 12697-34:2020 [123] 2mmto 4 mm

characteristics, reflecting its ability to adapt to
subgrade movements and settlements
without cracking.

Air void content  The air void volume in compacted mix is vital Determination of bulk BS EN 12697-6-2020 [125] 3% to 7%
for designing and evaluating asphalt density of bituminous
pavements, impacting their durability, specimens

strength, and environmental resistance.

Workability The ease of placing, compacting, and No known standard - -
shaping asphalt mixtures during construction. method?

’ performance limits typically applied in the field for asphalt mixtures.

8 Some non-standard techniques for evaluating the workability of asphalt mixtures are presented in Chapter 2, given the significance of this performance parameter to the
research.
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Africa

In Africa, the Marshall method remains the predominant mix design due to its
simplicity and adaptability to local materials. Cost and resource limitations drive
innovations like the use of reclaimed asphalt and unconventional aggregates.
Performance modifications are typically aimed at improving binder adhesion
and resistance to stripping in regions with high moisture and temperature
variations. Despite limited adoption of advanced techniques, pilot studies using
Superpave and polymer-modified binders are emerging in South Africa for high-

traffic roads.
Australia and New Zealand

Australia and New Zealand prioritise sustainability in asphalt mix designs by
incorporating reclaimed asphalt pavement (RAP) and industrial by-products,
such as slag and fly ash. Both countries utilise performance-based
specifications, particularly in high-temperature and moisture-prone regions. The
use of Wheel Tracking Tests and Dynamic Modulus Tests ensures mixes are
suited for rut resistance and fatigue life. Sustainability frameworks guide
material selection and mix optimisation, balancing durability with environmental

objectives.
Middle East

Middle Eastern countries focus on developing asphalt mixes that withstand
extreme heat and heavy axle loads. Polymer-modified binders (PMBs) and
Performance-Graded (PG) systems are widely utilised to enhance rut resistance
and thermal stability. Tests such as the Hamburg Wheel Tracking and Indirect
Tensile Strength are integral for assessing performance under severe
conditions. The inclusion of anti-stripping agents and reflective surfaces also

addresses durability and longevity in arid climates.
2.4.6 Trends in Asphalt Mix Design

Globally, asphalt mix design is increasingly adopting performance-based
frameworks that incorporate climate, traffic, and sustainability considerations.
Advances in materials, such as polymer-modified binders, recycled
components, and innovative additives, have significantly improved the durability
and environmental impact of asphalt mixtures. Regional approaches, such as
Superpave in the United States, European Committee for Standardisation

(CEN) methodologies, and adaptations in Asia and Africa, aim to address
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specific environmental and traffic conditions while ensuring long-term pavement

performance.

The introduction of digital technologies [126], including virtual aggregate
modelling [30], digital twins [127], and Al-driven optimisation [127,128], has
shown promise in enhancing the precision and adaptability of asphalt mix
designs across diverse regions. Furthermore, innovative methods for assessing
mixture workability are emerging to address practical challenges in construction

and ensure consistency in field performance.

Future research in this area is expected to focus on integrating sustainable
materials, refining digital design tools, and developing advanced performance
testing methods to create durable, regionally adaptable, and environmentally

conscious pavement solutions [129,130].

The UK method’s reliance on pre-defined recipes simplifies the design process,
although it may lack the flexibility of performance-based methods like the

French approach.
2.4.7 Evaluating the workability of asphalt mixtures

The factors that influence the workability of asphalt mixtures have been well
documented in literature. [8] indicated that the workability of HMA is affected by
the temperature, binder type, aggregate type, and nominal maximum aggregate
size. For aggregate gradation, an increase in the percentage of filler is known
to reduce the workability of HMA [131-134]. Reference [61] also established
that the workability of asphalt mixtures decreases with decreasing flaky
aggregate content. Furthermore, [70] showed that 12.5 mm nominal maximum
aggregate sized mixtures are more workable than 19.0 mm nominal maximum
aggregate size mixture in both WMA and HMA. Also, crushed gravel HMA
mixtures have better workability than limestone aggregate mixtures [70] which
indicates that the type and geometry of aggregates influence the characteristics
of asphalt mixtures. Reference [70] further indicated that the workability of

asphalt mixtures decreases with increasing binder viscosity.

In pavement construction, asphalt pavers are used to distribute, shape, and
partially compact the asphalt layers. Paving rollers are then used to press down
the laid asphalt to reduce its thickness, reorient aggregates and obtain targeted
densification. The density obtained directly impacts the quality and lifetime of

that pavement. In effect, mixtures that are more workable and compactable are
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likely to last longer. Also, workable mixtures require less energy for distribution

and compaction which saves resources.

In manual levelling of HMA mixtures with asphalt shovels, workable mixtures
are easy to push around. In recent years, electronic pavers that are capable of
laying asphalt to the precise thickness and compacting the mixtures to
significant degrees are becoming common on the market. To quantify the ease
of working with a variety of bituminous mixtures and predetermine its success
of use on-site, several workability-related studies have been conducted in the
past four decades. The investigations mainly follow two major paths: the use of
compaction index methods [134-136] and paddle mixer type designs
[131,132,137,138]. The compaction index involves using Superpave Gyratory
Compactor densification curves. Also, from direct gyration readings, a small

gyration number indicates better compactability of the mixture [139].

The paddle mixer type design, the oldest of all, utilises the torque generated
from the resistance that the paddle blade encounters as it stirs an asphalt
specimen, usually 12 kg to 20 kg. It primarily consists of a motor to turn a mixing
blade, a mixing paddle with the blades, a blade revolution torque measuring

unit, and a mixing bowl, as shown in Figure 2-12.
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Figure 2-12: Workability measurement of asphalt mixtures from literature: (a) torque
wrench with a paddle mixer by Wang et al. [140], and (b) paddle mixer type design by
Poeran and Sluer [131].

Either the mixing blade or bowl could be rotated to generate the torque at the
desired specimen temperature. A lower toque value is used as an indicator of
good workability. In a recent study, reference [141] modified a motorised Vane
Shear Test (VST) apparatus, a device used to measure the shear strength of
soils, to quantify the workability of asphalt mixtures. One major concern that has
characterised these methods in literature has been the wide variability in test
results. The raw data of workability measurement of SMA 70/100 showing wide
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variability from an improved version of the paddle mixer type design by [131] is
shown in Figure 2-13. The high errors have been attributed to fine material
segregation and shear planing in asphalt mixes caused by the blades in the
paddle-torque devices. An example of the segregation, from reference [131], is

illustrated in Figure 2-14.

100
90
80
70
60

Torque [Nm]

150 140 130 120 110 100 90 80 70 60
Temperature [°C]
SMA 11 70/100 15 RPM
» SMA 11 70/100 25 RPM

Figure 2-13: Scattered test data from Poeran and Sluer [131] demonstrate the lower
accuracy of paddle mixer test results in measuring workability in HMA.

Figure 2-14: Demonstration of problems associated with the paddle mixer type design
(a) fine aggregates in HMA segregated and pasted on the container walls, and (b)
shear planing in the mixture

Computational methods

Additionally, computational methods are gaining popularity in asphalt mixture
designs. For instance, researchers have utilised Data-Driven methods, such as
simple rules and atrtificial intelligence, to create models predicting asphalt mix
behaviour based on its composition [26-28,30,31,142-147]. However, data-
driven methods still struggle to accurately predict asphalt mix compositions due

to the numerous variables involved.
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Also, researchers have employed discrete element methods to simulate virtual
3D representations of asphalt mixtures and compact them. This approach
enables the prediction of volumetric properties such as air void content. When
creating these virtual 3D asphalt mixtures, it is crucial to consider the geometry
of aggregates and accurately replicate them to generate precise virtual

aggregate assemblies [58,62,111,148].

2.4.8 Comparing asphalt mix design methods to flexible pavement

design methods

Asphalt mix design and flexible pavement design share similar foundational
approaches—empirical, mechanistic-empirical, and performance-based—
though their focus within pavement engineering differs substantially. Asphalt
mix design, as previously discussed, concentrates on achieving an optimal
material composition for the asphalt layer. In contrast, flexible pavement design
applies these methodologies to the entire pavement structure, addressing the
distribution of loads across multiple layers, from the asphalt surface down to the

subgrade.

Flexible pavement design aims to ensure that loads are distributed effectively
to protect the lower layers, particularly the subgrade, which provides
foundational support for the pavement. Empirical methods like the AASHTO
1993 [149] design use historical data to guide layer thickness, while
mechanistic-empirical approaches, such as the Mechanistic-Empirical
Pavement Design Guide (MEPDG) [150], model stresses and strains within
each layer to predict how the structure will respond to different loads and
environmental conditions. Performance-based methods, meanwhile, evaluate
pavement layers based on criteria like fatigue and deformation resistance,

ensuring each layer performs as intended over its lifecycle.

By considering factors such as load-bearing capacity, subgrade resilience, and
interlayer bonding, flexible pavement design achieves a stable, durable
structure capable of withstanding anticipated traffic and environmental stresses.
This focus on structural integrity across layers distinguishes it from asphalt mix
design, where the emphasis is specifically on optimising material composition
within the asphalt layer itself. Together, these design approaches enhance both
material performance and overall pavement durability in complex, real-world

conditions.

38



2.5 Distresses in Asphalt Pavements

When traffic traverses the road pavement, it takes life out of it. The loads are
repetitive and lead to fatigue in the pavement layers. Also, as pavements are
exposed to the environment, variations in the weather weaken the strength of
the asphalt. Traffic, environmental and material factors cause road distresses
(also called defects) such as cracks, bleeding of binder, corrugation, rutting,
shoving and potholes. Reference [151] identifies pavement cracking as the most
common road defect and it can progress into other distresses if not fixed.
Cracking in road layers can result from factors such as heavy traffic loads,
variations in climatic conditions, asphalt aging, deficiencies in construction
practices, or movements in the subgrade. Cracks, especially intersecting ones
affected by water ingress and traffic impact, lead to the formation of potholes.
Ravelling, on the other hand, occurs due to the progressive disintegration of
asphalt caused by the dislodgement or segregation of asphalt aggregates.
Moreover, excessive axle loads exacerbate rutting, while shoving and
corrugation occur as a result of braking forces exerted by vehicles. According
to Odoki [152], all pavement defects interact with roughness as illustrated in
Figure 2-15. As such, roughness is primarily used as a key parameter in

pavement performance modelling [152—-154].
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Figure 2-15: Asphalt pavement distress interaction [154].

2.5.1 Cracking in asphalt pavements

It is an undeniable fact that pavements crack; and cracking is the most common
distress in flexible pavements making up about 70% of all defects [151]; and its

presence signifies a deteriorating pavement.
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Impact of cracks on road pavement

Cracking is the most common distress in flexible pavements [151,155,156] , and
can significantly decrease the service level and service life of an asphalt
pavement [157]. There is a significant positive relationship between cracking
and road surface roughness [158]. Cracking destroys the structural integrity and
decreases the bearing capacity of the pavements [157]. Cracks also allow water
to penetrate the inner part of pavements [159], causing other serious distresses
such as water bleeding, pumping, and potholes [160,161]. Therefore, it is of
great importance to promptly fill and seal the cracks. Delaying crack repairs can
reduce serviceability and lifespan while increasing vehicle, operational, and

maintenance costs [162].
Crack types and cracking mechanism

Common cracks associated with flexible pavements are detailed in Table B-41
in Appendix B. Generally, cracks may be related to fatigue or ageing [163] and
climate impact. That is, generally, cracking in asphalt can be load-associated or
non-load associated [164]. Fatigue cracking can initiate both at the top and the
bottom of a pavement and may be initiated by shear stresses from vehicular
tyres [165—-167] and may depend on the material characteristics of the wearing
course [168,169]. In Figure 2-16, reference [167] illustrates how loading causes
top-down cracking. The figure reveals that load related top-down cracks often

develop outside wheel paths in a tension region.

| crack distance |

crack

traction

R S
\/ UUUU \_, e compression

Figure 2-16: lllustration of structural bending and stresses in asphalt pavement from
loading [167].
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Also, reflective cracking in asphalt overlay refers to the phenomenon where
cracks from the existing pavement surface reappear or "reflect” through the
newly applied overlay. This type of cracking typically occurs due to the
propagation of existing cracks in the underlying pavement through the overlay,
often caused by movements in the underlying pavement layers, thermal
fluctuations, or inadequate bonding between the overlay and the existing
pavement. Figure 2-17, illustrates the reflective cracking phenomenon in
asphalt overlays according to reference [170].
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Figure 2-17: Reflective cracking mechanism in flexible pavements [170].
Additionally, temperature-induced fatigue is often top-down. Once developed,
at the top, traffic loading and water ingress can exacerbate the cracks’
downward propagation [169]. Figure 2-18 illustrates a schematic representation
and a real image of a top-down crack in an extracted core from an Italian
motorway pavement. However, bottom-up fatigue cracks which are mostly
started at the lower sections of a pavement layer, are caused by tensile strains
that results from repetitive wheel loads. Recent literature however suggests that

not all bottom-up cracks are load associated [164]. All asphalts undergo aging
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when in service which reduces their ability to resist repeated deflections from
loading. This makes aged asphalts more susceptible to cracking. In a
mechanistic approach, bottom-up fatigue cracking is used as the pavement
thickness design criterion [168]. In Figure 2-18, the cores reveal characteristics
that are typical of transverse cracks. Notably, pavements with lower quality
materials will crack at a faster rate. For instance, inadequate interlayer bonding
between asphalt concrete and the Cement-Treated Base (CTB), as well as
insufficient pavement thickness, can be major causes of accelerated cracking
in asphalt pavements [64]. A in-situ transverse crack through the entire profile

of a flexible pavement is shown in Figure 2-19.

Stage 1 Stage 2 Stage 3

Figure 2-18: Evolution of top-down cracking: (left) scheme in stages, and (right)
extracted core of a wearing and binder course [171].
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Figure 2-19: Transverse crack of a typical pavement: (a) surface view, (b) pit showing
failed CTB, (c) core from the cracked pavement, and (d) cored-profile of in-situ
pavement [172].
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Crack initiation and progression prediction

Due to the multiple factors that influence cracking in pavements, its prediction
is that of a complex phenomenon. Accurately predicting crack development is
not just important for road maintenance management but also, to aid in the
design of more resilient flexible pavements. Although there have been several
efforts both in the past [65] and in recent times [66]-[68] to understand the
initiation and propagation of cracking, especially fatigue cracking, their time of
initiation and damage distribution are yet to be fully understood, probably due
to their stochastic nature. Reference [173] observed that the tensile strain
developed in an asphalt under load was the cause of fatigue. This observation

remains relevant even in modern research, four decades later.

The fundamental understanding of all crack propagation models in literature is
that asphalt mixtures designed with higher strain tolerance have higher
resistance to cracking and once the fatigue resistance of an asphalt is

exceeded, it could take smaller loads to cause further cracking.

In recent studies, empirical crack propagation models have been developed to
guide practicing engineers. However, the effective application of most of these
models relies much on the experience of the pavement engineer. One of the
well-established models is that found in HDM-4 which predicts crack initiation
and progression for rehabilitated pavements. The crack initiation model for
rehabilitated pavements is indicated in Equation (2-1) and the crack progression
model shown in Equation (2-2) [174]. In terms of crack progression after
initiation, HDM-4 llustrates that crack initiation and progression remain in
incremental progression throughout the asphalt’s life if the cracks are not
maintained. In effect, the only time the progression peaks is the stage where

the asphalt has collapsed.

Initiation of all structural cracking:

YE,
ICA=K_, {CDS? x a, x exp [a1 x SNP + a, (SN—P2>] + CRT} (2-1)
Progression of all structural cracking:

CRP it
daca = cha ﬁ ZA (ZA X ap *xaq X 6tA + SCA )81 -SCA (2-2)

where:
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ICA -time necessary for initiation of all cracks in the construction (years)
Keia - calibration coefficient for the initiation of all structural cracks

CDS - indicator of the defects in the asphalt surface construction (CDS = 0 for
well-built pavements; CDS = 1 for correctly built pavement with a few

defects; CDS = 2 badly built pavements with a combination of defects)
SNP - average annual modified structure number of the pavement

YEs - average annual number of equivalent axes as per the standard

(millions/lane)
CRT - lagging time in the formation of the crack due to maintenance (years)

daca -the incremental change in area of all structural cracking during analysis

year, in per cent of total carriageway area
Kepa - the cracking progression factor
CRP - retardation of cracking progression due to preventive treatment

SCA -min (ACA,, (100 - ACA)) and ACA. is the area of all structural cracking

at the start of the analysis year, in per cent.
a - model coefficients
NB: Progression of all cracking commences when 6tA> 0 or ACAa > 0.
Crack characterisation and measurement

Manual surveys such as crack mapping and visual observations [175], and
automatic photographic techniques such as laser surveys [176,177], automatic
road analysers and PASCO systems [177,178] are extensively used in
pavement management systems for crack detection and measurement. The
conventional approach and basics for measuring crack width are illustrated in
Figure 2-20 [179].

HDM-4, cited by reference [174], measures cracks as a percentage of the total
carriageway. This means that the cracking area is estimated as the sum of
rectangular areas circumscribing manifest distress (line cracks are assigned a
width of 0.5 m), expressed as a percentage of the carriageway area.
Additionally, structural cracking is categorised as narrow cracks or wide cracks,
with the crack range of (1-3 mm crack width) and (> 3 mm crack width)

respectively. The HDM-4 linear classification is similar to the Federal Highway
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Administration 2009 classification [180], where the latter classifies linear crack
(transverse and longitudinal) severity levels as low (cracks with a mean width
of < 0.25 in (6 mm)), medium (cracks with a mean width > 0.25 in (6 mm) and
<= 0.75in (19 mm)), and high (cracks with a mean width > 0.75 in (19 mm)). In
contrast, fatigue cracks are quantified in areas due to their wide coverage.
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Figure 2-20: Crack width measurement [179].
According to [180], low fatigue cracks are areas of cracks with no or very few
interconnecting cracks, where cracks are <= 0.25 in (6 mm) in mean width and
are not spalled. Medium fatigue cracks cover interconnected cracks that form a
complete pattern with crack >0.25 inches (6 mm) and <= 0.75 in (19 mm).
Medium fatigue cracks may be slightly spalled. Lastly, high cracks are observed
to be interconnected and form a complete pattern with cracks >0.75 in (19 mm).
High fatigue cracks may be moderately or severely spalled. Specifically, the
Michigan Department of Transportation (MDOT) evaluates the density of cracks

within 100 m sections of a roadway with details shown in Table 2-2.

Table 2-2: Classification of crack density by the MDOT [181].

Total crack length per Density category
100m section of
pavement
<10m Low
10m to 135m Moderate
>135m High
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Repairing cracks

Cracks in both asphalt and concrete are usually repaired by sealing or filling the
crack with binders. In asphalt, bitumen is the most used repair material whereas
other sealants and epoxies are commonly used in concrete. It is also common
to see cement grouts injected into cracks especially in rigid pavements [181].
Earlier studies do not provide evidence of the use of bitumen in concrete nor
cement grout in asphalt. This could be due to the desire for the filling material
to bond with the crack wall and effectively prevent water seepage. Sealing
techniques also include covering cracks with overbands® [182] . In recent years,
new techniques to make the pavement material self-heal are being considered.
The concept of self-healing in asphalt was introduced by White et al [183] in
2001. It involves bursting embedded microcapsules when subjected to applied
force and releasing healing agents. Common maintenance actions that could
be applied to cracked roads are presented in Table 2-3, from FHWA guidance
[184].

Although the FHWA did not explain the reasons for taking no action on low-
density cracks, its proposal could be attributed to the management of workforce
and maintenance budgets. In realistic terms, every identified crack should be
sealed at the earliest opportunity to avoid further degradation. Many pieces of
literature recommend that if fatigue cracks are not treated at early stages, their
treatment at later stages would not result in substantial improvement in
pavement performance [162,185]. This could be because fatigue cracks
indicate failed pavements, and as such, the failed material would have to be

replaced.

Table 2-3: Guidelines for determining the type of maintenance action to take [184].

Crack Density Percentage of crack length
Low Moderate High
(0-25)% (26-50)% (51-100)%
Low Do nothing Do nothing Repair crack
Moderate Treat crack Treat crack Repair crack
High Surface Surface treatment Rehabilitate road
treatment

° The overband material, typically a bituminous sealant or a specialised polymer-modified
bitumen, is applied hot and allowed to cool and harden, thereby forming a protective barrier
over the crack.
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Crack sealing and filling in asphalt

The most used treatments for cracks are sealing or filling [159,163]. This
approach is categorised as preventive maintenance [14,161]. The manual
approach to crack filling or sealing can however be associated with poor

performance and low efficiency [80].

Crack sealing is a localised treatment method used to prevent water and debris
(incompressible material) from entering a crack, which can weaken the base
material and prevent the pavement from expanding and contracting freely.
Cracks are typically less than 19 mm wide [186]. The optimal choice for sealing
asphalt cracks is a flexible, polymer-modified, rubberised asphalt blend. This
material adheres well to crack walls, prevents water infiltration, and maintains

its ability to expand and contract with temperature changes.

Crack filling differs from crack sealing mainly in the preparation given to the
crack prior to treatment and the type of sealant used. Crack filling is typically
reserved for more worn pavements with wider, more random cracking (usually
wider than 19 mm). While crack sealing primarily aims to prevent moisture
penetration, crack filling is intended to reinforce the pavement's structural
integrity. Materials such as asphalt rubber, polymer-modified asphalt, and cold-
pour crack sealants are commonly used. Cracks may also be filled with micro-

surfacing material or slurry.

From literature, repairing cracks in moderately cool temperatures provides two
main benefits. Firstly, cracks tend to open partially, allowing for sufficient
material placement within the crack even without cutting. Secondly, the crack
channel width, whether cut or uncut, typically falls within its optimal range. This
is crucial for the performance of the sealant material, as it minimises the need

for excessive extension or contraction [161].

Self-healing techniques for cracks

At high temperatures, bitumen in asphalts may flow and close cracks which is
described as self-healing [187,188]. Several research works are therefore
taking advantage of this bitumen property by experimenting with techniques that
could enhance breaking the static equilibrium of bitumen by modifying
temporarily their viscosity to force it to drain into cracks [189]. This is achieved
through microwave and induction heating of ferrous fibres [190-196], or the

embedment capsules [197-202] in the asphalt mixture. Although microwave
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heating heals cracks better than induction, reference [192] reports that it can
damage the rheological properties of the bitumen. Also, both heating methods
reduce the air void content in the asphalt mixture thereby altering its volumetric
properties. It is also perceived that the self-healing technique may not be ideal
for moderate and severe fatigue cracks. Figure 2-21 and Figure 2-22 show the
first in-situ induction and an asphalt beam with capsules, respectively. Currently,

there are no known techniques for self-repairing potholes.
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Figure 2-22: Asphalt mastic beam containing encapsulated capsules [203].
Table 2-4 categorises selected common methods of crack filling in concrete and

asphalt pavements.
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Table 2-4: Classification of crack filling methods in concrete and asphalt pavements.

Author Repair materials Approach Category Pavement
White et al [184], Vila- Conductive particles and Heating of ferrous metals in asphalt mixture through Self-healing Asphalt
Cortavita et al [204], encapsulated rejuvenators  electromagnetic induction and microwaves heating;
Gomez-Meijide et al breaking of capsules
[194], Monozzi et al
[193]
Yin et al [205] Epoxy resin—sealing Epoxy asphalt on steel bridge deck surfacing Sealing Asphalt and
materials concrete
Li et al [186] seal band (bitumen pellets) Band pasted over crack and squeezed into by traffic. Sealing Asphalt
Li et al [205], Huang et fibre materials and rubber Increase in low temperature cracking resistance with Resilience/ Asphalt
al [206], Lo-presti [54] modified bitumen addition of fibre material; and use RMB as binder. preventive
Winterbottom et al [207]  Epoxy, stiches, bandage, Introduce expansion joints. Other methods include epoxy Structural crack  Concrete
dowels injection, stitching, post-tensioning, doweling, and repairs
bandaging.
Winterbottom et al [207] Epoxy compounds, Routing and sealing, injection and vacuum impregnation, Non-structural Concrete

elastomeric sealants,
urethane, cement hydration

the gravity-soak technique, overlays and toppings, hydraulic
cement-based methods, and autogenous healing.

crack repairs
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In-situ crack filling procedures

To get good performance from crack filling and sealing, it is imperative that
correct working procedures are followed. One activity that remains controversial
in crack filling is the cutting of crack edges and literature does not explain its
advantages and disadvantages. The decision here is therefore mostly left to the
discretion of the engineer. However, one activity that is common to all crack
repair works is crack cleaning and drying. This is done to achieve adequate
adhesion. For cleaner crack surfaces, compressed air and vacuum systems are
adopted. Likewise, hot air lances are used to enhance crack drying. After crack
cleaning and drying, the sealant is heated to proper application temperature and
poured to fill the crack. Crack sealants could be hot-pour or cold-pour [15]. Hot
pour-sealants are typically heated above 177 °C before application while cold-
pour sealants, usually emulsions, are applied at ambient temperature [15].
Although hot pour is dominant in crack repair, its heating takes a lot of time and
poses risk to the labour force. Cold-pour asphalts, however, require a longer

curing time. Figure 2-23 shows a crack filling operation by hand with a pour pot.

Technically, all crack treatment techniques are executed by labour forces, and
several workers are needed during the maintenance. This condition makes
crack treatment uneconomical, time consuming and exposes the labour gang
to traffic accidents. According to the Nebraska Department of Roads Pavement
Maintenance Manual [2], about 66% of cracks sealing cost is on labour force;
and 22% spent on equipment. Interestingly, only 12% of the cost is spent on

sealing materials.

Figure 2-23: Crack filling by hand using a pour pot™°.

10 Roadtech Groups: https://www.roadtechs.net/highway/cracks-and-joints/
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Machines for crack repairs

The last two decades have seen some advancements in the development of
machines inching closer to achieving autonomous crack filling. The Sealzall
machine [17] (shown in Figure 2-24), developed by the Advanced Highway
Maintenance and Construction Technology Research Centre in California, is a
demonstration of such advancements. However, the machine could only fill
longitudinal cracks. Even so, a driver had to manually control the vehicle and
ensure that a pour pot (a device for dispensing bitumen into cracks) was
manually aligned with the crack path. Furthermore, the machines could not fill
in-lane cracks, which often have complex alignments. In such circumstances,
the work crew had to manually control the hose and nozzle, making the repair

process largely labour-intensive.

Figure 2-24: Sealzall machine: (a) during longitudinal crack sealing (b) In-lane crack
sealing [17].

A more recent attempt was made by the Self-Repairing Cities project at the
University of Leeds [208], demonstrating the possibility of using a drone to perch
at sites and fill cracks. The heating system in the drone was adopted from
reference [209]. The drone’s setup is shown in Figure 2-25. However, the Self-
Repairing Cities project did not investigate how cracks were filled or the quality
of repairs. Nevertheless, it confirms the possibility of perching at defect sites
with autonomous control systems and provides motivation for future automation

of pavement repairs.

The drone approach also faces payload limitations, an issue that could be
addressed in the future as larger unmanned aerial vehicles, such as flying

taxis™, emerge. A picture of a flying taxi is shown in Figure 2-26. Even with this

1 Gov.uk: Flying taxis: https://www.gov.uk/government/news/the-age-of-the-flying-taxi-draws-
closer-with-the-future-of-flight-action-plan
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advancement, lane closures for repair, due to its large size and implications for

traffic management, may undermine the sustainability of this approach.

Figure 2-25: A 3D printing drone developed from the Self-Repairing Cities project at
the University of Leeds [208].

Figure 2-26: Vertical Aerospace's electric VX4 flying taxi*?.

12 Vertical Aerospace: Prototype of the VX4 — https://flyer.co.uk/first-take-off-for-uks-vertical-
aerospace-vx4-evtol/
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Performance of asphalt-crack repairing materials and repaired cracks

The efficiency of crack repairing materials depend on their proper technical
performance. This largely depends on their ability to withstand being spilled over
or squeezed out by the compressive stresses from traffic loading [16]. Materials
meeting this requirement should usually bear a large shearing stress, vacuum
suction and dynamic water pressure to prevent it from snapping. It should have
a good extensibility and cracking resistance as it is being sandwiched between
the two cracked blocks which will subject it to compressive forces [16].
Irrespective of how tough a repair material may appear; it must have a good
adhesive capability. These performance factors explain why bituminous
materials remain an ideal choice for crack repair in asphalt. To improve the
technical performance, bitumen is usually modified. Examples of such modified
bitumen are styrene-butadiene-styrene (SBS) and styrene butadiene rubber
(SBR) [210-212]. Airey [212] revealed that when a continuous polymer network
is achieved in the modification process, the alteration gets driven by a highly
elastic network which produces an enhanced elastic response, viscosity and
stiffness of the polymer modified bitumen (PMB), especially at high service
temperatures. Accordingly, polymer modified bitumens are more likely to meet
the above indicated performance than unmodified bitumen. However, modified
bitumens are difficult to work with and require high temperature heating.
Recently, the economic and sustainable impacts of crack repair materials have

also become key factors to consider.

It is important to note that repaired cracks can further crack or sustain damage
if correct procedures are not followed. An example of such damage is shown in
Figure 2-27.

i. Right after sealing
ii. After first winter

iii. After first winter
(close shot)

iv. After second winter

Figure 2-27: lllustration of adhesion loss in sealed cracks on site.

This makes hot-poured bituminous repair materials superior, especially on high-
traffic roads, irrespective of their heating challenges. One crucial element of

crack sealing is adequate adhesion between the sealed blocks to ensure
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resistance to shearing and fatigue. As such, shear bond tests, tensile bond
tests, and flexural strength tests have been key tests to assess the performance

of repaired cracks in the laboratory [213].
2.5.2 Potholes in flexible pavements

A recurring issue in asphalt pavements is the formation of potholes, which are
bowl-shaped holes of various sizes on the pavement surface. These potholes
typically arise due to moisture intrusion, freeze-thaw cycles, and traffic-induced
loads. Moisture seeps into cracks and holes formed by lost aggregates,
expanding when frozen and contracting when thawed, thereby weakening the
asphalt. Traffic further exacerbates this deterioration over time, leading to
depressions. Factors such as inadequate construction, drainage, or aging can

worsen this phenomenon [214,215].

Potholes attract significant media attention, positioning them as key indicators
of road quality in the public's perception. Both the public and road authorities
regard potholes as particularly undesirable forms of road damage because they
can damage vehicles and compromise the safety of road users. Due to limited
funding and a lack of knowledge on effective prevention methods, local highway
authorities often resort to emergency repairs to maintain safety and
functionality. However, these emergency measures tend to be temporary if the

materials and methods used are not suited to the existing conditions [215].

Furthermore, there is an increasing trend of heavy vehicles using roads
designed for lower traffic volumes, which were not engineered to withstand such
loads, resulting in rapid deterioration [215]. This problem is acknowledged
globally; inadequately constructed roads break down, diverting traffic to
alternative routes and creating similar issues. Pothole repairs are not
consistently durable; they can deteriorate swiftly after being made. Sometimes,
these repairs may outlast the surrounding pavement, causing greater
deflections in adjacent areas. This often leads to deterioration in the nearby
pavement, necessitating further repairs. Thus, the durability and effectiveness
of repair materials are vital, raising questions about the materials and

techniques currently employed in pothole repairs in the UK [13,22,183,215,216].
Prediction of pothole formation
The mechanisms leading to the formation of potholes have been well

documented, as seen in references [217-219]. A prevalent theme in the
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literature on pothole formation is that water seeps into the pavement through
cracks originating at the surface or other surface imperfections. The pressure
from vehicle tyres on this water within the cracks and defects weakens the
bonds between aggregate particles and layers near these imperfections,
leading to asphalt fragmentation. Continuous traffic load exacerbates the issue
by dislodging these fragments, deepening the depression. As these
depressions enlarge, they hold more water, hastening the damage. Eventually,
water reaches the pavement's foundation, softening it and reducing local
stiffness, which further accelerates deterioration and creates a pothole. Figure
2-28 illustrates the pothole formation process, adopted from [220] and in
agreement with the basic factors causing the formation of potholes from

reference [221].

— Gap ——

Water enters the Water freezes and Water thaws, leaving Traffic loads break the

cracks in the expands, forcing the  voids under the pavement, which

pavement. cracks to expand. pavement collapses to form a
pothole

Figure 2-28: lllustration of the pothole formation process [220].
Despite decades of research into the mechanisms of pothole formation, the
literature suggests that further study is still required in this area. This ongoing
need for research may be due to evolving construction materials and

techniques, as well as changes in climatic conditions.

In the realm of pothole prediction, established models are not known in
literature, contrasting sharply with the more developed sector of crack
prediction. Certain research efforts, such as those documented in reference
[217] have ventured into constructing theoretical models for pothole prediction.
However, these models are yet to undergo rigorous validation processes, and
their adoption by road authorities as reliable tools remains unconfirmed.
Equation (2-3) and Equation (2-4), derived from reference [217], attempts to
quantify potential pothole formation within a road network, drawing on the
presence of other surveyed road distresses. It's crucial to understand that
Abed’s model is a statistical correlation that suggests that road sections

exhibiting specific distresses may be more prone to pothole development.

55



Number of potholes on a flexible pavement:

NP, = PSDjy % Lj (2-3)

NP = NP,',k (2-4)
NPk represents the total potholes appearing on road segments classified by
condition i and severity k. Lix denotes the cumulative length of these segments,
while PSDi«is defined as the density of potholes, expressed in terms of potholes
per kilometer of road (NP/km).

As such, this approach, harbours the potential for misinterpretation, particularly
in the absence of concrete evidence linking the severity of one type of defect,
such as rut depth which is predominantly used in the modelling, directly to
pothole formation. Drawing insight from reference [154], it is evident that rutting
does not have a direct relationship with pothole formation, as illustrated in
Figure 2-15. This is because the underlying causes and mechanism of rutting
and potholes are fundamentally distinct. Consequently, relying solely on such
models without acknowledging their limitations and the necessity for empirical

validation could lead to misguided maintenance strategies.
Characterisation and measurement of potholes

According to reference [180], potholes should have a minimum plan dimension
of 150 mm. Consequently, circular potholes should have a minimum diameter
of 150 mm. However, in most road repair manuals, pothole classification is
based on depth rather than width. Moreover, road authorities plan repair
responses based on the depth of the pothole and the category of the road.
Despite the application of these response times, the judgment of the defect
inspection officer and the availability of resources remain key factors in
determining repair timing. Typically, potholes need to exceed 40 mm in depth
to prompt repair action by authorities. An example of a pothole response
schedule for Northamptonshire County Council [222] in the UK is presented in
Table 2-5. The County response timeframes are implemented prioritising the

most urgent response first:

e Emergency: This demands a response within two hours. Instances
include road collapses.

e Category 1: Repairs must be completed within five working days.
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e Category 2: Repairs are mandated within four calendar months for
carriageway potholes and within two calendar months for footway

potholes.

Table 2-5: Carriageway pothole response [222] .

Depth Local Link Secondary Strategic
Access Road Distributor Route
Road
240 mm - <50 mm No action Category 2
250 mm-<75mm Category 1 or
Category 2
(> 30 mph) gory Category 2 Category 1
=250 mm - <75 mm Category 1 or Cateqory 1
(> 30 mph) Category 2 ategory
275 mm Category 1

Pothole repair materials

Several mix types are frequently utilised for pothole repairs, such as hot mixes,
cold mixes, warm cold mixes, and mixes that incorporate recycled materials.
Hot mixes are generally regarded as the best option for repairing potholes, as
suggested by references [69,70]. Nonetheless, these mixes require
considerable manual labour to apply. Many organisations employ one or more
of the following three types of cold asphalt mixes: mixes prepared by local
asphalt facilities using locally sourced aggregates and binders, mixes created
as per agency guidelines that specify suitable aggregates and asphalt types,

and specialised cold mixes developed with unique binders [223].
Traditional pothole repair techniques

Common repair techniques employed for pothole patching, as described in
[22,224,225], include the following:

Throw-and-Go: This method involves depositing the repair mixture into potholes
with minimal or no compaction. While it is the quickest and most inexpensive
approach for emergency pothole repairs, its lack of proper compaction
significantly reduces the repair's durability and effectiveness. This method often
results in material displacement under traffic loading, leading to rapid
deterioration and the need for frequent re-repairs. Consequently, although the
initial costs are low, the cumulative expenses over time can be much higher due
to repeated maintenance. Throw-and-go is typically used as a temporary

measure during adverse weather conditions or when resources and time are
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limited, but it is not recommended as a long-term solution for pavement

maintenance. Figure 2-29 depicts the throw-and-go repair technique.

Figure 2-29: lllustration of the throw-and-go pothole repair method™2.
Throw-and-Roll: This technique includes filling the pothole with patching
material and then using truck tires to compact the patch. The compacted patch

features a crown ranging from 3 mm to 6 mm.

Semi-Permanent: This approach involves clearing the pothole of water and
debris, shaping the sides of the patch area into squares, and then filling it with

the mixture, which is subsequently compacted.

Spray Injection: This technique entails clearing the pothole of water and debris,
coating the sides and bottom with a tack layer of binder, mixing aggregate with
heated asphalt emulsion and then spraying this mixture into the pothole,
followed by topping the patched area with a layer of aggregate. The spray

injection method does not necessitate compaction.

Edge Seal: Like the throw-and-roll technique, this method consists of filling the
pothole with the mixture and then compacting it with truck tires. After the patch
has dried, a strip of asphaltic tack material is applied around the edge of the

patch, followed by a layer of sand over the tack material.
Advanced pothole repair techniques

Autonomous pothole repair offers several advantages including continuous
operation, reduced fatigue, decreased accidents to labour gangs, consistent
quality, waste reduction, and possible integration with smart infrastructure,

distinguishing it from traditional methods [7]. As a result, there has been a shift

13 Start safety Blog: https://blog.startsafety.uk/2012/09/permanent-pothole-repair-ultracrete/
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in industrial focus towards reducing human involvement in pothole repair. Over
the past decade, advanced machines such as those utilising spray injection
techniques have emerged [226,227]. An example is the Velocity Spray Injection
machine shown in Figure 2-30. However, similar to the throw-and-go method,
spray injection techniques simultaneously blow bitumen emulsion and
aggregates into potholes [19], a method typically associated with lower

durability and primarily used for temporary or emergency repairs [20].

(b)

Figure 2-30: (a) Example of a pothole and (b) a Velocity Spray Injection patching
machine filling a pothole [19].

Although hot-mix asphalt offers better durability and bonding with existing
pavement, regulating its temperature and obtaining a mixture that is extrudable
(ability to push through the extruder of repair machines) presents a significant
challenge [20,215]. Current flowable or pumpable mixtures (cold mix) commonly
used are often linked to reduced durability [21,22]. Additionally, despite being
labelled as 'autonomous', these machines do not have the capability to
autonomously follow potholes and fill them. Manual intervention is required to

control and rotate their extruding arms.
2.6 Repair of Trenches and Openings in Asphalt Pavements

Trenches and openings in highways refer to sections of asphalt or rigid
pavements that are excavated temporarily or permanently for purposes such as
construction, maintenance, or the installation of utilities and services beneath
the road surface. Examples include openings around ironworks, as shown in
Figure 2-31. In the UK, the repair and reinstatement of trenches and openings

are governed by the Specification for the Reinstatement of Openings in
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Highways [228], which prescribes materials, workmanship, and performance

standards to ensure durability and compliance.

The repair process often mirrors procedures used in semi-permanent pothole
repairs (see Section 2.5.2). For instance, wide cracks or damaged sections that
must endure heavy traffic are typically filled with a bitumen mixture combined
with aggregate (asphalt) to enhance structural integrity. Advanced methods,
such as performance mix designs (see Section 2.4.4) and rigorous compaction
techniques, are also applied to ensure that repaired sections effectively

withstand traffic loads and environmental stresses.

L7

(b)

Figure 2-31: Reinstating openings in flexible pavements, (a) ironworks with
overbanding, and (b) utility opening**.

2.6.1 Structural integrity of repaired potholes, trenches, and openings

The quality of filled potholes is typically assessed by determining how they
deform under traffic loading. The wheel tracking test has been a common
standard test used for this assessment in the laboratory. Similarly, reinstated
trenches and openings are expected to deform within certain tolerable limits;
beyond these limits, the reinstatement work would be classified as failed. For
example, for a reinstatement width of 1.0 m, a cumulative settlement above 30
mm is not tolerated under normal ground conditions [228]. To ensure that laid
asphalt mixtures meet these performance requirements, the stability and flow
properties of repair mixtures [123,229] have to be enforced. An example of a
settled reinstated trench on the University of Nottingham’s University Park’s

campus, in front of the Trent building is shown in Figure 2-32.

1% Tarmac: https://tarmac.com/products/asphalt/enhanced-reinstatement-asphalt/
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Figure 2-32: lllustration of a settled trench fill (Location: Trent Building, University
Park; Date: June 27, 2022).

2.7 Overbanding

Overbanding is a road maintenance technique used to seal cracks, joints, or the
edges of repairs in pavement surfaces, such as those in potholes, trenches, and
openings. This process involves applying a strip of sealing material over the
repaired area or crack to create a waterproof barrier. The materials used for
overbanding typically include bituminous products, resins, or specialised tapes
that adhere well to the pavement and provide a durable, flexible seal. The choice
of material can depend on the traffic volume, expected wear, and environmental
conditions. The application typically involves heating the overbanding material
to ensure a good bond with the pavement surface [182]. An example of an

overbanding tape and its application is shown in Figure 2-31.
2.8 Comparing Productivity in Construction to Other Core UK Industries

As illustrated in Figure 2-33, the construction sector has exhibited the lowest
productivity performance over the past two decades compared to other key UK

industries, such as production, manufacturing, and services [1].

Productivity in manufacturing, for example, is higher than in construction
primarily due to the extensive adoption of automation technologies. In
manufacturing, repetitive and precision tasks can be efficiently performed by

automated machinery, robotics, and computer-controlled processes. These
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technologies streamline production lines, reduce human error, and increase

output consistency, resulting in higher overall productivity.

In contrast, construction projects often involve bespoke designs, variable site
conditions, and a high degree of manual labour. The complexity and variability
inherent in construction projects make it challenging to implement automation
to the same extent as in manufacturing. While advancements in construction
technology, such as prefabrication and modular construction, are beginning to
bridge this gap, the sector still lags behind manufacturing in the widespread

adoption of automation, leading to comparatively lower productivity.

According to reference [9], the UK could potentially save approximately £15
billion annually by enhancing construction productivity. Automation has been

identified as a pivotal factor in achieving this improvement [3,214,226,230].
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Figure 2-33: Productivity in core UK industries (output per hour worked) [1].

2.9 Automation in Construction and Road Maintenance

The integration of automation in construction and road maintenance represents
a significant opportunity for improving infrastructure globally. As technology

advances, automation holds immense promise for revolutionising the way roads
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are built and maintained, leading to safer and more efficient transportation

networks.

Several studies have highlighted the potential benefits of automation in
construction and road maintenance [3-8]. For example, research has shown
that automated construction processes can increase productivity, reduce costs,
and enhance safety by minimising human error and exposure to hazardous
conditions [231-233]. Furthermore, the use of autonomous machinery and
robotics in road maintenance can improve efficiency and accuracy in tasks such
as pothole repair and pavement inspection. Moreover, the adoption of
automation in construction and road maintenance aligns with broader efforts to
modernise infrastructure and embrace sustainable practices [234]. Automated
systems could also contribute to reducing carbon emissions and minimising

environmental impact by optimising resource usage and reducing waste.

Figure 2-34 shows the Hadrian X [235], a prominent robotic construction
machine capable of swiftly and efficiently erecting walls for family homes and
commercial structures of up to 2.5 storeys. The latest version of the Hadrian X
can construct a standard family home in around two days. The upcoming
iteration is planned to achieve a maximum speed of laying of approximately 60
square metres of wall per hour. Figure 2-35 also shows a robotic arm installing
slabs in-situ. These exemplify how automation can enhance productivity in the

construction industry.
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Figure 2-34: The robotic Hadrian X for constructing houses [236].
In road maintenance, defect identification techniques powered by machine
learning algorithms have enabled rapid and accurate assessment of road
conditions in the field. By analysing data from various sources such as images,
videos, and sensor readings, these techniques can detect and classify defects

with high precision, allowing maintenance crews to prioritise repairs and allocate
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resources effectively. Figure 2-36 illustrates an example of an automated road

condition survey system by Data Collection Ltd’'s ROad Measurement Data
Acquisition System (ROMDAS) [237].

Figure 2-35: Robotic arm installing slab on site [238].

Figure 2-36: lllustration of automated Road Condition Survey from ROMDAS™.

2.10 Additive Manufacturing (3-D printing) of Structures

Three-dimensional printing involves the production of physical objects through
the sequential layering of thin materials. In 1989, Sachs et al. [239], scientists
at the Massachusetts Institute of Technology, were the first researchers to
patent the term "3D printing" in the acronym 3DP. Through 3D printing
technology, a digital model can be transformed into a physical object. Digital
models are typically designed using CAD programs, which are then sliced into
two-dimensional layers and converted into printing commands. The sequential

building of slices in 3D printing, one layer on top of another, gives it the name

15 ROMDAS: https://romdas.com/romdas-system.html

64



additive manufacturing. The additive manufacturing process differs from
consolidation and subtractive processes, which involve casting or moulding
objects, and cutting and machining, respectively. Through 3D printing,
complicated and customised shapes can be printed with ease and speed,
resulting in less waste. However, 3D printing is mainly applicable to
comparatively smaller objects, making the printing of large objects tedious and
expensive. Consequently, most industries adopt additive manufacturing for
prototyping parts, which will then be produced on a mass scale using traditional
manufacturing methods. Additionally, there are limitations on the materials that
can be used for 3D printing [240].

2.10.1 3D printing methods and materials in construction

Major 3D printing techniques include fused deposition modelling, powder bed
fusion, inkjet printing and contour crafting, stereolithography, direct energy
deposition, and laminated object manufacturing. Table 2-6 provides a summary
of the main methods used in additive manufacturing and their materials, field of
application, benefits and drawbacks. Materials widely used include resin,
thermoplastics, alloys, paper, and concrete. The 3D printing method has already
become a mature technology. It is being applied in areas such as civil
engineering, architecture, and the development of structural components
[4,241]. For instance, [241] used a 3D printing machine with a V-shape extruder
to design six different ratios of concretes and optimised the mix ratio of cement
concrete based on its extrudability and buildability. Reference [242] discussed
the design, printing, and assembly of a 3D printed concrete bridge, which has

been in service since October 2017. Figure 2-37 shows a 3D-printed wall and a

house, while Figure 2-38 shows a concrete extruding nozzle developed by
[241].

(b)

Figure 2-37: (a) a layer-by-layer arrangement in a concrete 3D printed structure [241],
and (b) a 3D printed house by WinSun [243].
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Table 2-6: Comparison of main methods of 3D printing.

Methods

Material

Applications

Benefits

Drawback

Stereolithography
[244]

Resin and hybrid polymer-ceramics

Prototyping and biomedical

High quality with fine
resolution

Printing is slow and uses
very limited materials

Fused deposition
modelling [244]

Continuous filament of fibre-
reinforced and thermoplastic
polymers

Advanced composite parts and rapid
prototyping

Simple and cheap yet
operates at high speed

Uses only thermoplastics
and has weak mechanical
properties

Laminated object
manufacturing [245]

Metal rolls, ceramics, paper,
polymer composites and metal-
filled tapes

Smart structures, foundry industries,
paper manufacturing and electronics

Fast, cheap, uses variety of
materials, great for
producing larger objects

Lacks dimensional
accuracy and has inferior
surface quality.

Powder bed fusion
(SLM, SLS, 3DP)
[244]

Alloys, limited polymers (SLM or
SLS); polymers and ceramics
(3DP)

Electronics, Biomedical, heat
exchangers and lattices

Fine quality and high
resolution

Slow printing and
expensive

Direct energy
deposition [246]

Ceramic, polymers and alloys

Biomedical, repair, aerospace,
cladding, retrofitting

Fast and cheap, accurate
composition control, great
for repair

Low surface quality

Inkjet printing and
contour crafting
[247]

Dispersion of particles in a liquid,
ceramic, soil and concrete

Biomedicals, building and large
structures

Fast printing of large
structures

Lack of adhesion between
layers
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Figure 2-38: Extrusion of concrete from a 3D printing nozzle [241].

Fused Deposition Modelling 3D printers

In literature, Cartesian 3D printers, Polar 3D printers, Delta 3D Printers and
Robot arm 3D printers are the main categories of Fused Deposition Modelling
(FDM) 3D printing technologies [245,248]. Figure 2-39 shows examples of the
four FDM printers and compares their printing time, quality, and cost. Most
cutting-edge printers utilise Cartesian systems [248]. Characterised by its linear
motion system along three axes (X, Y, and Z), Cartesian printers feature a
rectangular build platform and vertical movement of the print head. Their
versatility, simplicity, and ease of customisation have made them a popular

choice among researchers [248].

Cartesian 3D Printer Polar 3D Printer Delta 3D Printer Robot arm Printer

Printing Time
Surface Quality
Investment Costs

Ultimaker S3* Polar 3D* Delta Go? Yizumi SpaceA?

high
middle

low O

Figure 2-39: Comparison of FDM 3D printers in the market [248].
Polar 3D printers, on the other hand, employ a rotating build platform and a print
head that moves radially and vertically. Utilising polar coordinates, with
movement typically defined by angles and radii, Polar printers offer unique
design possibilities and can be advantageous for certain applications, such as

printing cylindrical objects or intricate designs.
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Delta 3D printers feature three vertical columns with movable arms connected
to a central carriage. Using a parallel arm mechanism to move the print head in
a precise and coordinated manner, Delta printers are known for their fast-
printing speeds and smooth, continuous movements. This makes them suitable

for producing objects with curved surfaces or complex details.

Robot Arm 3D printers employ robotic arms with multiple degrees of freedom to
manoeuvre the print head. Offering exceptional flexibility and the ability to
access various orientations and angles, Robot Arm printers are often used in
industrial settings where precise control and versatility are required. Industries
such as aerospace or automotive manufacturing benefit from the capabilities of

Robot Arm printers for complex printing tasks.

Among these configurations, the Cartesian printer stands out for its ability to
handle high payloads, cost-effectiveness, ease of operation, and efficient
printing times. With its robust linear motion system, Cartesian printers are
capable of handling heavier payloads, making them suitable for printing large
objects or using multiple extruders simultaneously. Additionally, their
straightforward mechanical design and widely available components contribute
to their affordability and ease of maintenance. The Cartesian coordinate system,
aligning with familiar mathematical and graphical principles, results in user-
friendly software interfaces and simplified calibration processes, reducing the
learning curve for users. Finally, Cartesian printers are known for their precise
and rapid movements along the X, Y, and Z axes, resulting in faster printing
speeds. This efficiency is particularly valuable in industrial settings where time

is critical and high production volumes are required.
2.10.2 Screw extrusion-based additive manufacturing

Screw extrusion-based additive manufacturing (SEAM) represents a significant
advancement in the field of 3D printing, merging traditional extrusion techniques
with modern additive manufacturing processes. This technology utilises a screw
mechanism to extrude materials, such as polymers or composites, layer by layer
to form three-dimensional objects. The evolution and application of SEAM have
been subjects of extensive research and development, offering unique
advantages in terms of material versatility, efficiency, and the capability to
produce parts with complex geometries. Figure 2-40 compares screw-based
additive manufacturing with plunger-based and traditional filament-based

methods.
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Figure 2-40: Comparison of screw-based additive manufacturing with plunger-based
and traditional filament-based methods [249].
In the early 2000s, advancements in material science and mechanical
engineering facilitated the development of SEAM systems capable of
processing a wider range of materials, including high-performance
thermoplastics [250-252], thermoset polymers [253], metals [254,255] and
composite materials [241,256]. This period also saw the integration of
computer-aided design (CAD) and computer-aided manufacturing (CAM)
software with SEAM, enhancing the precision and repeatability of the

manufacturing process.

Studies have explored the influence of screw design, extrusion parameters, and
material formulations on the mechanical properties and microstructure of printed
parts. References [250,257-260] have contributed significantly to
understanding material flow behaviour and optimisation techniques for
enhanced material properties. Also, research has been dedicated to optimising
process parameters such as screw speed, temperature profiles, and layer
height. The work referenced in [250,258], for example, has shown that careful
control of these parameters can significantly improve the surface finish,

dimensional accuracy, and structural integrity of parts produced by SEAM.

Furthermore, one critical parameter in the design of extruder barrels is the die
angle. This is the angle formed by the walls of the die as they converge towards
the die opening where the material exits as illustrated in Figure 2-41. This angle
plays a significant role in determining the amount of friction between the material
and the die walls, which in turn influences the extrusion force needed and the

possible formation of defects in the extruded product.
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Figure 2-41: (a) Illustration of die angle and (b) effect of die angle on extrusion force
(adapted from reference [256]).
A smaller die angle can increase the material's contact with the die, raising
friction and potentially improving surface finish but requiring higher force for
extrusion. Conversely, a larger die angle may reduce friction and extrusion force
but can lead to less precise surface finishes. The optimal die angle is therefore
dependent on the material being extruded, the desired properties of the final

product, and the specific requirements of the extrusion process.

O'Neill et al. [261] conducted a study on extruding calcium phosphate paste (a
non-Newtonian fluid), shedding light on how die angles in the chamber impact
concrete extrusion. Using extruders with die angles 90°, 55° and 45° for testing,
the observed liquid powder ratios*® (LPRs) were 0.492, 0.449, and 0.434,
respectively. Findings revealed that a 45° die angle significantly lowers the LPR
requirement and decreases phase separation'’, attributed in part to reduced
extrusion pressure [262]. While similar outcomes were reported by references
[263,264], Nienhaus et al. [265] discovered that a very acute die angle of 28°
resulted in a relatively low extrusion force (about 20.5 N) compared to 45°
(about 22.7 N) and 70.5° (about 23 N). Nonetheless, an even smaller die angle
of 15.5° did not further reduce the extrusion force (about 21.7 N). Moreover, the

study highlighted an additional advantage of die angles in preventing dead

16 The liquid to powder ratio (LPR) in concrete refers to the proportion of liquid components
(usually water) to the powder components (such as cement, fly ash, silica fume, and other
cementitious materials) in the concrete mix.

17 Phase separation in concrete extrusion refers to the phenomenon where the components of
the concrete mix segregate or separate from each other during the extrusion process.
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zone'® formation near the outlet, thereby reducing blockages and enhancing

extrusion quality [261].

Practically, the screw-based extrusion is the closest to the auger-extrusion
method used in real asphalt paving machines, as shown in Figure 2-42. This
likely gives the screw-based method a high chance of success in being adopted
for creating asphalt extruding 3D printers or miniaturised pavers in the

laboratory.

Figure 2-42: lllustration of an auger in an asphalt paver, captured on site after paving
works.

With an increasing focus on sustainable manufacturing practices, literature has
also begun to explore the use of bio-based and recycled materials in SEAM.
Research by references [266-268] highlights the potential of SEAM in
promoting circular economy principles within additive manufacturing. In recent
studies, reference [241] adopted SEAM for building concrete structures, a
technique that could be highly adapted for asphalt concrete. Certainly, unlike
with concretes, controlling the heating of bitumen in asphalt to achieve desirable

asphalt performance remains a gap in the science.
2.10.3 3D-printing for road repairs

The use of real 3D printed specimens in repairing pavement layers was primarily
demonstrated by [269] where a printed 3D block was used to repair spall
damage in concrete roads. Concrete patches were printed off-site and then
glued to the spall surface at the site. It could be argued that the structural
stability of the repair work was rather more dependent on the adhesive force of

the adhesives holding the concrete patch in place. Nonetheless, the repair work

18 A dead zone in the extrusion of materials refers to an area within the extrusion equipment,
typically near the die in the barrel, where the material flow is stagnant or significantly slower
compared to the rest of the material being extruded.
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looked promising as the 3D concrete patches exhibited high structural stability
with a tolerable shear load of up to 15.7 MPa. However, this repair technique
was applied to rigid pavements, and there is no evidence of the same method's
success in flexible pavements. Figure 2-43 illustrates the spall patching

procedure.

Currently, there is no evidence of successful in-situ repair of potholes with 3D

printing techniques.

(a) (b) (c)

Figure 2-43: Spall damage repair using 3D printed concrete: (a) concrete patch
produced for the experiment, (b) applying adhesive to the concrete patch, and (c)
concrete patch seated in the damaged area [269].

2.10.4 Integrating 3D printing with smart technologies in road works

Cambridge University scientists have developed the first 3D-printed concrete
headwall for culverts, installed on the A30 in Cornwall by National Highways.
Equipped with sensors for temperature, strain, and pressure data, the headwall
has a digital twin in the laboratory that provides live performance updates,
enabling early fault detection and improving infrastructure efficiency and
reliability. Figure 2-44 shows the 3D printed headwall.

Figure 2-44: 3D printed headwall by Cambridge researchers installed on a section of
the A30 road in Cornwall®®.

19 Credit: University of Cambridge research news:
https://www.cam.ac.uk/research/news/cambridge-researchers-help-develop-smart-3d-printed-
concrete-wall-for-national-highways-project
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2.10.5 Major challenges to 3D printing

It has been highlighted that 3D printing presents freedom of design and the
ability to print complex structures with minimum waste. However, the technique
is known to be expensive and exhibit anisotropic mechanical behaviour [240].
In addition, 3D printed layers are associated with void formations between
adjoining layers and reduced interfacial bonding can result in poor mechanical

performance [244].
2.11 4D Printing of Structures

Recently, the exploration of 3D printed structures that can change shape
dynamically has emerged as a groundbreaking progression in additive
manufacturing (AM) techniques. This notion of dynamic structures was initially
conceptualised in 2013 by reference [270] proposing the term "4D printing" to
describe the fabrication of 3D printed objects with the ability to modify their
shape autonomously as time progresses. According to [270], 4D printing
involves programmable materials that allow printed structures to transform over
time, influenced by water, temperature, light, or other external triggers. This
adaptability is achieved through the precise design of material composition and

geometry at the microscale, enabling pre-programmed shape changes [271].

A critical aspect of 4D printing is the development of smart materials. Shape
memaory polymers (SMPs), hydrogels, and composite materials are commonly
used due to their ability to undergo significant deformation and return to their
original state under specific conditions [272]. The integration of these materials
with advanced manufacturing techniques, such as selective laser sintering
(SLS) and fused deposition modelling (FDM), enables the creation of complex,

responsive structures [273].

The application of 4D printing is particularly promising in the field of structural
engineering. Researchers have explored its use in self-assembling structures
for space habitats [274], adaptive infrastructure capable of responding to
environmental conditions, and smart building components, such as pipes and
beams, that can adjust to load changes [275]. Despite its potential, 4D printing
faces several challenges, including the limited range of materials with suitable
properties, the complexity of programming shape transformations, and the
scalability of printed structures [276]. Figure 2-45 illustrates a 4D printed flower-
shaped hydrogel architecture changing its shape over time through use of

anisotropic swelling behaviours when exposed to water [277].
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Figure 2-45: lllustration of the shape changing performance of the 4D printed flower
over time [277].

2.12 Application of Physics Engine in Pavement Engineering

Physics engines are software tools that enable computers to approximate real-
world physical phenomena, such as gravity, fluid dynamics, and collision forces,
and apply them to 3D objects in computer graphics. These tools are commonly
used in applications like video games, films, and architectural design, where
they facilitate realistic simulations and 3D rendering of objects and
environments. Commercially known physics engines include PhysX, Box2D,
BeamNG, Bullet, PhysicsJS, and Matali Physics. For example, Box2D has been
utilised to simulate polygonal particles with random shapes, as demonstrated in

reference [278].

In structural engineering, physics engines have been adopted for structural
analysis tasks. Reference [28], for instance, developed an algorithm capable of
simulating the collapse of buildings. In the field of pavement engineering,
physics engines have been successfully applied to simulate the motion of
aggregates under compaction forces [26,30,31,142,144]. These simulations
generated virtual aggregate skeletons that closely mimic aggregates in real
asphalt mixtures. The method employed by [26], illustrated in Figure 2-46,
demonstrates the ability of physics engines to replicate realistic aggregate

behaviour in a virtual environment.

The advent of virtual simulation techniques using physics engines represents a
significant advancement for pavement engineering. With the ability to estimate
the volumetric properties and aggregate-mastic components of asphalt
mixtures, these tools offer significant potential for the digital design of asphalt

mixtures. This is grounded in the concept that the volumetrics and properties of
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key components, such as aggregates and mastics, directly influence the

mechanical behaviour of asphalt mixtures [279,280].
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Figure 2-46: Example of a physics-engine-generated virtual aggregate?® skeleton [26].

2.13 Literature Review Summary and Its Impact on the Methodology

Adopted in the Research

Identified gaps in the state-of-the-art, a summary of useful information, and their
impact on the methodology and approach used in the research are detailed as
follows:

i. Cracking is the most common distress in flexible pavements making
up about 70% of all defects. Cracks could lead to a pothole if not

repaired on time.

. Crack and pothole repairs are mainly performed by labour forces,
making the process costly, time-consuming, and risky due to traffic
accidents. According to the Nebraska Department of Roads
Pavement Maintenance Manual, labour costs account for
approximately 66% of asphalt pavement crack repair expenses, with
equipment and sealing materials representing 22% and 12% of
costs, respectively. In the UK, the labour-intensive construction
sector is notably the least productive compared to core industries

such as production, manufacturing, and services.

Impact on research (IoR): The research will focus on automating
crack and pothole repairs to minimise human

involvement.

2 The legend (L1 to L4) describes the limestone aggregate fractions utilised.
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Vi.

Repairing cracks in moderately cool temperatures, like in spring and

autumn, is recommended.

IoR: Cracks simulated in the laboratory will be filled at

room temperature.

Hot bitumen, both modified and unmodified, is commercially
available for crack filling works. An important element of crack filling
is ensuring adequate adhesion between the filled areas to provide
resistance to shearing and fatigue. Additionally, the primary purpose
of filling cracks is to prevent water from penetrating the inner layers

of the pavement.

IoR: Commercially available hot bitumen will be used for the
crack filling works. The air voids trapped in the fillers and
between the bitumen and crack walls will be evaluated to
assess the potential for water to permeate the filled
cracks. X-ray CT scanning will be used for this
assessment. Furthermore, to assess the adhesive and
filling quality, shear bond tests, tensile bond tests, and

flexural strength tests will be performed on filled cracks.

A key quality requirement for pothole filling is stability. Similarly,
reinstated trenches and openings in carriageways are expected to
exhibit minimal settlements within tolerable limits. Air void content

plays a crucial role in meeting these requirements.

IoR: The Marshall stability and flow tests ensure repaired
asphalt mixtures meet industry standards for stability,
flow, and air void content. Repair quality will be assessed
by comparing these performance parameters between

automated and manual repairs.

Current machines for crack filling and pothole repairs lack the
autonomy to follow crack paths and pothole geometries during repair
works. 3D printing technology appears promising in addressing this
gap due to its capability to follow complex shapes and maintain
steady temperature and printing speed when in use. Among

available commercial printers, Cartesian 3D printers are superior in
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Vii.

viii.

terms of customisation, simplicity of use, cost, and, most importantly,

payload capacity.

IoR: 3D printing technology will be applied to autonomously
follow the geometry of defects during repairs. This is
achieved by modifying a RepRap Cartesian 3D printer.

Current pumpable mixtures commonly used by commercial pothole
repair machines are cold mix asphalt mixtures, which are associated
with reduced durability. The biggest challenge in using HMA is that
the mixtures are not workable and pose challenges in being
satisfactorily extruded while meeting performance parameters like

stability and flow.
IoR: A new asphalt mixture design method will be developed.

Practically, meeting all pavement performance requirements is
nearly impossible. Asphalt mixtures are currently designed for
optimal service and cost-effectiveness rather than maximum
performance. A design approach that optimises the performance
criteria of asphalt mixtures has been shown to effectively produce

durable and high-quality mixtures.

IoR: The proposed new asphalt design method will be
performance-based, aiming to meet specific industrial

performance targets.

Distresses are influenced by the relative quantities of aggregate and
asphalt binder in mixtures. Consequently, careful control over the
characteristics and quantities of aggregates and bitumen in a mixture
could lead to the development of mixtures with customised

functionalities.

IoR: The morphology of aggregates will be incorporated into
the newly developed design method to assist in
optimising mixtures to meet specific functionalities, such

as being workable and stable.

There are no standardised methods of assessing the workability of

asphalt mixtures. This is major barrier to evaluating how workable
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Xi.

Xii.

Xiii.

new asphalt mixtures could perform whether laid directly on

roadways or pumped through machines for repairs.

IoR: A new method for estimating the workability of asphalt
mixtures will be developed using a simple and non-

electric plunger penetration technique.

Physics engines, such as PhysX, Box2D, and Bullet, simulate real-
world phenomena like gravity and fluid dynamics for 3D objects in
video games and films, facilitating realistic interactions and design
concepts. These engines can also be utilised to simulate the
components of asphalt mixtures, such as aggregates and bitumen,
accurately mirroring the properties of the real materials. This aids in

understanding and predicting the behaviour of asphalt mixtures.

IoR: A physics engine software will be used to streamline and
digitise the design of new asphalt mixtures suitable for

automated pothole repair by machines.

Pothole and crack repairs have been manually performed for

decades.

IoR: Hand filled cracks and potholes will be used as a control

in the research.

Extrusion-based 3D printing has been successfully adopted for
printing concrete. The extrusion screw, barrel design, and
operational parameters of the printing process must be optimised to
enhance the quality of the material extruded. Similarly, the material
for extrusion must be carefully formulated to acquire the required

mechanical properties.

IoR: A mini paver machine based on screw-extrusion 3D
printing will be developed for pothole repairs, with
optimised operational parameters such as screw speed
and motor power. The barrel and screw blades will be
designed for the maximum aggregate size, and the
extrusion ability of the machine will guide the formulation

of asphalt cartridges used for repairs.
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Chapter 3: Materials and Methods

3.1 Introduction

This chapter provides a detailed overview of the materials, equipment, and
methodologies that form the foundation of this research, ensuring their
alignment with the overarching objectives and their integration into a cohesive
research framework. Firstly, the properties of aggregates, fillers, and bitumen
used in asphalt mixtures are introduced, alongside the preparation of
compacted asphalt specimens to simulate pavement cracks and potholes for

targeted repair investigations (Chapters 4 and 6).

Objective 1 (addressed in Chapter 4) involved the modification of an Original
Prusa MK3 3D printer to automate crack filling. Similarly, Objective 3 (discussed
in Chapter 6) leveraged the printer for pothole filling applications. Quality
assessments included advanced techniques such as X-ray CT scanning to
evaluate crack fill integrity and wheel tracking tests to assess the quality of filled
potholes. In addition, the methodologies used to achieve Objective 2 (Chapter
5) employed a physics engine to optimise digital asphalt designs, culminating in

the development of virtual asphalt cartridges for automated repairs.

Additionally, this chapter provides details on the dominant design standards and
statistical methods applied in the analysis of experimental results. It is worth
noting that some statistical expressions, such as the Weibull equations, are not
explicitly presented in this thesis, as they were computed using software tools
like MATLAB, which are duly acknowledged. However, the equations are stated
in the methodology to demonstrate the theoretical foundation used in the
software. Furthermore, equations directly associated with the development of
new models, such as rational regression equations, are fully detailed in the

relevant chapters to ensure methodological clarity and reproducibility.

Furthermore, certain experimental procedures specific to later chapters are
presented within those chapters. For instance, the methodology for simulating
cracks in asphalt in the laboratory, which is exclusive to Objective 4, is detailed
in Chapter 6. This structured approach ensures a logical progression and
enhances the readability of the thesis. Conversely, methodologies that are
specific to certain chapters and hold exclusive novelty to the thesis, but are not

extensive enough to justify standalone chapters, are detailed in this chapter. For
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example, the development of a novel workability device for assessing asphalt

mixtures is described in Section 3.3.4.

Finally, Figure 3-47 provides a visual summary, linking methodologies, research
objectives, and corresponding chapters to clarify the systematic approach

underpinning this research.
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Figure 3-47: A flowchart linking the methodologies, chapters, and objectives of the
research.

3.2 Methods
3.2.1 Aggregates and bitumen for the asphalt pavement

The asphalt mixture used in this research for creating surface course (see
Section 2.3.1) was Stone Mastic Asphalt with maximum aggregate size 10 mm
and paving grade (PG) bitumen 40/60. It had air void content of 4.5%, a density
of 2,459.0 kg/m3, and a binder content of 5.6%. The aggregates used were
crushed limestone with a density of 2.7 Mg/m3, and their gradation is shown in

Figure 3-48. The 40/60 pen-grade bitumen binder had penetration and softening
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point of 43 mm and 51.0 °C, respectively. SMA was chosen because it is a
typical surface course material in the UK, known for its high performance. The
SMA 10 surf 40/60 was designed following BS EN 13108-5:2016 [281], and
mixed and compacted following BS EN 12697-35:2016 [282] and BS EN 12697-
33:2019 [283], respectively.

3.2.2 Asphalt manufacturing

The bitumen and aggregates were pre-heated to 155 °C for 4 hours and 12
hours, respectively. The batching moulds were equally heated at 155 °C for 4
hours. Aggregates were premixed for about 30 seconds, and then the heated
bitumen was added to the premixed aggregates for a further 3 minutes mixing.
The hot mixed asphalt was then placed into the hot moulds in an asphalt slab
roller compactor for immediate compaction. The compacted slabs were allowed
to cool down for about 48 hours and then sawn into the desired specimen sizes.
The sawn specimens and how they are assembled to simulate cracks and
potholes in the laboratory will be discussed in Chapter 5 and 6. Figure 3-48
shows the aggregate gradation curve used for the surface course slabs. In
addition, Figure 3-49 shows the batching, asphalt mixing and produced
compacted asphalt SMA-10 asphalt slabs. Details of the properties of the 40/60
pen-grade bitumen used are also shown in Table 3-7.
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Figure 3-48: Aggregate grading curve for SMA-10.



Figure 3-49: (a) batching of aggregates“, (b) asphalt mixing in accordance with BS
EN 12697-35:2016, and (c) manufactured SMA-10 slabs.

Table 3-7: Properties of 40/60 pen-grade bitumen used for the asphalt specimen
manufacturing.

Property Test Method Unit Limits Property
Penetration @ 25 °C  BS EN 1426:2026 [284] 0.1 mm 40 - 60 48
Softening point (Ring  BS EN 1427:2015 [285] °C 48 - 56 51.6
and Ball)

Kinematic viscosity at BS EN 12595:2023 [286] mm?/s 325 min. 455
135°C

Density BS EN 15326:2007 [287] Kg/m?3 - 1029
Safe heating - °C 200 max.
temperature??

3.2.3 The original Prusa MK3 3D printer

The Prusa MK3, the latest iteration in the Prusa i3 series, introduces significant
improvements, including a refined extrusion mechanism that accommodates an
extensive array of printing materials, from standard Polylactic Acid (PLA) [288]
and Acrylonitrile Butadiene Styrene (ABS) [289] to sophisticated composite
materials embedded with substances such as metals and wood. The Prusa MK3
is a cartesian 3D printer. Section 2.10, outlines the selection of this printer based
on its adeptness at tracking complex geometries, consistent temperature and
speed control, along with its advantages in customisation, user-friendliness,
affordability, and notably, its payload capacity. The same printer underwent
modifications to serve both as a crack filling® and a pothole filling** machine.

21 This is for illustration. In the laboratory, aggregates were batched using buckets.

22 Reference to the Shell Bitumen Handbook, 6th edition.

23 Bjtumen for the crack filling, as well as the filling process, is described in Chapter 4.
2 Asphalt for the pothole filling, as well as the filling process, is described in Chapter 6.

82



Figure 3-50 shows key components of the Original Prusa MK3 3D Printer prior
to modifications.

Extruder

Automatic level sensor

Y-Axis Control
Heatbed

X-Axis Control

Figure 3-50: Essential parts of the original Prusa MK3 3D printer.

Key features of the Prusa MK3 include the following:

e Auto-calibration System: Automatically adjusts the print bed to simplify
setup and ensure optimal print quality.

¢ Advanced Sensor Technology:

o Filament Sensors: Detect the presence of filament and its
movement, preventing failed prints due to runouts or jams. Also
used for manually adjusting vertical height between nozzle and
heatbed.

o Thermal Runaway Protection: Monitors the temperature of the
extruder and the heatbed to prevent overheating and potential
damage.

e High-resolution Display and Interface: Features a user-friendly interface
on a high-resolution display for easy control of print settings and
progress monitoring.

e Generous Build Volume: Accommodates larger print projects or multiple
small prints in one session, providing flexibility in print size and volume.

o Direct Drive Extruder: Directly feeds the filament to the nozzle, improving
print quality and allowing for the use of flexible materials.

¢ Removable Magnetic Heatbed: Facilitates heating of the heatbed to

maintain a steady temperature around the printing object.
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3.3 Methods
3.3.1 X-ray CT scanning and data processing techniques

This methodology is relevant to Objective 1, as discussed in Chapter 4. A
Phoenix vjtome|x medium (M) ® 240 kV X-ray microCT scanner was utilised for
scanning the beams. Operating conditions were set at 164 kV and 180 pA for
voltage and current, respectively. The scan involved rotating the specimen
stage through 360° at 0.1° rotation step increments, acquiring a total of 3600
projection images. Each image resulted from integrating 1 frame with a detector
exposure time of 500 ms, leading to a scan duration of 40 minutes and yielding
a voxel resolution of 45 ym. Figure 3-51 shows the Phoenix v|tome|x medium

scanner setup.

Figure 3-51: The Phoenix v|tome|x medium (M) ® 240 kV X-ray microCT scanner
scanning a beam specimen.

A Phoenix v|tome|x large (L) Custom ® 320 kV X-ray CT scanner was used to
scan the blocks. Operating parameters were set to 290 kV and 2700 uA for
voltage and current, respectively. Similar to the beam scan, the specimen stage
rotated through 360° at 0.1° increments, collecting 3600 projection images.
Each projection image was integrated from 1 frame with a detector exposure
time of 1000 ms. Each scan lasted approximately 68 minutes. Additionally, a 1
mm copper filter was applied to the X-ray tube's exit window to reduce beam
hardening artefacts. The blocks were positioned at 45 °C to minimise the
incidence of X-rays on flat surfaces, thereby reducing noise. This setup resulted
in a voxel resolution of 90.583 ym. Figure 3-52 shows the Phoenix v|tome|x
large scanner setup. Also, the operational parameters of the Phoenix v|tome|x

scanners are detailed in Table 3-8.
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Figure 3-52: The Phoenix v|tome|x large (L) Custom ® 320 kV X-ray CT scanning a
block specimen.

Table 3-8: Operational parameters® of the Phoenix v|tome|x scanners.

Scanner | Specimens?| KV | yA | MS | P |A/S| S | um T F
category (mins)

Medium Beams 164 | 180 | 500 |3500|1/0| 2 | 45 30 Cu
Large Block 290 |2700|1000|3600(1/0| 1 [90.6| 68 | 1 mmCu

Post-scanning, the components of the asphalt specimens (aggregate, bitumen,
and voids) were extracted and classified based on density variations using the
surface determination and region growing tool in VG Studio MAX software
(version 2.2.2; Volume Graphics GmbH, Heidelberg, Germany). Following
component segmentation, a porosity analysis, detailed by [290], was conducted
to examine void distribution and estimate void volumes. Visualising internal air
voids involved rendering the bitumen regions transparent, as demonstrated in

Figure 3-53.

Bitumen Asphalt concrete Internal voids External voids

Figure 3-53: lllustration of porosity analysis for extracting voids from scanned bitumen
in cracks.

B kv - Kilovolts, yA — MicroAmps, MS — Milliseconds, P — Projections, A/S -Average in Skip, S
- Detector Sensitivity, um — Resolution, T — Time, F — Filter, Cu - Copper.
28 Details of block and beam specimens can be found under Section 4.2.
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3.3.2 Extraction of crack path and pothole perimeter coordinates

This methodology is relevant to Objective 1 and Objective 3, as discussed in
Chapters 4 and 6, respectively. The usual practice in 3D printing is to develop
a digital 3D model and slice it for a 3D printer to build objects layer-by-layer. In
this research, the automated arms (3D printers for crack and pothole filling) had
to fill several cracks, making it practically tedious to build a slice for each crack
model.

To overcome this challenge, the 'G-code tools' extension features in Inkscape
software [291], which is an open-source vector graphics editor software, was
used to extract the G-code of all cracks and pothole perimeters from vector
images of the shapes captured from the top view. The G-code extraction

procedure is illustrated in Figure 3-54 using irregular cracks as an example.

With this technique, the RepRap 3D printer was converted into a plotter capable

of following defect geometries.

Image adjustment in

Real crack Inkscape Project
‘ 5 : Ilo )
Software interface 1
‘Object-to-path’ and G-code
- extraction

5 mmn sen oo B
AN A G01 X026.020 Y003.000 2000.000 |
GO01 X024.221 Y009.31 2000.000
z qam 601 x023.320 vo11.802 2000.000 |
GO1 X021.723 Y012.133 Z000.000 v
(& :| \ J \V 9) GO1 X023.027 Y018.210 Z000.000
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Figure 3-54: G-code extraction for crack paths.

3.3.3 3D printing process and commands

The 3D printing process was executed using Repetier-Host software [29]. The
G-codes for the geometry of the cracks extracted in Section 3.3.2 were inputted
into the software interface in a command that enabled the printer to follow crack
paths while adjusting to instructed printing parameters like printing speed. With
its comprehensive features, Repetier-Host enables precise control over additive
manufacturing, facilitating the realisation of intricate designs and innovative

creations. The printer was commanded to move only when the nozzle had
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heated to the preferred temperature. For example, ‘M109 S160’ commanded
the extruder to wait for the nozzle to heat to 160°C before continuing any other
command; and ‘G1 X100 YO F50° commanded the extruder to move 100 mm
on the positive x-axis, from left to right, at a speed of 50 mm per minute. A
negative ‘X’ would mean moving in the reverse direction. The crack path
coordinates followed the centre lines of the cracks. Table 3-9 shows selected

commands that were predominantly used in the research.

Table 3-9: Common G-Code commands used for 3D Printing in this research.

Command Interpretation

G28 Home all axes (X, Y, and 2)

G28 XY Home X and Y axes

G282z Home Z axis only

M104 S165 TO Start heating the extruder temperature to 165 °C

G28 X0 YO Home X and Y axes at the same time

M140 S23 Start heating the bed temperature to 23 °C

G28 X0 Home the X axis while the extruder is still heating

M190 S23 Wait for the bed to reach 23 °C before continuing

M109 S165 TO Wait for the extruder to reach 165 °C before continuing

G1 X0 YO F50 Move to the X=0 Y=0 position on the bed at a speed of 50
mm/min

G1 X100 YO F50  Move the extruder 100 mm to the X axis at a speed of 50 mm/min

G1 Z10 F50 Move the Z-axis to z = 10 mm at a speed of 50 mm/min

3.3.4 The newly developed workability device

A new non-standard penetrometer was designed and manufactured to measure
the workability of different asphalt mixtures in this research. This device
consisted of a stainless-steel rig support, a 4.3 kg plunger with a 30 mm
diameter head, and a Marshall mould. During the test, the plunger was dropped
into a filled mould to measure penetration depth. Figure 3-55 shows the
dimension and design of the device. Multiple measurements were taken,
resulting in an average standard deviation of 2.4 mm. The test was conducted
at compaction temperatures specific to the specimens, with preheated moulds

and temperature monitoring.
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Figure 3-55: A detailed dimensional drawing of the penetrometer device (not to scale).
To enable universal comparison of workability, penetrations were expressed as
a percentage of a standard SMA 8 surf 40/60 mixture, which had a penetration
value of 34.3 mm. For example, a penetration of 17.2 mm is calculated as 50%
workability relative to the reference mixture (17.2/34.3 x 100). Considering the
3 mm mastic layer between aggregates, the penetration plunger was sized to
impact approximately three 8 mm aggregates, resulting in a plunger diameter
of 30 mm for this study. The plunger's drop height was adjusted to achieve the

required impact force.

Once again, the SMA 8 surf 40/60 mixture was selected as the reference asphalt
due to its widespread application in surface courses in the UK and its robust
stone-to-stone contact structure. These attributes make it an ideal benchmark
for assessing the penetration characteristics (workability) of the asphalt
mixtures developed in this research. A maximum nominal aggregate size of 8
mm was chosen, as this was the size used for pothole repairs detailed in

Chapter 6, selected to accommodate the extruder size and payload limitations.

Figure 3-56 illustrates the setup for the penetrometer in the laboratory. Also, the

plunger penetration of an asphalt specimen is illustrated in Figure 3-57 together
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with its free body diagram. The penetration test addresses fine material
segregation and shear planing in asphalt mixes, which can cause significant
deviations in workability data from paddle-torque devices [138]. Moreover, the

non-electric penetrometer device is both simple to use and cost-effective.

Plunger
hanger

30 @ plunger
head, R15 tip

Thermometer

Asphalt
Marshall mould specimen

(E0144)

Figure 3-56: The asphalt penetrometer setup in the laboratory.

4.3 kg plunger

V,=0, |KE;=0
PE;= mgh
Aggregate
h=026m pushed away
Reduced
void size

I Penetration (mm)

Figure 3-57: Free body diagram and schematic illustration of the asphalt penetration
test.

The velocity just before impact (V-) for a 4.3 kg object dropped from a height of
0.26 m was estimated to be 2.26 m/s. The kinetic energy just before impact is

equal to the initial gravitational potential energy. Equation (3-5) describes this
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relationship. By estimating the plunger's travel distance after impact to be
approximately 34.3 mm (corresponding to penetrations in a standard SMA 8
surf 40/60 mixture) and using the work-energy principle (see Equation (3-6)), an
average penetration force of 320 N was estimated. The reported workability for
each mixture in the study is based on an average of three penetrations using

identical specimens.

The penetrometer performance against other workability devices in literature
[131,132] is shown in Figure 3-58. In those devices, a motor-connected paddle
is utilised to measure the torque necessary to rotate a HMA. It is important to
emphasise that the torque data shown in Figure 3-58 represents the extracted

best fit from reference [132].

Precision and repeatability for the novel penetrometer relied on factors such as

mixture homogeneity and accurate specimen handling.

1
PEgravity = KEjust before impact = mgh = EmVZZ (3-5)

mgh

Average penetration force, F = (3-6)

Interpretations of the variables in Equation (3-5) and Equation (3-6) are

illustrated in Figure 3-57.
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Figure 3-58: Comparison of plunger penetrations with mixing torque across various
asphalt mixtures. Inserted device: lllustration of a conventional HMA workability

apparatus developed over the years, sourced from [132].
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3.3.5 Extraction of geometric properties from real aggregates using

Image Processing Techniques

This technique is relevant to Objective 2, as discussed in Chapter 5, with its
subsequent application in Chapter 6 contributing to Objective 3. Top and bottom
images of at least 120 individual aggregates per batch were captured using the
studio setup shown in Figure 3-59. The setup was adapted due to its
affordability, ease of use, and the lack of readily available advanced particle and
shape analysis systems like the CAMSIZER 3D [84]. It was designed to
maintain as consistent an object distance?’ as possible for all aggregate
specimens during image capturing. The cameras utilised were Sony Alpha A7R
IV Mirrorless, chosen for their strong macro capabilities and high resolution,

enabling accurate capture of the texture, size, and shape of aggregates.

Top-view camera
Side-view camera

Lighting

A W N P

Platform

5 Aggregate specimen

Figure 3-59: Setup for capturing images of aggregates.
Geometrical properties of the aggregates were analysed using ImageJ
software?, including area, minor and major Ferets, perimeter, and height. The
sufficient number of aggregates measured allowed for fitting Weibull curves;
aggregates were characterised using shape and scale parameters of minor
Feret and aspect ratio, medians of the area and perimeter, and median height.
MATLAB software was utilised to estimate the shape and scale parameters
based on the Weibul equation presented in Section 3.3.9. More details on this

process can be found in references [26,30]. Only aggregates with a minor Feret

27 The distance between the camera lens and the subject being photographed.
28 Open-source image processing and analysis in Java: https://imagej.net/ij/
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greater than 2 mm were considered; those smaller than this value, as well as

the bitumen and filler, were classified as mastic.

In this research, aspect ratio (AR) is defined as the ratio of the minor Feret’s
diameter to the major Feret’'s diameter. Feret's diameter, or Feret, represents
the greatest distance between any two points along the outer boundary of the

aggregate shape, also known as the maximum caliper.

The image processing technique in ImageJ involved converting images into
vector images, grayscale images, binary images, and generating outlines with
estimated morphologies. These stages are illustrated in Figure 3-60. These
steps were repeated for both the top view and side view images, with the side

view primarily used to obtain the aggregate height.

Vector image ) ‘“3 & S b‘ > ‘v'

Grayscale
Image

Binary Image . ~. weée .. N oYy
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particles
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Figure 3-60: lllustration of the Image processing steps in ImageJ.
Also, Figure 3-61 illustrates some of the geometric features output by the
ImageJ software from the generated outlines in Figure 3-60 for a typical 8 mm

limestone aggregate.

3.3.6 Generation of virtual asphalt in physics engine and estimation of

number of aggregates and volume of mastic?®

Virtual aggregates (using geometric properties from Section 3.3.5) and mastic

were created using a physics engine in Unity 3D, similar to real asphalt mixtures.

29 A full video on the creation of virtual asphalt can be found here:
https://youtu.be/hnRFBX9CO_C8
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A: aggregate area

P: aggregate perimeter

H: height of aggregate

Pc: perimeter of a circle with an
equivalent area, A.

c: centre of gravity

Min Feret: Min Feret’'s diameter
Max Feret: Max Feret's diameter

Aspect ratio (AR)= Min Feret / Max Feret
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Figure 3-61: Geometric projections of typical 8 mm limestone aggregate examined in
this research.

This engine calculates the number of aggregates and volume of mastic present
in 250 g of the simulated asphalt mixture, based on input aggregate geometric
features, Weibull characteristics, and fractions of aggregate sizes. The
technique employs an impulse-based numerical model (iDEM) rather than data-
based numerical models. IDEM prevents penetration between objects; an
impulse is generated when they come within a certain distance, allowing for

higher time steps than equivalent methods and reducing computer time.

A virtual mixture was created in a tube with dimensions of 3.77 cm in height,
3.25 cm in radius, 33.18 cm? of surface area, and 124.98 cm? of volume. Mass
percentages of aggregates, bitumen, and filler were weighed to make the
mixtures. The Unity 3D algorithms start with a cuboid within certain dimensions,
equivalent to the min and max Feret, and height, defined by the Weibull
distributions. A number of points were seeded on the cuboid surface, then
moved perpendicularly at varying distances, to create surfaces resembling
those of real aggregates. The min Feret, max Feret, height, number of points,
and distance from the cuboid surface define a virtual aggregate. Aggregates
were compacted in two steps. To mix the aggregates, a 2 N force was applied
to the centroid of each aggregate every 0.5 seconds. Initially, the piston moves
until the air void content reaches 50 %. Then, as the force increases, the pistons

move faster, causing the force to increase by 0.12 N/s.
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The simulation resulted in a 3D model of the asphalt mixture and its volumetric
properties such as porosity (%), virtual compaction force (N), aggregate mass
(9), bitumen content (cm?), and mastic (cm?3). The virtual compaction force
simulates the force required to achieve the same level of air voids as in the
equivalent experimental mixture through Marshall compaction. Figure 3-62
shows a summary of the stages involved in the simulation of virtual aggregates,
and Figure 3-63 displays the compaction of generated aggregates to form virtual

asphalt mixtures in the physics engine for specimen M8, as used in Chapter 5.
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Figure 3-62: lllustration of the simulation stages used to create the virtual aggregates
in the physics engine.
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Figure 3-63: lllustration of the creation of virtual asphalt models in physics engine
software (Unity 3D).
As mentioned earlier in this chapter, fine aggregates, typically those under 2
mm in size, along with fillers that are usually smaller than 0.063 mm, combine
with bitumen to form a mastic. Consequently, the software calculates the mastic
volume as the volume of all aggregates smaller than 2 mm present in the

gradation, plus the volume of bitumen inputted. Note that the simulation does
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not account for the rheology of different bitumen types; as such, only 40/60 pen
bitumen, which was readily available at NTEC, was used in all simulations. This
limitation needs to be addressed in future studies. In practice, the mastic fills
the gaps between coarse aggregates, providing cohesion and binding them

together.

The 2 mm aggregate limit was chosen because it is the sieve size that separates
fines from coarse aggregates within European standards (EN). Typical EN sieve
sizes include 10.0, 8.0, 6.3, 4.0, 2.8, 2.0, 1.0, 0.500, 0.250, 0.125, 0.063 mm,
and pan. This range is part of a larger series starting from larger sizes, such as
40 mm. The application of this grading system can be found in the following EN

standards, as an example:

o EN 933 series: tests for geometric properties of aggregates.

e EN 13108-5:2016 Bituminous mixtures - Material specifications Part 5:
Stone Mastic Asphalt.

e EN 13043:2013: Aggregates for bituminous mixtures and surface

treatments for roads, airfields, and other trafficked areas.

Specifically, in reference to BS EN 13108-5:2016 [281], both Table 1 (basic
sieve set plus set 1) and Table 2 (basic sieve set plus set 2) of the general
grading requirements for the target composition of SMA highlight the role of

the 2 mm sieve as a key size.
3.3.7 Design standards

BSI standards, developed by the British Standards Institution (BSI), were the
primary reference for standard tests in this research. They align with EN
standards, developed by the European Committee for Standardisation (CEN),
due to the UK's participation in CEN. "BS EN" in this research denotes "British
Standard adopted as a European Norm," indicating recognition and use across

European countries as a harmonised standard.

3.3.8 Standard tests to assess the volumetric and mechanical

performance of asphalt and bitumen
Density of bitumen

The capillary-stoppered pycnometer method, as shown in Figure 3-64, in
accordance with BS EN 15326:2007+A1 (2009) [287], was used to determine

the bitumen density at a test temperature of 25 °C. The bitumen density was
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crucial for theoretically estimating the volume of bitumen poured into cracks, as
discussed in Chapter 4, to achieve Objective 1. Specifically, the volume was
calculated as the product of the bitumen mass discharged into the cracks and
its density. Furthermore, the mass of the bitumen was determined by measuring
the difference in the mass of the crack specimen before and after filling.
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Figure 3-64: Bitumen density test with pycnometer.

Force ductility on bitumen

A force ductility method following BS EN 13589:2018 [292] was used to assess
the tensile behaviour of 3D printed bitumen at a test temperature of 15°C. The
test involved using a Force Ductility Testing Machine in determining the
deformation energy required to stretch a bitumen sample to 400 mm at a rate
of 50 mm/min. The test specimens were prepared by filling three parallel forced
ductility moulds with bitumen from the bitumen crack filling machine. The
moulds were filled layer by layer at 160 °C at a speed of 100 mm/min (100
mm/min selected to be the optimum filling speed for pen 40/60 grade bitumen

as illustrated in Section 4.7.

To serve as a control, the force ductility test was repeated for moulds filled
manually by pouring hot bitumen at 160 °C with the hand in one direction, as
recommended by BS EN 13589:2018 [292]. The brass mould surfaces were
coated with a thin layer of glycerol and talc. The bitumen in the moulds was
trimmed after cooling for 1 hour and then soaked in 15 °C testing water for 1

hour. The test time from pouring did not exceed 4 hours.

Modification: The recommended temperature for the force ductility test is 5 °C.
However, this temperature is suitable for polymer-modified bitumen and will be

too low to produce a 400 mm stretching length in 40/60 unmodified bitumen.
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Therefore, a testing temperature of 15 °C was adopted for all bitumen, whether

hand-filled or 3D printed. Figure 3-65 shows the force ductility test setup.

Figure 3-65: Force ductility test setup: (a) force ductility testing machine, (b) filled
ductility moulds, and (c) extended bitumen specimen at 400 mm.

Shear bond test

The shear bond test was conducted to evaluate the resistance of filled cracks
to deformation under vertical displacements. Although not standardised, the test
was inspired by guidance from BS EN 12697-48:2021 [293] for asphalt
interlayer bond testing. The procedure involved clamping one asphalt block in a
metallic collar while a vertical plunger displaced the other block parallel to the
crack length at 5°C, causing a fracture and splitting the blocks. The maximum
load at fracture, recorded as the maximum shear force, was used to calculate
shear stress by dividing it by the sectional area of the block. Figure 3-66
illustrates the experimental setup.

A Universal Testing Machine (INSTRON), was used for the shear testing with a
50 kN load limit applied over a 20 mm stroke at a rate of 83.335 um/s. A slower
stroke rate of 83.335 um/s was chosen to minimise dynamic effects and
accurately capture the viscoelastic properties of bitumen, reflecting its
behaviour under typical service loading conditions.
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Figure 3-66: An experimental setup for the shear bond test.

Tensile bond test

The tensile bond test measured the adhesive capacity of the bitumen in the
cracks to hold together the crack walls when the asphalt blocks were pulled
apart. A Universal Testing Machine was used with the same loading and
specimen conditions as for the shear bond test. The tensile bond test involved
glueing the top and bottom of the block specimen with Araldite epoxy resins*
onto stainless steel plates. The bottom plate was also anchored in a mould for
block stability. The epoxy had a shear strength of 19 N/mm?, which exceeded
the bitumen shear strength. The top plate on the specimen was locked into a
steel fork with a rod and the opposite end of the fork was then screwed into the
upper plunger of the INSTRON machine. Likewise, the base plate on which the
specimen sat was bolted onto the lower plunger on the INTRON. The plungers
were then pulled apart until the bitumen, which was sandwiched between the
asphalt blocks, fractured. Failure was determined as the moment when the load
started to decline from a peak. The tensile bond stress was calculated as a ratio
of the maximum load applied to the surface area of the crack. Figure 3-67
illustrates the experimental setup and the free body diagram of the tensile bond

test.

30 Araldite: https://www.go-araldite.com/en
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Figure 3-67: (a) Experimental setup and (b) free body diagram of the tensile bond test.

Flexural strength of filled cracks

The three-point bending test, inspired by guidance from BS EN 12697-24 [124],
was used in this study to examine the ability of filled cracks to resist failure in
bending. The beam specimens for this test measured 385 mm x 50 mm 60 mm.
Supporting pins were placed at 220 mm span under the beam specimen, each
at 82.5 mm offset from the beam ends. The top plunger (load) was applied at
beam mid-span at a load application rate of 83.335 um/s over a 20 mm

displacement. All specimens were preconditioned at a temperature of 5 °C.
Determination of Marshall stability and Marshall flow

To measure the Marshall stability and Marshall flow of asphalt mixtures, the
Marshall test was performed in accordance with reference [123]. Additionally,
Marshall compaction was used to produce core specimens for estimating air
void content and density. The Marshall test was chosen due to its simplicity.
Moreover, the standard testing temperature of 60 °C is thought to simulate the
weakest HMA, which occurs in the summertime. Figure 3-68(a) depicts a
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Marshall stability testing setup in the laboratory, while Figure 3-68 (b) illustrates
a typical Marshall Stability Curve.
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Figure 3-68: (a) Illustration of the Marshall Stability Tester and (b) a typical Marshall

Stability curve.
Determination of the bulk density and air void content of asphalt

The bulk density and air void content of asphalt specimens were determined
using the Saturated Surface Dry (SSD) method (Procedure B) and the sealed
specimen method (Procedure C), as specified in BS EN 12697-6:2020 [125].
Specimens were obtained from Marshall cores or cores drilled from asphalt
slabs. The SSD method is suitable for specimens with relatively closed surfaces
and was selected for asphalts with targeted air void contents of less than
approximately 8%. The procedure involved saturating the specimen with water,
removing excess surface moisture using a damp chamois to achieve a
saturated surface dry condition, and subsequently measuring its mass. The
specimen's volume was determined through water displacement, which
involved submerging the specimen in water and measuring the volume of water

displaced.

For mixtures exhibiting high air void content, such as those exceeding 8%, the
sealed specimen method was employed. This approach entailed coating the
specimen with an impermeable film to seal surface voids prior to measuring its

mass in water. This sealing prevented water ingress during measurement,
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thereby ensuring accurate bulk density determination. Figure 3-69 shows a

typical foil-sealed asphalt specimen used in this research.

In both the SSD and sealed specimen methods, the bulk density of asphalt
specimens was calculated by dividing the specimen's mass by its volume.
However, for the sealed specimen method, the densities of the asphalt
specimens were adjusted by subtracting the mass and volume of the sealing
film from the total mass and volume of the sealed specimen to determine the

true bulk density.

The air void contents were calculated by comparing the bulk density of the
asphalt mixtures to their theoretical maximum density, with the difference

attributed to air voids.

Figure 3-69: Foil-sealed asphalt specimen prepared for bulk density and air void
content determination using the sealed specimen method.

Wheel Tracking Test

Traffic simulation was conducted using a small-sized Wheel Tracking device
(Cooper, Ripley, UK) following procedure B in accordance with BS EN 12697-
22:2020 [115]. The goal was to assess the resistance of the filled potholes to
permanent deformation under cyclic loading in soaked conditions. Asphalt
samples, measuring 305 mm x 305 mm x 100 mm (including a 150 mm @ x 40
mm deep filled pothole in the upper slab), were fully submerged in water at 30
°C+1.

The wheel, running at approximately 26.7 rpm with an applied load of 705 + 4.5
N, tracked at 10,000 cycles per test. Each cycle consisted of two passes. A
testing temperature of 30°C, a departure from the standard 60°C typically used
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in rutting tests, was selected to minimise differential deformation between the
pothole filling materials and the surrounding asphalt, which have varying
densities and mechanical properties. This lower temperature setting was
intended to reduce the likelihood of excessive rutting in the filling materials while
also preventing the formation of rippling — a phenomenon that could introduce
variability or noise into the rutting data — and mitigating potential strain or
damage to the tracker wheels during the testing process. Test specimens were
temperature-conditioned at 30 °C for 12 hours to ensure temperature
equilibrium within the specimens. For each case scenario, two parallel
specimens were tested to enhance the reliability of the results. The reported
final rut depths represent the mean rut depths of the two parallel specimens.

Figure 3-70 shows the small-sized Wheel Tracking device used in this research.
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Figure 3-70: The Wheel Tracking device (Cooper, Ripley, UK) at NTEC.
3.3.9 Statistical derivatives

Basic data statistics
Basic data statistics used in this research are detailed in Table 3-10.

Regression Analysis

In this research, regression analysis estimated the relationships between
dependent and independent variables, using both linear and multiple regression
models to evaluate and predict variable strengths.
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Table 3-10: Description of basic data statistics used in the research.

Basic statistics

Standard formula3!

Description

Sample

mean/Average

Measures the average
value of a set of data.

Sample standard

Measures the spread of

deviation scores within a set of
data.
Correlation Ixi— )i — ) Indicates the strength and

coefficient (R)

T T = D2E0 - 9)?

direction of the linear

relationship between two

variables.

— R , . ;
Coefficient of e Z(yi'y) Provides information
determination, R- >(y —y)2 about the goodness of fit
Squared (R?) | of a regression model.
Adjusted R2 1-RH(n-1 Shows the proportion of

j muR2=1—[( )(n 1 prop
(n—k-1) variability in the

dependent variable
explained by the
independent variables,

adjusted for predictors.

Absolute error Ea=| m-p | The error between
(Ea) predicted values and lab-
measured values.
Mean Squared " (m; — py) Evaluates the mean
MSE = Z
Error (MSE) y n squared error between
=n
observed and predicted
values.
Root-mean- Sensitive to outliers and

square error
(RMSE)

measures the accuracy of

predictive models.

31 R - correlation coefficient, xi - values of the x-variable in a sample, x - mean of the values of the
x-variable, yi - values of the y-variable in a sample, y - mean of the values of the y-variable, n
— number of points in your data set, k — number of independent variables in the model, excluding
the constant, m — measured value, p — predicted value.
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Simple linear regression involved assessing the relationship between a
dependent variable and an independent variable using equations in the form of
Equation (3-7).

y =B+ Bix t+ € (3-7)

Where y is the dependent variable (variable to predict), B, is the y-intercept, B:
is the gradient of the regression, x is the independent or explanatory variable,

and € is the error term.

Multiple linear regression is similar to linear regressions but with multiple
variable terms and combinations of coefficients (B) and independent variables

(x) as illustrated in Equation (3-8).

Yy =B+ P1x1 + Box; + -+ Prxy, + € (3-8)

Where x, is the independent variable for each term, g, is the regression

coefficient for each independent variable and € is the model’s error term.

Rational function regression, which is simply a ratio of two polynomials, was
developed to model the behaviour of asphalt mixtures. The selection of rational
equation was informed by references [26,30] which have demonstrated its
effectiveness in accurately modelling a range of emerging properties in asphalt
attributed to aggregate gradation. These properties encompass hydraulic

conductivity and the compaction force necessary for asphalt materials.

This regression enabled more than two properties of asphalt mixtures to be
expressed in an equation. The equations composed of first-degree polynomials
with denominators not equal to zero. Equation (3-9) shows the format of the

rational regression used in the research for three variables, where z = f(x, y).

,= Bo+ B1x1+ Boy1 (3-9)
1+ B3xy + Bays

Where z is the is the dependent variable, S is a constant term, S1, 2, 3, 4 are

rational coefficients, x and y are independent variables.
Confidence band

Confidence bands (typically 95% and 5%) were constructed around the

estimated regression lines to indicate the level of uncertainty in the estimated
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regression relationships. The bands were useful for assessing the reliability of
regression estimates and for understanding the range of possible values for the

dependent variable at different levels of the independent variable.
Independent samples t-test

The independent t-test, also known as an unpaired t-test, was used to assess
whether there is a significant difference between the means of two distinct and
unrelated groups of experimental results. This test is particularly useful when
determining the significance of differences between the outcomes of two sets
of experiments, especially when conclusions cannot be easily drawn from

comparing their graph plots.

To conduct the analysis, a continuous variable that follows a hormal distribution
(referred to as the Test variable) and a categorical variable with two distinct
groups (referred to as the Grouping variable) are required. The significance
level is computed using the mean, standard deviation, and sample size for each
group (Group 1 and Group 2). Initially, the equality of variances between the
groups is assessed using Levene's test. If the result of Levene's test is
nonsignificant (P > 0.05), indicating equal variances, the independent samples
t-test is conducted with equal variances assumed. Conversely, if Levene's test
is significant (P < 0.05), suggesting unequal variances, the independent

samples t-test is performed with unequal variances [294,295].
Weibull equation

The Weibull distribution, which is dominant in reliability and survival modelling,
was applied in this research to obtain two key parameters of aggregate
geometries for the creation of virtual aggregates as demonstrated by [x]: the
scale parameter (a) and the shape parameter (y). The scale parameter (a) sets
the distribution's characteristic life, while the shape parameter (y) determines its
skewness. A larger scale parameter signifies longer lifetimes, while different
values of y indicate varying degrees of skewness, from early to late failure. The
maximum likelihood estimators of a and y for the Weibull distribution are
iteratively derived from the simultaneous equations (embedded in the MATLAB

software) shown in Equation (3-10) and Equation (3-11).

1

= [(%) Zn: ngr (3-10)

=1

105



n

1 -
(E) 2ieq xflogx; — X, logx; (3-11)

Y:

Where x; represents the i- th value of the variable x; and n represents the total

number of data points.
Software for statistical analysis

MATLAB was the primary software used for basic data analysis, as well as
regression analysis. The same software was used to generate the shape and
scale parameters of aggregates. The Levenberg-Marquardt algorithm [296] was
chosen for fitting nonlinear regression models due to its simplicity and efficiency
in analysing laboratory experiments with small datasets. This algorithm is
superior in terms of high accuracy, quick convergence (even with noisy or
limited experimental data), and robustness against local minima. While the
Gauss-Newton algorithm and gradient descent algorithm [297] are also
commonly used for nonlinear regression, they require more careful tuning and
handling to ensure convergence, especially with small and noisy datasets, as

was the case in this research work.
3.4 Summary

The Materials and Methods chapter has provided an overview of the materials,
laboratory simulation techniques, equipment, and statistical analyses utilised in

the research. A summary of the overview includes:
Materials:

e SMA 10 Surf 40/60, with 40/60 penetration grade bitumen, was designed
and manufactured in accordance with BS EN 13108-5:2016, BS EN
12697-35:2016, and BS EN 12697-33:2019 to simulate a typical UK
surface course in the laboratory.

e The Original Prusa MK3 3D printer, a cartesian printer known for its
precision, user-friendliness, and adaptability to a wide range of
materials, was modified in this research to function as an automated

crack- and pothole-filling machine.
Methods:

e X-ray CT scanning techniques were employed for analysing voids in

filled cracks.
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A new, simple-to-use non-standard penetrometer device was developed
to measure the workability of HMAs. The performance of this
penetrometer has been compared with other workability devices
reported in the literature.

Standard tests, such as Marshall stability, wheel tracking, and shear
bond tests, were performed in accordance with BSI standards.
Statistical derivatives, such as basic data statistics and regression
analysis, were utilised to analyse experimental results and assess

relationships between variables.
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Chapter 4: Machine Filling of Cracks in Asphalt
Pavements

4.1 Introduction

This chapter presents the development of the ACFM (a modified RepRap 3D
printer), the optimisation of its operational parameters to enhance the volume
of cracks filled with bitumen, and an assessment of the quality of filled cracks.
The volume and quality of cracks filled by the ACFM have been compared to
those filled manually. A graphical illustration of the general overview of the

automated crack filling investigation in this chapter is illustrated in Figure 4-71.
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Figure 4-71: A graphical abstract of the automated crack filling investigation with the
ACFM

Publication acknowledgement

This chapter includes techniques, results, and discussions that are part of
earlier collaborative research efforts and have been previously published.
Consequently, relevant portions of the content in this chapter are also detailed
in the following publication: “Machine-filling of cracks in asphalt concrete,”

published in Automation in Construction, Volume 141, 2024.
4.2 Laboratory Simulated Cracks in Asphalt Pavement

Asphalt blocks and beams were sectioned from larger slabs (see Section 3.2.2
for the production of the asphalt slabs), with blocks measuring 100 mm x 50 mm
X 60 mm and beams 380 mm x 50 mm x 60 mm. The block specimens were
used for regular (straight) cracks, while the beams were utilised for irregular
(curvy) cracks. Regular cracks were formed by aligning the two straight blocks
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with a gap, while irregular cracks resulted from fracturing the beams at 5°C
through a three-point bending test and rejoining the pieces with a gap. The
beams were snhapped at 5°C to make them brittle and reduce splintering of
adjoining asphalt materials along the snhapped surface. To simulate crack
volume, the gaps in both the blocks and fractured beams were sealed on the
bottom and sides with lead foil tape. Figure 4-72 illustrates the regular and
irregular cracks utilised, all cracks being 5 mm wide, except for those in the
experiments testing the influence of crack width on filling volume, which varied
from 4 mm to 1 mm. For each parametric filling condition, four samples of both

crack types were prepared to assess experimental variability.

The volume of the irregular cracks was quantified by filling them with glass
powder, which has a bulk density of 1.51 g/cm?, resulting in an average volume
of 16.9 cm3. A schematic illustration of a complete regular crack used in this

research is shown in Figure 4-73.

Regular crack

; e~ Crack wall

Crack width

(o)

Figure 4-72: (a) regular crack in blocks and (b) irregular crack in snapped beam.

5 mm gap Block pair
between block
pair to serve as

regular crack Layer printing in ‘X

direction (along crack
path)

Lead foil tape
covering side and
bottom of crack

Figure 4-73: Schematic illustration of a regular crack between identical asphalt blocks.
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4.3 Bitumen for Crack Filling
Two types of bitumen were used as fillers in this research:

i.  40/60 paving grade bitumen (40/60 pen)
ii. N1 Polymer Modified Bitumen (PMB N1)

The PMB N1 was supplied by Colas® as Coljoint N1 hot applied joint sealant
compound and the 40/60 pen was the same bitumen used in manufacturing the
asphalt slabs presented in Section 3.2.1 which was readily available at NTEC.
Bitumen pellets were made from bulk by cold casting at 90 °C for 40/60 pen and
120 °C for PMB NL1. The pellets are shown in Figure 4-74. The properties of the
40/60 pen are presented in Table 3-7, and those of the PMB N1 are presented
in Table 4-11.

Table 4-11: Performance of PMB N1 sealant as supplied by manufacturer.

Property Specification

Penetration (25°C) 7-13 mm

Softening point (°C) 90-115 mm

Flow (60 °C, plate) Less than 2mm

Extension test Less than 50 mm?2 debonding
Resilience (25°C) 60% minimum recovery
Determination of bitumen No adhesion failure, no oily exudate
compatibility

Density 1.002 g/cm?

Safe pouring temperature 175/185°C

Safe heating temperature 185°C for 6 hours max.; 195°C max. temperature

5 mm x 5 mm pellet

Figure 4-74: 40/60 pen-grade bitumen pellets.

32 Colas: https://www.colas.co.uk/
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4.4 Developing the ACFM
4.4.1 The hot-bitumen heating components

The hot-bitumen chamber consisted of a 1 mm thick aluminium cone (nozzle)
with a 3 mm outlet, jacketed in a thick circular aluminium collar. Aluminium was
chosen for its lightweight properties, reducing the payload of the extruder, and
for its higher heating rate due to its higher specific heat capacity (0.90 J/g °C)
compared to copper (0.385 J/g °C) and iron (0.442 J/g °C) [298] which are
common commercial conductors. Similarly, the aluminium cooled at a faster rate

after heating.

The collar was fitted with a customised 38 mm internal diameter x 25 mm wide
nozzle heater rated at 24 volts and 150 watts. The hot-end heater was secured
with a simple bolted housing with insulation on the outer periphery to contain
heat and ensure safe handling of the system. To agitate the bitumen regularly,
an auger screw powered by a 4-wire stepper motor was suspended inside the
cone. The motor and screw were supported by a 'C' shaped stand connected to
the bolted hot end. Seated on top of the nozzle, a 100K thermistor was
embedded in a dent in the inner wall of the nozzle to monitor the operational
temperature of the setup. Figure 4-75 illustrates the components of the hot-end

extruder, while Figure 4-76 shows the assembled 24 V-150 W heating chamber.

(@) O (©) T

Figure 4-75: Images of extruder components: (a) auger screw attached to stepper
motor, (b) band heater, (c) aluminium collar, and (d) funnel-shaped nozzle.

The UK standard single-phase 240V +/- 6% was supplied to the electrical
heating system and stepper motor in the 3D printer through a 24 VV DC output
printed circuit board (PCB) as illustrated in Figure 4-77.
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Figure 4-76: The assembled 24 V, 150 W heating chamber.

Thermist—ci| v
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§© ( 24V DC output PCB
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Figure 4-77: Schematic diagram of heating and control systems in the ACFM.

4.4.2 The assembled ACFM

The components under Section 4.4.1 were assembled to form a heating
chamber and then mounted to replace the original extruder illustrated under
Section 3.2.3. The original automatic bed levelling sensor (see Figure 3-50
under Section 3.2.3) was clamped to the heating chamber and levelled to the
nozzle. In this way, the sensor assisted in setting the nozzle outlet above the
asphalt surfaces and halting horizontal movement to prevent the extruder from
hitting obstacles should g-code commands go wrong. Practically, the extruder
comprised the motor for screw rotation, a hopper to collect bitumen pellets, the
heating chamber, and the nozzle outlet. This constitutes the system for heating
and pouring the bitumen. The ACFM, on the other hand, comprised the
extruder, electrical connections, gantry, and stepper motors. After complete

setup, the heating capacity of the extruder and corresponding bitumen flow rate
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were calibrated. As a control, a SPER Scientific 800115C thermometer® was
regularly used to confirm the temperature of heated bitumen drained from the
extruder nozzle. Practically, the APFM comprised the extruder, electrical
connections, gantry, and stepper motors. Figure 4-78 shows the complete setup
of the modified 3D printer (also known as the ACFM).

4-wire stepper
motor for screw
rotation

‘X’ gantry Hopper
Heating
chamber
Levelling
3.0 mm sensor
nozzle outlet
Specimen
with regular
crack

Figure 4-78: The ACFM setup.
4.5 The Crack Filling Process

45.1 Automated crack filling by 3D printing

Bitumen pellets for crack filling were loaded continuously into the hopper on the
extruder. The 40/60 pen bitumen was heated to 100 °C, 140 °C, 160 °C and
180 °C. The polymer-modified bitumen was heated to 180°C. The printing speed
ranges were 25 mm/min, 50 mm/min, 75 mm/min, 100 mm/min, 125 mm/min,
200 mm/min, 500 mm/min, 1000 mm/min and 5000 mm/min. Beyond 5000
mm/min, the hopper moved too fast to be fed with pellets, and operational errors
in the crack filling increased. Using the 3D printer G-code command, the
extruder was ordered to move only after reaching the specified heating
temperature. By fixing the temperature reading thermistor close to the nozzle
outlet, it was expected that the temperature recorded and communicated to the

3D printer would be the temperature of the extruded bitumen. As a control, the

33 Sper Scientific: https://sperdirect.com/en-ca/products/compact-infrared-food-safety-
thermometer
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temperature of the extruded bitumen was measured manually with the SPER
Scientific 800115C thermometer and found to be about 3% lower than the
readings from the 3D printer’s thermistor. This drop in temperature was due to
cooling, as the thermometer took about a minute to register the peak reading.
In addition, the flow rate of bitumen discharged from the nozzle outlet was
quantified by measuring the volume of bitumen that drains out of the nozzle in
10 seconds. The nozzle outlet was opened and closed manually, and bitumen
drained down from it under gravity. The distance between the top of the asphalt
specimens and the nozzle outlet was 5 mm. During printing, the nozzle moved
between the ends of the crack length discharging bitumen layer by layer until
the crack was full to the brim. There were situations where bitumen was
discharged beyond the brim of the crack due to the slow speed of the nozzle. In
such situations, the bitumen poured could be more than the crack volume
accounting for more than 100% volume filled. For fillings less than 100%,
bitumen poured was certainly less than the crack volume. The layer-by-layer
filling process with the extruder is illustrated in Figure 4-79. In addition, Figure
4-80 provides an example of the 3D printer filling cracks and the resulting filled

crack.

Band heater

Thermistor —m
temperature
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Agitating screws
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L 4
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Figure 4-79: 3D printing crack filling process.
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During filling

Figure 4-80: (a) 3D printing in progress to fill a regular crack®® and (b) the filled crack.
4.5.2 Crack filling by hand

Control specimens were filled manually with hot bitumen at the same
temperatures as in the 3D printing process. The heated bitumen was poured in
bulk from a pre-heated galvanised tin with a narrow spout in one direction from
one end of the crack to the other end. Filling cracks by hand did not follow a
specific speed and stopped once the crack was filled to the brim. Figure 4-81

illustrates the crack filling process by hand.

—> Pouring in a single
direction

Bitumen

Crack ends
sealed with
tape

Figure 4-81: Crack filling by hand.

45.3 Determination of the volume of crack filled

The proportion of crack volume filled in the blocks was estimated as a
percentage ratio of the practical volume to theoretical volume as shown in
Equation (2-1).

. theoritical volume
Crack volume filled = - x 100 (4-12)
practical volume

34 A video showing 3D printing in progress for crack filling can be found here:
https://youtu.be/GWJq40IFUO4
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For example, with a 5 mm crack width, spanning 100 mm long and 60 mm deep,
a theoretical volume of 30,000 mm?® was estimated. To determine the practical
volume filled, the mass of filled bitumen was obtained as a difference between
the mass of block specimen before and after filling. The practical volume was

estimated as a product of the bitumen mass and the bitumen density.

Applying Equation (2-1), the estimated crack volume filled with bitumen could
be greater or less than 100%. Fillings greater than 100% were considered as
overfills which means top-printed layers had exceeded the crack brim whilst
those less than 100% were considered as underfills. Cracks filled to the brim at

100 % volume capacity were considered a precise fill.

4.6 Preliminary Assessment of the Flow Rate and Ductility of Extruded

Bitumen

Figure 4-82 illustrates the rate at which bitumen drained from the extruder
nozzle when the extruder was heated at different temperatures. Generally,
increasing the heating level enhanced the bitumen flow rate which implies
cracks are likely to be filled faster at higher temperatures. This flow rate pattern
mirrors the temperature-viscosity patterns observed in bitumen, as documented
in the literature [299].

Figure 4-83 compares the ductility of 40/60 bitumen 3D printed at 25 mm/min to
those filled by hand from a forced ductility test. A lower 25 mm/min printing
speed was chosen to ensure that cracks were filled in a steadier state closer to
hand fills.

An independent-sample t-test comparing the two filling methods revealed no
significant difference between them: t(6) = 0.35, p = 0.75. The mean square for
manual fill was 5.8, while for 3D printing, it was 5.6. It is important to note that a
small t-score, such as 0.35 (less than 0.5), suggests similarity between the

ductility behaviour for both filling methods.

The conclusion drawn from this observation is that the newly developed bitumen

extruder does not alter the ductility or cohesive characteristics of bitumen.
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Figure 4-82: The steady flow rate of 40/60 pen bitumen from the extruder nozzle
outlet.
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Figure 4-83: Comparison between the deformation energy for 3D-printed fills and
manual fills.
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4.7 Effect of Temperature and Printing Speed on the Volume of Crack
Filled with 40/60 Pen-grade Bitumen

Figure 4-84 shows the relationship between printing speed, temperature and
the volume of cracks filled with 40/60 pen bitumen. The figure reveals that crack
volumes are not fully filled at lower temperatures. For example, at 100 °C, the
highest volume filled is observed at a speed of 25 mm/min, reaching 92.3% of
the total crack volume. At a filling rate of 25 mm/min, temperatures of 140 °C,
160 °C, and 180 °C result in filling volumes exceeding 100%, indicating that
cracks were filled beyond the brim of asphalt specimens, particularly at lower
printing speeds. These findings align with results from manually filled cracks at

similar temperatures, where the average volumes filled were close to 100%.

A CT scan of the specimens revealed that at lower temperatures, the bitumen
was viscous and could not fully drain to occupy the entire crack volume. This
observation is illustrated in Figure 4-85, which compares regular blocks filled at
100 °C and 160 °C, both filled at a printing speed of 100 mm/min®.

120
Printing speed where
110 A 95% to 105% of the
;\5‘ crack volume is filled
< 100 -
2
e 20d
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10 100 1000 10000
Printing Speed (mm/min)
B 3D printing at 140°C @ 3D printing at 160°C
X 3D printing at 180°C < 3D printing at 100°C

Figure 4-84: Volume of regular cracks filled with 40/60 pen-grade bitumen at different
extrusion temperatures and layer printing speeds. The inserted iimage shows voids
trapped in bitumen printed at 160 °C at 1000 mm/min.

35 with 40/60 pen bitumen, cracks were fully filled at 160 °C and printing speed of 100 mm/min.
These parameters were applied in subsequent investigations.
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Figure 4-85: A section of 40/60 pen-grade bitumen in regular cracks printed at 100
mm/min: (a) at 100 °C and (b) at 160 °C.

One interesting observation was the decline in crack volume filled at printing
speeds beyond 500 mm/min. Specimens filled at such high speeds were
visually examined during a shear test where the filled cracks were split with the
bitumen close to solid states. Upon visual examination, it was observed that
cracks filled at temperatures of 160 °C and 180 °C at speeds exceeding 500
mm/min contained air bubbles trapped within the bitumen. This implies that
higher printing speeds whisk air bubbles into the bitumen and reduces the
volume of bitumen within the crack. An example of a 3D printed fill with trapped
voids at 1000 mm/min and 160 °C is inserted in Figure 4-84 and fully illustrated
in Figure 4-86.

The formation of large voids in the bitumen is believed to be similar to cavitation,
where high relative motion traps vapour-filled bubbles within the bitumen
[300,301]. As the printed bitumen cools and its pressure decreases, the vapour
escapes, leading to the formation of partial vacuums in the solidified bitumen.
This phenomenon could be mitigated by lowering the printing temperature or
decreasing the printing speed. Since bitumen is sensitive to temperature, which
directly affects flow rate and filling quality, a reduction in printing speed is
considered a feasible option. Subsequent research could explore methods to

diminish cavitation in bitumen at high-speed printing.

Based on the analysis of Figure 4-84, Figure 4-85, and Figure 4-86, a printing
speed range of 50 mm/ min to 500 mm/min, with temperatures ranging between

140 °C and 180 °C are considered for further investigations.
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100 mm

Figure 4-86: Sections through a 3D printed fill at 2000 mm/min and 160 °C for 40/60
pen bitumen in a regular crack after shear-splitting at 5 °C.

4.8 Shear Strength of Filled Regular Cracks

Figure 4-87(a) shows the maximum shear forces resisted by 3D printed fills at
140 °C, 160 °C and 180 °C at a speed of 100 mm/min compared to cracks filled
by hand at the same temperatures. 100 mm/min printing speed was selected as
a representation from the feasible filling speed ranges discussed in Section 4.7
as it produced volume fills closest to 100%. This figure shows that 160 °C has
the highest shearing resistance for both 3D printed (5.607 kN) and manual fills
(5.792 kN).

It is believed that the lowest shear force at 140 °C could mean the bitumen
rapidly loses its temperature when in contact with the crack surfaces and has
reduced adhesion. Also, lower shear values at 180 °C could result from thermal
degradation that damages the bitumen's viscoelastic properties [302].
Consequently, 160 °C produced the highest shearing performance.
Furthermore, at the 160 °C filling temperature, Figure 4-87 shows how a
reduction in printing speed impacted the samples’ shearing resistance. Hence,
low printing speeds and higher filling volumes have higher resistance to shear

deformation.

120



__ 5000 mm/min 25 mm/min

8.0 6T e 20T .
Z =5 |
% 6.0 <
o ® R?=0.9968
g Say
$4.0 LT
& 237
o 7] SRR N S
5+ i
£20 82 4  40/60pen.,
S £  Teq=160°C
2,1
0.0 -
140 160 180 0 : : : :
EXtrUdlng Temperature (OC) 85 90 95 100 105 110
m Manual Fill =3D Printing Crack Volume Filled (%)
(a) (b)

Figure 4-87: Resistance of filled cracks to shear failure for 40/60 pen-grade bitumen:
(a) ultimate shear force for filled cracks at 140 °C, 160 °C, and 180 °C at 100 mm/min,
and (b) impact of crack volume filled on shear resistance.

4.9 Tensile Strength in Filled Regular Cracks

Figure 4-88(a) compares the tensile bond strength of regular cracks filled at the
optimised temperature and speed, 160 °C and 100 mm/min, to manually filled
cracks. The figure shows that manually filled cracks exhibit higher bonding

strength than 3D printed fills.

Consequently, from the volume of cracks filled and their mechanical
performance examined so far, 160 °C at 100 mm/min were adopted as the
optimal temperature and printing speed, respectively, for 3D printing for crack
filling for the 40/60 pen-grade bitumen. Note that 160 °C is within the
recommended target laboratory mixing temperature per BS EN 12697-35:2016
[303]. The conclusion here is that cracks can be filled fully using 3D printing
technology at an optimised temperature and printing speed. The filled cracks,

however, exhibit weaker mechanical performance compared to hand fills.
4.10 Impact of Crack Widths on Proportions of Crack Volume Filled

At the optimised temperature and printing speed in this study, Figure 4-88(b)
shows how changes in crack width influence a crack’s filling capacity. It was
observed that those crack widths smaller than the nozzle size, 3.0 mm, were
not fully filled (67% maximum fill at 3.0 mm crack width). For 1 mm cracks of
about one-third of the nozzle width, only 22.3% of the crack volumes were filled.

On the other side, cracks bigger than 3.0 mm were completely filled.

121



4747 Ten

600.0 / ,
Tactore 5 |||H\WH|||||||||||||HHH|||||||||||||||HlW|||||||||||||||“HH||||||||||||||\NW||||||||||||||H 101.1

iE\E’OO-O V,= 100 mm/min
pd —_
< 4000 - 334.0 4 T 2042
8 =
3 300.0 - 23 {HRRHmS- 67.0
2 ~ ‘
A S 40160 pen,
D 200.0 - 52 UTTR-30.9 | 7 = 160°C,
D ' Speed = 100
é 100.0 - . mm/min
1 l]ﬂ[ﬂm]ﬂﬂﬂmﬂ}} 22.3
00 I T T
Manuall Fill 3D Printing 0 50 100 150
Crack Filling Method Crack Volume Filled (%)
(a) (b)

Figure 4-88: (a) Tensile bond stress for regular cracks filled with 40/60 pen-grade
bitumen, and (b) crack-filling volumes for cracks of various widths.

The conclusion is that different nozzle sizes are required to fill cracks of different
widths at a given optimised printing speed and temperature. Therefore, it is
recommended that the nozzle's outlet diameter be dynamically adapted to the

width of cracks rather than being fixed at a constant diameter.
4.11 Filling in Irregular Cracks with 40/60 Pen-Grade Bitumen

Table 4-12 shows the percentage of crack volumes filled by the 3D printer with
40/60 pen bitumen at 160 °C and 100 mm/min. The crack volume filled reduced
to 95.5% from the 100.8% in regular cracks. Thus, a drop of about 5.55% in
bitumen volume. A similar observation is made in the manual fill with a drop
from 102% volume fill in regular cracks to 97.3% in irregular cracks.
Irregularities in the cracks reduced the crack filling efficiency. Moreover, in Table
4-12 it is shown that irregular cracks filled by hand have higher flexural strength
than 3D printed fills. However, these results make it challenging to conclude
which type of crack filling, manual or 3D printing, produces better results since

differences may be due to the variability of crack morphologies.

Furthermore, Figure 4-89 shows irregular cracks filled with 40/60 bitumen for
both manual and 3D printed fills. In both fills, more voids were observed near
the outer part of the cracks, which may be due to faster cooling, causing the
bitumen to harden before occupying every spot. Also, it is visually observed that
3D printed fills have higher voids, which could cause weaker mechanical

behaviour. The higher voids in 3D printed fills resulted from the layer-by-layer

122



filling approach. As a result, the manual filling could show improved mechanical
behaviour since all the bitumen is poured at once. Hence, a layer-by-layer
approach is not appropriate to fill cracks.

Table 4-12: Crack volume filled with 40/60 pen-grade bitumen and flexural behaviour
in irregular cracks.

Manual filling 3D printing
Filling conditions 40/60 pen. 40/60 pen.
Temp?36. = 160 °C Temp. =160 °C

Speed = 100 mm/min

Number of specimens 4 4

Filling Volume

Avg. crack volume filled (%) 97.3 95.5

Standard deviation 1.506 2.236
Flexure

Avg. ultimate flexural strength (kN) 0.925 0.650

Standard deviation 0.029 0.033

3D printed fill Manual fill
: 5

Internal voids

Side touching
crack wall

ww 09

5 mm bitumen
width

External voids

10 mm

(b)

Figure 4-89: Isometric view of 3D reconstructed images of 40/60 pen-grade bitumen
infill in irregular cracks: (a) 3D printed fill and (b) manual fill.

From these observations, it is believed that routing crack surfaces to reduce
their irregularity and pouring all the bitumen at once could help improve the
durability of the filled cracks. Crack pre-heating [158], which is a well-known

technique, is also encouraged to reduce bitumen cooling at crack walls.

3 Temp. = Temperature
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Notwithstanding the higher voids in the 3D printed fills, it is worth noting that the
voids created are localised and not connected. Given the disconnected nature
of the voids in the bitumen, it is considered that water cannot permeate through

the filled cracks, fulfilling the primary objective of crack filling.
4.12 Crack Filling with Polymer-Modified Bitumen

The polymer-modified bitumen (PMB type N1) exhibited an average steady flow
rate of 109.78 mm?3/s at 180 °C, which is lower than the 507.50 mm?/s at 160 °C
observed with the 40/60 penetration bitumen. Consequently, a recommended
average heating and pouring temperature of 180 °C was adopted based on the
bitumen provider's suggestion. Figure 4-90 illustrates the percentage of crack
volumes filled in regular cracks using PMB type N1 for both manual and 3D

printing methods.

120.0 Printing speed where 95% to 105% of ]
the crack volume is filled
- <
100.0 + {_______O_j.
— [ J
X ¢ é
= 80.0 t
3 101.7% fill by hand at ¢
i no specified speed
£ 60.0 1
=
O | e
> | PMB Type N1 | ¢
S 40.0 T | Flow = 109.78 mm®/s
S | TeaZ180°C
20.0 +
0.0 I |
10 100 1000 10000

Layer Printing Speed (mm/min)
Figure 4-90: Volume of cracks filled with PMB type N1 at a temperature of 180°C at
varying printing speeds.
These findings align with those presented in Figure 4-84. However, PMB type
N1 demonstrated complete and accurate crack filling at lower printing speeds
compared to the 40/60 penetration bitumen. Specifically, regular cracks were
effectively filled at a speed of 50 mm/min with PMB type N1, in contrast to 100

mm/min with the 40/60 penetration bitumen. This decrease in filling rate can be
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attributed to the lower flow rate of PMB type N1. For instance, a filling rate of
5000 mm/min achieved a 46.2% volume fill with PMB type N1, whereas an 80%
volume fill was attained with the 40/60 penetration bitumen. Given that PMB
type N1 has a higher softening point of 96 °C compared to 51 °C for the 40/60
penetration bitumen, it is expected to harden more quickly upon contact with the

crack walls.

Additionally, in PMB type N1, the tensile bond shear stresses were higher in
manual fills, similar to those in 40/60 penetration bitumen fills. As illustrated in
Figure 4-91, 3D-printed layer boundaries acted as weak planes where tensile
failures initiated. Consequently, it is crucial to minimise or entirely avoid layering

bitumen during machine filling in the future.

Manual fill

e Ak
W e P Vg SR
wa e

Figure 4-91: Tensile bond failure modes in regular cracks filled with PMB type N1 and
pulled apart at 5 °C: (a) 3D printing and (b) manual filling.

In irregular cracks, 3D printing with the optimised temperature and printing
speed for PMB type N1, 180 °C and 50 mm/min respectively, resulted in smaller
volume fills (100.3% in regular compared to 83.6% in irregular). This reduction
was also observed when using 40/60 penetration bitumen. This observation
supports the earlier conclusion in Section 4.11 that irregularities diminish the
effectiveness of crack filling, as they contribute to the formation of voids within
the bitumen infill. Additionally, similar to the 40/60 pen. bitumen fills, 3D printed
fills with PMB type N1 were weaker in flexure (see Table 4-13). Again, the
comparatively weaker mechanical performance with PMB type N1 may be
attributed to higher voids entrapped in the printed bitumen, especially at layer

boundaries.

125



Therefore, it can be concluded that 3D printing polymer-modified bitumen and
other stiffer crack sealants to fill cracks is feasible. However, lower printing
speeds are necessary for effective filling, and similar to unmodified bitumen,

3D-printed fills exhibit comparatively weaker mechanical performance.

Table 4-13: Crack filling performance of PMB type N1.

Manual filling 3D printing
PMB type N1 PMB type N1
Filling conditions Temp. =180 °C Temp. =180 °C

Printing speed = 50 mm/min

Regular cracks®’

Number of specimens 4 4
Average ultimate shear force (kN) 0.343 0.330
Standard deviation 0.031 0.010
Average tensile bond shear 112.333 72.000
stress (KN/m?)

Standard deviation 2.082 2.646

Irregular cracks

Number of specimens 4 4
Crack volume filled (%) 88.167 83.633
Standard deviation 2.108 1.779
Average flexural strength (kN) 0.067 0.043
Standard deviation 0.0060 0.0042

413 Summary

In this chapter, the feasibility of machine-filling cracks with hot bitumen in
asphalt using 3D printing technology has been demonstrated. The operational
parameters affecting the volume, quality (in terms of trapped voids), and the
mechanical properties of the filled cracks have been examined. For simplicity,
a 3D printer was employed to fill the cracks in the laboratory. It is recognised
that identifying automated crack filling parameters at the laboratory scale is a
step towards developing a fully functional robotic device for sealing cracks and
joints in the field. It has been shown that the bitumen flow, filling speed, and the
width and depth of cracks are critical in determining the quality of the fill and
must be carefully managed in any future automated filling operation. The
following more specific conclusions can be drawn from the findings of this

chapter:

37 Refer to Figure 4-84 for proportions of volume filled.
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e The speed and temperature of the bitumen during crack filling are critical
factors that influence the filling volume of cracks and their resistance to
mechanical deformation.

e There is a minimum temperature below which cracks cannot be fully
filled and a maximum temperature above which bitumen thermally
degrades, in addition to an optimum crack filling speed.

e Understanding the complex interactions between the filling speed, crack
width, depth, and tortuosity, as well as the temperatures of the bitumen,
the environment, and the cracked pavement, is crucial to producing
crack fillings of the highest quality.

e Increasing the printing speed beyond the optimum speed leads to the
formation of large air bubbles in the bitumen, which reduce the
mechanical strength of the filled cracks.

e The layer-by-layer filling approach of 3D printing increases the porosity
in the filled cracks. The layer boundaries also act as weak planes where
tensile failures begin. As a result, future machine-filling applications
should minimise or, if possible, avoid creating bitumen layers.

e The crack filling speed needs to be adjusted according to the
temperature and dimensions of the crack. Thus, it is important to
develop accurate models to predict crack geometries and calculate the
required filling rate for each specific location.

¢ Machine crack filling is more effective for filling straight cracks, such as
those in pavement joints. Therefore, it is recommended that this
application be developed first, while the complex interaction between the
identified parameters and irregularities in crack paths should be

thoroughly investigated in future research.

The findings from using a 3D printer to fill cracks provide critical insights for
advancing extrusion techniques for pothole repairs. The next chapters address
two major challenges: designing extrusion-friendly asphalt mixes while
maintaining performance, and developing an automated machine, the APFA, to

enhance the effectiveness and consistency of pothole filling.
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Chapter 5: Digital Design of Asphalt Mixtures

5.1 Introduction

This chapter presents a novel performance-based method for designing a hot
mix asphalt based on the air voids content, workability, Marshall stability, and
Marshall flow that considers aggregate geometry. This method is based on the
idea that the aggregate geometry, gradation, and other elements in asphalt, e.g.
filler, dust, and bitumen volumes, impact the compacted topology and structural
performance of an asphalt mixture [26,31,143]. The asphalt design method is
data driven. First, the geometric characteristics of the aggregates in asphalts
are extracted from pictures using image processing techniques. Second,
software is used to estimate the number of aggregates and volume of mastic
(bitumen, filler, and aggregates smaller than 2 mm) in a fixed 250 g of asphalt.
Third, the number of aggregates and volume of mastic that meet the desired
properties are obtained based on correlations between the air voids content,
Marshall stability, Marshall flow, and workability, and the number of aggregates
and volume of mastic. The correlations are based on the number of aggregates
in a certain mass of asphalt; hence, they can be used to design asphalts with
any aggregates. A graphical illustration of the concept investigated in this

chapter is shown in Figure 5-92.

@ Measurement of aggregate ® Digital design and comparison of
geometry performance to experimental twin specimen

65 mm Properties

- Mass = 250 g
Virtual o (W =66%
S=9.7kN
F=3.7mm
AVC = 4.5%

0 Mass = 1,044 g
| Real B ) = 62.4%
S=10.4 kN
F=3.6mm
AVC = 4.8%

4 mm 5,

Figure 5-92: An illustration of the asphalt digital design concept using aggregate
geometry as a key input.
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in the following publication: “A digital design method for asphalt mixtures that
incorporates aggregate geometry,” published in Construction and Building
Materials, Volume 416, 2024.

5.2 Aggregates, Bitumen and Asphalt Mixtures

This chapter utilises a diverse range of aggregates, including limestone,
hornblende, basalt, granite, granodiorite and greywacke. The geometric
features of these aggregates' samples were obtained using the method outlined
in Section 3.3.5. Additional samples from the same batch were used in the

design and production of corresponding asphalt mixtures.

The aggregates and mixtures in this study were divided into two categories:
Category A (Cat A) and Category B (Cat B), based on their application. Cat A
aggregates, limestone from the Tunstead Quarry in the UK, were utilised to
prepare asphalt mixtures (Cat A mixtures) for predictive modelling. These
aggregates had an average density of 2.7 Mg/cm3 and an average water
absorption rate of 0.6%, as determined in accordance with BS EN 1097-6:2022
[304]. Their gradations typically featured a nominal maximum aggregate size of
8 mm and a maximum size of 10 mm. To achieve the desired final gradations,
four aggregate batches of different sizes (8 mm, 6 mm, dust [0 - 4 mm], and
filler) were mixed in various proportions. The gradations selected for the
mixtures were intentionally chosen to cover a broad range of asphalt types,
including dense, semi-porous, and porous, to avoid overfitting in the predictive
models. Figure 5-93 showcases selected Marshall cores of manufactured
asphalt for the Cat A mixtures, while Figure 5-94 displays the gradation curves
of the 25 aggregates in Cat A mixtures for predictive modelling, along with the
upper and lower limits of Stone Mastic Asphalt (SMA) as specified in reference
[281].

Figure 5-93: Exhibit of selected Marshall specimens for Cat A mixtures.
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Figure 5-94: Aggregate gradations for predictive modelling specimens: (a) specimen
M1 to M14, and (b) specimen M15 to M25 and SMA limits.

Neat bitumen with a penetration grade of 40/60 (43 mm penetration and 51.0 °C
softening point) was used for all Cat A mixtures, which were compacted with
uniform energy levels (50 blows on each side) at approximately 150 °C. The
properties of these mixtures, also referred to as mixture performance, are
detailed in Table 5-14.
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Table 5-14: Asphalt mix properties for predictive modelling specimens.

Mixture Bitumen Compaction No. of BC AVC Max.
ID type temperature blows (%) (%) density
(°C) (Mg/m®)
M1 PG 40/60 150.0 2x50 6.0 5.4 2.477
M2 PG 40/60 150.0 2x50 6.0 6.3 2.483
M3 PG 40/60 150.0 2x50 6.0 7.8 2.473
M4 PG 40/60 150.0 2x50 6.0 229 2.505
M5 PG 40/60 150.0 2x50 50 16.0 2.533
M6 PG 40/60 150.0 2x50 6.0 105 2.488
M7 PG 40/60 150.0 2x50 8.0 34 2.419
M8 PG 40/60 150.0 2x50 6.0 35 2.475
M9 PG 40/60 150.0 2x50 55 2.4 2.499
M10 PG 40/60 150.0 2 x50 55 222 2.518
M11 PG 40/60 150.0 2x50 45 293 2.56
M12 PG 40/60 150.0 2x50 55 124 2.516
M13 PG 40/60 150.0 2x50 6.0 5.9 2.56
M14 PG 40/60 150.0 2x50 5.2 5.2 2.498
M15 PG 40/60 150.0 2x50 6.0 16.7 2.496
M16 PG 40/60 150.0 2x50 55 15.6 2.513
M17 PG 40/60 150.0 2 x50 6.6 104 2.474
M18 PG 40/60 150.0 2x50 54 153 2511
M19 PG 40/60 150.0 2x50 55 9.1 2.481
M20 PG 40/60 150.0 2x50 6.5 8.3 2.473
M21 PG 40/60 150.0 2x50 40 204 2.513
M22 PG 40/60 150.0 2x50 55 133 2.513
M23 PG 40/60 150.0 2x50 54 156 2.516
M24 PG 40/60 150.0 2x50 5.0 3.7 2.477
M25 PG 40/60 150.0 2x50 5.0 3.4 2.472

Cat B aggregates and their corresponding mixtures were utilised for a sensitivity
analysis of the design method proposed in this study. This analysis evaluated
the impact of changes in aggregate size, asphalt volumetrics, and other
performance variables on the developed predictive model. The aggregates were
sourced from the Belice, Zbraslav, Chornice, Chvaletice, and Zarubka quarries
in the Czech Republic, and comprised limestone (L), hornblende (H), basalt (B),
granite (G), granodiorite (D), greywacke (W), and some undisclosed (U)
aggregates. These aggregates typically featured a nominal maximum
aggregate size of 16 mm and an absolute maximum size of 31.5 mm, differing

from the 10 mm maximum size of Cat A aggregates. Their densities ranged from
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2.26 to 2.97 Mg/m3, with water absorption rates between 0.2% and 0.8%. The
volumetric and performance properties of Cat B mixtures were independently
evaluated at the Department of Road Structures, Czech Technical University,
Prague. Figure 5-95 and Table 5-15 details the aggregate gradation curves and

asphalt mix properties of the Cat B mixtures, respectively.
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Figure 5-95: Aggregate gradation for sensitivity analysis specimens: (a) specimen S1
to S8 and (b) specimen S9 to S16.
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Table 5-15: Asphalt mix properties for sensitivity analysis specimens.

Mixture  Bitumen type Compaction No. of BC AVC Max.
ID temperature blows (%) (%) density
(°C) (Mg/m?3)
S1 PG 50/70 150.0 2x50 4.0 5.3 2.556
S2 PMB 40/85-65 160.0 2x75 5.8 4.0 2.448
S3 PMB 10/40-65 160.0 2X75 3.7 4.1 2.748
S4 PG 50/70 150.0 2x50 4.3 6.0 2.524
S5 PMB 25/55-65 160.0 2X75 3.5 7.1 2514
S6 PMB 40/85-65 160.0 2X75 5.9 1.2 2421
S7 PG 50/70 155.0 2x50 4.4 55 2.617
S8 PMB 10/40-65 160.0 2x75 4.7 4.2 2.635
S9 PG 50/70 150.0 2 x50 4.7 4.8 2.518
S10 PG 50/70 150.0 2 x50 5.6 5.8 2.462
S11 PMB 10/40-65 160.0 2x75 4.4 54 2.679
S12 PMB 25/55-60 160.0 2x75 5.0 3.0 2.488
S13 PMB 40/85-65 160.0 2X75 5.7 1.2 2421
S14 PMB 40/85-65 160.0 2Xx75 5.0 4.6 2.504
S15 PG 50/70 150.0 2x50 3.7 8.4 2.877

The physically measured properties were compared to those estimated using
the model developed in this study, with the difference in performance expressed
through the Mean Absolute Percentage Error (MAPE). The mixtures comprised
both neat and modified bitumen and represented various types of pavements,

including binder courses, wearing courses, and reclaimed asphalt mixtures

Figure 5-96 showcases the physical aggregates for specimens S1, S2, and S3,

which were randomly selected for illustration.

Coarse

Figure 5-96: A showcase of selected Cat B aggregates.
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5.3 Extracted Geometric Properties from Real Aggregates

Table 5-16 displays the geometric and Weibull characteristics of both Cat A and
Cat B aggregates extracted following the method in Chapter 3.3.5. Only three
aggregates (S1 to S3) from the extensive list of Cat B mixtures are presented
here for illustration. A complete list of all the broad ranges of Cat B aggregates

used is presented in Table A-34 in Appendix A.
5.4 lllustration of Virtually Generated Aggregates and Mastic

Figure 5-97 shows an example of a virtually generated aggregate for Specimen
M8 in Cat A mixtures. The physics engine software counts the number of
aggregates from this generation. Additionally, a comparison between real and
virtual aggregates, using Specimen M2 as an example, is illustrated in Figure
5-98. Figure 5-99 shows a complete 3D model of virtual asphalt, specifically,

the generated coarse aggregates blended with bitumen, fines, and filler.

8 mm 6 mm Dust (Min. ferret > 2 mm)

Coarse

Fines Coarse

1129 counts of simulated virtual
aggregates in 250 g specimen
Real aggregates (Min Feret > 2 mm)

Figure 5-98: A comparison of real and virtual limestone aggregates for specimen M2.
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Table 5-16: Geometric and Weibull characteristics of aggregates.

Mixture ID Aggregate Min Feretso WSc38 WShs3® AR5 WSc AR WShAR Aso(cm?) Pz (cm) H % mass < 2
category fractions (mm) Min Feret  Min Feret mm
(mm)
g, LD Dust 3.17 3.66 5.21 0.69 0.73 6.70 0.12 131 074 62.98
(0]
25 g ©mmlpassing 8.72 5.30 3.90 0.68 0.77 7.37 0.23 181  0.61 3.48
@ GE)-, 8.0 mm)
53 .
5s g B8mm(Passing 44 8.61 4.17 0.75 0.75 6.54 0.69 321 061 1.15
T 10mm)
>
Coarse (>4 13.03 16.39 217 0.76 0.73 7.53 2.10 578  0.63
- S1 mm)
(0]
£8 Fines (4-2 mm) 3.34 3.67 8.78 0.75 0.78 14.47 0.11 126 064 19.0
T N
g 2 o, Coarse 8.66 9.50 3.12 0.66 0.73 7.29 0.83 350  0.75
o 3 %) Fines 2.84 3.28 4.92 073 0.77 8.38 0.08 112 074 22.1
©
S < Coarse 3.34 3.67 8.78 0.75 0.78 14.47 0.11 126 064
Fines 2.84 3.28 4.92 073 0.77 8.38 0.08 112 074 21.1

38 Wsc — Weibull Scale
39 Wsh — Weibull Shape
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Figure 5-99: An illustration of loose coarse aggregates (> 2 mm) coated with mastic
(fines, filler and bitumen mixed) from the physics engine simulation.

5.5 Properties® of the Asphalt Mixtures

Table 5-17 and Table 5-18 present the experimental results for workability,
Marshall stability, and Marshall flow, directly measured alongside the software-
simulated number of aggregates and volume of mastic for all mixtures in this
study. The mixtures varied significantly, spanning porous to dense asphalt

compositions.

As a result, the workability, Marshall stability, and Marshall flow showed a broad
range of outcomes. This method was chosen to avoid making the predictive
models overly specific to certain mixtures, thereby preventing overfitting. Due to
a limited number of specimens, the sensitivity analysis of workability was
confined to mixtures S1, S2, S6, S9, S12, and S14.

5.6 Relationships Between Aggregate Geometric Properties,
Performance Parameters, Number of Aggregates, and Volume of

Mastic

Figure 5-100 illustrates the relationship between aggregate Aspect Ratio (AR)
and the number of aggregates in HMAs. AR represents the weighted average
of all aggregates in the mixture, based on data from predictive specimens (Cat
A mixtures). The figure includes 21 randomly generated gradations (mock data)
to evaluate extrapolation. It demonstrates that a decrease in AR leads to an

increase in the number of aggregates.

Both experimental and mock values fall within the 95% confidence limits,

yielding an overall R?value of 0.98. AR was chosen for this study to examine its

4Om- mastic, in cm3; NA - number of aggregates; w is the workability, in %; S - Marshall stability,
in kN; F - Marshall flow, in mm.
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influence on the number of aggregates, as it is a well-established geometric
parameter for optimising the performance of granular materials, according to
literature [74,305-307]. Future research may explore the effects of other
geometric characteristics, such as aggregate height and perimeter, on the
number of aggregates in HMAs.

Table 5-17: Simulated and experimental characteristics of Cat A asphalt mixtures for
the predictive modelling**.

Mixture ID M (cm?3) NA w (%) S (kN) F (mm)
M1 31.8 1268.0 85.5 7.7 1.7
M2 27.8 1129.0 101.1 6.8 14
M3 44.9 1283.0 57.9 11.7 7.1
M4 22.6 522.0 160.6 7.1 1.2
M5 26.7 655.0 90.7 8.3 1.8
M6 42.4 874.0 64.3 10.9 5.8
M7 55.1 869.0 48.9 14.5 9.3
M8 37.9 1272.0 70.9 10.1 3.0
M9 39.5 1087.0 71.1 9.1 4.0
M10 23.6 664.0 144.8 7.7 1.8
M11 17.3 510.0 213.8 6.6 1.0
M12 30.2 614.0 79.2 9.3 1.8
M13 41.1 750.0 82.4 9.2 3.2
M14 23.4 1537.0 141.1 7.5 14
M15 23.8 722.0 153.7 8.6 15
M16 23.8 802.0 162.7 7.6 14
M17 32.2 753.0 97.2 9.1 2.1
M18 27.0 681.0 103.7 8.0 1.1
M19 30.7 775.0 96.4 9.7 1.7
M20 35.2 647.0 69.2 8.5 34
M21 20.7 710.0 152.6 7.7 1.2
M22 28.8 693.0 87.5 7.4 2.0
M23 26.6 676.0 85.1 7.5 1.7
M24 34.8 1342.0 67.0 10.2 3.0
M25 36.5 1357.0 63.0 10.5 3.5

41 AVC is one of the key performance parameters for the predictive modelling, alongside w, S,
and F. However, it is not duplicated in this table, as it is already included in Table 5-14, which
lists the fundamental asphalt characteristics, such as density and bitumen content. This
approach is consistently applied across all subsequent tables.
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Table 5-18: Simulated and experimental characteristics of Cat B asphalt mixtures for
the sensitivity analysis.

Mixture ID M (cm?3) NA w (%) S (kN) F (mm)
S1 15.6 1099.0 67.1 11.7 4.2
S2 22.8 1827.3 142.9 17.3 51
S3 16.7 2407.3 - 23.2 8.8
S4 16.9 1207.0 - 15.2 3.7
S5 12.5 868.3 - 14.0 51
S6 23.3 1329.3 90.4 17.4 5.3
S7 18.1 1042.3 - 16.1 3.8
S8 18.5 1439.0 - 22.5 9.5
S9 19.8 1079.0 84.5 15.6 34
S10 25.1 1225.0 - 11.8 3.6
S11 194 1695.0 - 19.6 6.4
S12 18.8 1430.0 67.1 14.8 5.7
S13 23.9 2044.0 - 17.4 5.3
S14 19.0 1028.7 102.0 11.5 6.2
S15 17.7 1905.0 - 184 2.9
S16 18.7 1252.0 - 9.5 4.4
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Figure 5-100: Impact of aspect ratio on asphalt aggregate content.
Equation (5-13) has been used to predict the performance parameters under
study. As indicated in Section 3.3.9, this rational equation was selected based

on references [144] and [305], which demonstrated its ability to accurately
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model various emerging properties in asphalt resulting from aggregate
gradation.

= Bo+ B1M+ [,NA (5-13)
1+ psM+ f,LNA

Where ¢ = asphalt property, So is a constant term, 1, 82, f3 and S4 are rational

coefficients, M is volume of mastic (cm®) and NA is number of aggregates.

Table 5-19 shows the fitting parameters of Equation (5-13) for AVC, workability,
Marshall stability, and Marshall flow, also indicating the goodness of fit for these
parameters. In all four cases, the R? values exceed 0.80, suggesting that the
number of aggregates and the volume of mastic account for over 80% of the
input variations. Furthermore, the close alignment between R? and adjusted R?
values implies that the prediction of the asphalt mix properties is significant and
not due to chance. As detailed in Equation (5-13), ¢ = f(M, NA).

Table 5-19: Parameters for the fitting equations and goodness of fit.

AVC w S F

Po 4.36E+08 1.70E+09 6.25 2.62E-01

B -2.62E+06 1.07E+07 -1.50E-03 3.97E-02

B2 -2.00E+05 -9.90E+05 -1.92E-03 -5.13E-04

B3 5.62E+05 5.90E+05 -9.52E-03 -1.00E-02

Pa 2.13E+02 -6.86E+03 -2.51E-04 -2.62E-04
R? 0.99 0.87 0.79 0.94
Adjusted R? 0.99 0.87 0.79 0.94
RMSE 0.77 15.34 0.77 0.48

Figure 5-101 illustrates the visual relationship between the asphalt mix
properties, the number of aggregates, and the volume of mastic. Both the figure
and the statistical analysis presented indicate that HMA properties are
significantly influenced by the number of aggregates and the volume of mastic
in the mixture. The impact of these factors in the proposed design method has
been evaluated through a sensitivity analysis in Section 5.9. It is important to
note that these results do not account for various factors, such as variations in
bitumen characteristics and compaction energies, which also affect the

performance of HMAs.
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Figure 5-101: Relationship between asphalt performance parameters, number of
aggregates and volume of mastic.

5.7 Nomograph for the Design of Asphalt Mixtures

The established performance limits for the properties of the asphalt mixtures

used in this research have been used to define a region of interest for the design
of targeted HMAs. These established limits are listed in Table 5-20. The limit for

workability was determined based on experience, while the limits for Marshall

stability, Marshall flow, and air void content were derived from references

[121,122].

Table 5-20: Performance limits for the design of asphalt mixtures [121,122].

Asphalt property Performance limits
Min. Max.
w, % 50 80
S, kN > 6.7 -
F, mm 2 4
AVC, % 3 5
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All limits are represented on the nomograph in Figure 5-102 to visualise the
region of interest common to all selected asphalt properties. This nomograph is
used in conjunction with gradation limits defined by specifications to select the
number of aggregates and volume of mastic acceptable for designing asphalts
that meet the criteria in Table 5-20. The upper and lower limit gradations for an
SMA 8 asphalt were adopted for this research. For designing the asphalts, a

fixed bitumen content of 5% in a 250 g portion of asphalt was considered.
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Figure 5-102: Nomograph for the design of asphalt: feasible region defined by
performance and SMA limits.

Figure 5-102 and Figure 5-103 illustrate the interplay among the properties of
asphalt mixes, the number of aggregates, and the volume of mastic. These
figures highlight that reducing the volume of mastic increases porosity, while
volumes over 10 cm? are necessary for achieving a minimum Marshall stability
of 6.7 kN. It is noteworthy that this Marshall stability is compromised when the
volume of mastic is insufficient to coat and stabilise the aggregate skeleton,
resulting in porous mixtures. On the contrary, increasing the volume of mastic
enhances aggregate bonding but simultaneously reduces the mixture’s
workability, as mastic-filled voids hinder aggregate mobility. Thus, the graphic
encapsulates the delicate balance needed in an ideal mixture: an optimised

volume of mastic that supports both Marshall stability and workability.
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Figure 5-103: Nomograph for the design of asphalt: selected coordinates for validation
of the nomograph.
Additionally, as illustrated in Figure 5-101, the volume of mastic influences the
Marshall flow. An optimal intersection of volume of mastic, satisfying stability,
workability, and flow (2 mm to 4 mm), designates the region meeting all
specified performance limits. Within this region, the number of aggregates
dictates the AVC in the mixture, with fewer aggregates in the same specimen
mass increasing mixture porosity. This result emphasises how adjusting

aggregate geometry and gradation can control asphalt mix porosity.

Future research could adapt this methodology to manage the topological
properties of connective pores - pore area, pore circularity, equivalent pore
diameter, and pore network - potentially enabling the prediction of the hydraulic
conductivity of porous asphalt mixtures. Moreover, the flow zone is categorised
based on the desired asphalt mixture type, such as dense asphalt, open graded,
SMA, etc. This categorisation involves using the number of aggregates within
the upper and lower limits for a desired mixture, for example, a standard SMA
(refer to Figure 5-94(b) for the limits), to create a subregion within the
performance boundary. This subregion represents a feasible region consisting
of SMA mixtures that adhere to all design rules specified in Table 5-20. Within
this feasible region, any combination of volume of mastic (x-axis) and number
of aggregates (y-axis) can be selected to generate aggregate an gradation and

a recipe for producing an SMA mixture. These choices are expected to
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accurately reflect the performance of the corresponding SMA mixtures based
on Equation (5-13). Examples of the aggregate gradation generation process

are provided in the nomograph validation process in Section 5.8.
5.8 Nomograph validation

The research utilised Figure 5-103 to randomly deduce aggregate gradations
for mixtures V1 to V9. The corresponding nhumber of aggregates and volume of
mastic for these coordinates are detailed in Table 5-21. Four of the gradations
(V6, V7, V8, and V9) were selected outside the specified 3% to 5% AVC range
to test the predictive ability of the nomograph beyond the limits specified in
Table 5-20.

Table 5-21: Number of aggregates and volume of mastic for selected coordinates on
the nomograph.

Mixture ID M (cm3) NA

V1 35.91 1348
V2 33.36 1295
V3 35.74 1316
V4 35.78 1251
V5 37.26 1196
V6 31.64 1202
V7 30.52 1303
V8 31.80 1285
V9 34.40 1206

The aggregate fractions available in the laboratory for manufacturing asphalt
mixtures (Ls, Ls, and Lp) were individually analysed to determine the number of
aggregates and volume of mastic within an assumed 5% bitumen content. It is
noted that the AVC of a mixture does not influence its aggregate content.
Moreover, when keeping the bitumen volume constant and using the same
aggregate fraction, the volume of mastic in a specified mass of specimen
remains unchanged. Table 5-22 presents the values for each aggregate
fraction, which can be combined with Equation (5-14) and Equation (5-15) to
design new asphalt mixtures. For instance, in a mixture containing solely filler
aggregates (Min Feret < 0.063 mm), a zero number of aggregates (Min Feret >
2 mm) will be registered, resulting in a 100% volume of mastic (bitumen and
aggregates with Min Feret < 2 mm). Table 5-22 shows the number of

aggregates and volume of mastic for 250 g of each aggregate fraction. The limit
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range for the number of aggregates (1179 to 1394) and volume of mastic (29
cmito 39 cm?®) is defined by the SMA limits as illustrated in Figure 5-103.

An optimisation algorithm was developed in Microsoft Excel to calculate the
proportions of aggregates (ais, s, b, air) by minimising squared errors, as
illustrated in Equation (5-16). For complex iterations in future studies, machine
learning applications may be employed. Equation (5-14) and Equation (5-15)
estimated a 100% number of aggregates and volume of mastic compared to
quantities generated with the software. Details of this comparison can be found
in Table A-38 in the appendix. With the number of aggregates and volume of
mastic estimated, the corresponding properties of the asphalt mixtures were
predicted using Equation (5-13).

Table 5-22: Number of aggregates and volume of mastic for different fractions of
aggregates, SMA limits and feasible region bounds.

ID Proportion of aggregate (a) M (cm?3) NA

Ls ais 13.01 375

Le Qe 15.08 1582

Lo Qo 67.62 1269

Lt ais 100 0
SMA (upper) 46.6 1394
SMA (lower) 25.2 1179

Feasible region 29-39  1179-1394

Equation for the volume of mastic:
13.01a;g + 15.08a6 + 67.62a;, + 100, = (29 — 39) cm® (5-14)

Equation for the number of aggregates:

375a;g + 1582a;6 + 1269a;, + 100, = (1179 — 1394) (5-15)
NA optimisation output = (NA i steq - NAtargeted)2 (5-16)

Where ais, ais, aip, and ais are the proportions (in percentage) of 8 mm
aggregates, 6 mm aggregates, limestone dust, and limestone filler, respectively,
in the final gradation. Note that NA in 100a.; is zero, as all aggregates will have

a Min Feret < 2 mm.

Table 5-23 details the aggregates generated for the validation specimens V1 to

V9. The subsequent step entailed manufacturing laboratory asphalt specimens
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(V1 to V9) using the generated aggregate gradations and 5% bitumen content.
The properties of these asphalt mixtures were then experimentally measured.
Table 5-24 presents a comparison between the predicted values obtained from
the nomograph and the experimentally measured values. Predictivity is
expressed as the percentage of the relative error between the predicted and
measured values. On average, the nomograph exhibited an error rate of 5.7%,
corresponding to a prediction accuracy of 94.3%. The air void content prediction
was the most accurate, with an average error of 3.7%. Marshall stability and
workability demonstrated lower accuracies, with errors of 8.7% and 5.7%,

respectively.

From these results, it is concluded that when the geometric properties of
aggregates, such as aspect ratio, perimeter, height, and area, are known, it is
possible to estimate the number of aggregates and the volume of mastic in
asphalt mixtures. Also, these parameters significantly influence the
performance of asphalt mixtures. Most importantly, understanding aggregate
geometry is crucial for creating 3D digital models of asphalt mixtures that

accurately exhibit structural properties such as stability and flow.

Figure 5-104 visually illustrates and compares the properties of specimen V5.
As indicated, the predicted properties were derived from the nomograph,
whereas the measured properties came from physically manufactured

laboratory specimens.

Virtual asphalt specimen Real asphalt specimen
(without mastic painting) (with mastic)
65 mm 101.5 mm

Mass =1,044 g
Bitumen = 5%
w =62.4%
S =10.4 kN
F=3.6mm
AVC = 4.8%

Mass = 250 g
Bitumen = 5%
P () = 66%
S=9.7kN
F=3.7mm
AVC = 4.5%

ww g'z9

Figure 5-104: Comparison of virtual and physically manufactured asphalt for specimen
V5.
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Table 5-23: Generated gradations for validation specimens.

Gradation
Aggregate proportion (a) Cumulative percentages of aggregates passing sieves (BS EN 13043:2013)

Mixture ID | 8mm 6mm Dust Filler | Sieve size (mm) 10 8 6.3 4 2.8 2 1 0.5 0.25 0.125 0.063
V1 9 51 40 0 100.0 96.8 91.0 57.6 37.7 271 175 137 114 95 7.7
V2 11 55 32 2 100.0 96.1 89.3 53.1 334 242 164 134 115 10.0 8.4
V3 8.5 54 34 35 100.0 97.0 91.3 56.2 36.5 269 187 154 135 118 10.2
V4 16 44 40 0 g’ 100.0 943 85.7 553 37.2 269 174 136 113 94 7.6
V5 18 40 405 15 @ 100.0 936 84.3 559 38.8 286 19.1 152 129 109 9.0
V6 19 51.5 25 4.5 ; 100.0 933 83.1 476 299 223 16.1 137 123 11.0 9.7
V7 12 60 25 3 100.0 95.7 88.3 489 29.0 210 147 123 109 9.7 8.4
V8 155 53 30 1.5 100.0 945 858 50.0 311 224 151 122 105 9.1 7.6
V9 19.2 45 33 2.8 100.0 93.2 83.1 516 343 254 175 143 124 10.8 9.2
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Table 5-24: Predictivity of asphalt mixtures’ properties designed with the monograph.

Mixture Asphalt  Predicted Measured Absolute % error
ID property (p) (m) error [(m - p)/m] x 100
(m-p)

w, % 67.0 65.7 1.3 2.1

Vi S, kN 9.6 10.2 0.6 5.9

F, mm 35 3.3 0.2 6.1

AVC, % 35 3.6 0.1 2.8

w, % 76.0 72.8 3.2 4.4

V2 S, kN 9.0 9.7 0.7 7.2

F, mm 2.9 3.1 0.2 6.5

AVC, % 45 4.7 0.2 43

w, % 68.0 74.2 6.2 8.4

V3 S, kN 9.5 9.9 0.4 4.0

F, mm 35 3.6 0.1 2.8

AVC, % 3.8 4.1 0.3 7.3

w, % 69.0 64.0 5.0 7.8

va S, kN 9.5 10.1 0.6 5.9

F, mm 34 3.6 0.2 5.6

AVC, % 4.4 4.5 0.1 2.2

w, % 66.0 62.4 3.6 5.8

V5 S, kN 9.7 10.4 0.7 6.7

F, mm 3.7 3.6 0.1 2.8

AVC, % 45 4.8 0.3 6.3

w, % 85.0 82.0 3.0 3.7

V6 S, kN 8.7 9.8 11 11.2

F, mm 25 2.6 0.1 3.8

AVC, % 6.2 6.3 0.1 1.6

w, % 88.0 82.0 6.0 7.3

V7 S, kN 8.5 9.6 11 11.5

F, mm 2.3 24 0.1 4.2

AVC, % 54 5.6 0.2 3.6

w, % 83.0 79.0 4.0 5.1

Vs S, kN 8.7 9.8 11 11.2

F, mm 25 2.4 0.1 4.2

AVC, % 54 55 0.1 1.8

w, % 75.0 70.0 5.0 7.1

Vo S, kN 9.1 10.6 15 14.2

F, mm 2.9 3.1 0.2 6.5

AVC, % 54 5.6 0.2 3.6

w, % 4.2 5.7

Average S, kN 0.9 8.7

% error F, mm 0.1 4.7

AVC, % 0.2 3.7

Mean % error 5.7

5.9 Sensitivity Analysis of the Developed Asphalt Design Model

Figure 5-105 compares the properties of physically measured HMA properties

with digitally predicted properties for Cat B mixtures.
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Figure 5-105: A comparison between physically measured properties (m) and
predicted properties (p) for Cat B mixtures using the developed model.

In addition, Table 5-25 displays the average Mean Absolute Percentage Error
(MAPE) for the studied properties - workability, Marshall stability, Marshall flow,
and AVC. The developed model showed an average MAPE of 22.3% (a
reduction from an average error of 5.7% in Table 5-24), indicating a predictivity
of 77.7%. AVC exhibited the highest error at 45.3%, while the minimum error
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was observed in workability (6.9%). This indicates that the developed model
has weaker predictive accuracy for HMAs with diverse aggregate and bitumen

characteristics.

The causes of these deviations remain unclear; however, one possible factor
could be the findings from reference [308], which suggest that mastic, with its
varying air void contents, can significantly impact the overall AVC of HMAs.
Therefore, further research is needed to characterise and quantify air voids in
HMA mastic based on bitumen modifications and the nature of other mastic-
composite materials like fillers. Furthermore, it is proposed that the presence of
larger aggregate sizes and reclaimed asphalt (50%) in Cat B asphalt mixtures
may lead to decreased predictivity across all properties.

Table 5-25: MAPE for physically measured properties compared with digitally
predicted properties of Cat B HMA mixtures.

Asphalt mix property MAPE (%)

w, % 6.9%
S, kN 14.3%
F, mm 22.5%
AVC, % 45.3%
Average 22.3%

Additionally, variations in compaction energy levels and methods can greatly
affect the size and distribution of AVC [309]; future studies should consider
these factors. The low predictivity for Cat B mixtures may also suggest that the
geometric parameters used in this study, such as aspect ratio, and the
estimated volumetric quantities like the volume of mastic, do not fully capture
the properties of all HMAs. This calls for further investigation, with a valuable
suggestion being incorporating performance parameters into Equation (5-13).
Future studies should also consider the impact of lithology and surface texture

of aggregates on the performance of HMAs.
5.10 Summary

In this chapter, a new digital approach to design hot mix asphalt (HMA) in a
rapid and resource-efficient manner has been developed that minimises the
need for time-consuming and laborious physical and mechanical tests to
determine the properties of new asphalt mixtures. The method makes it possible

for mixtures that are both workable and yet meet other mechanical
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performances like stability under traffic loading to be formulated with ease. The
method estimates these asphalt properties based on established performance
rules using the number of aggregates and the volume of mastic in the mixtures.

Some specific conclusions of this chapter are:

e Statistical analysis indicates that the fundamental properties of HMAs, such
as air voids content, workability, Marshall stability, and Marshall flow, are
significantly influenced by the number of aggregates and the volume of
mastic contained in the mixes.

e The number of aggregates in HMAs is influenced by the aspect ratio of the
aggregates (R? = 0.98). When the aspect ratio decreases, the number of
aggregates increases. Therefore, an understanding of the geometric
properties of aggregates and the ability to control them is necessary for the
design of future HMAs with tailored functionalities.

o The digitally generated aggregates and mastic were used to develop 3D
models of the designed HMAs. These virtual representations allowed for the
observation of aggregate distributions in the HMA before they were
physically manufactured.

e Through an iterative process, the authors digitally designed nine different
HMAs using identical bitumen and aggregate sources that fulfilled 94% of
the properties of their physical counterparts. However, the predictive
accuracy of the model decreased to 78% for HMAs that contained diverse

aggregate and bitumen characteristics.

With the optimisation-centred and performance-based approach of this new
design method, there is high potential for its adoption to overcome the
challenges associated with the current use of HMA in pothole repair machines,
which are predominantly limited by extrusion performance, as highlighted in
Section 2.5.2. This is the focus of Chapter 6, which investigates a miniaturised
paver, simulates a pothole in the laboratory, and evaluates the feasibility of

using real asphalt mixtures from the digital design method for pothole repairs.
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Chapter 6: Machine Filling of Potholes in Asphalt
Pavements

6.1 Introduction

This chapter presents the development of an automated pothole filling machine
(APFM), optimises its operational parameters, and utilises cartridges of asphalt
designed through the application of the digital concept introduced in Chapter 5.
To ascertain the quality of automated fills, parallel potholes are filled manually,
and the quality of both automated and manually filled potholes has been

compared using rutting depth.

A graphical illustration providing a general overview of the automated pothole

filling investigation in this chapter is shown in Figure 6-106.

3D printer Digitally designed
interface asphalt cartridges

Tamper

Vi

Compacted

Asphalt
Extrudate

Figure 6-106: A graphical abstract of the automated pothole filling investigation with
the APFM.
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in the following publication: “Automating the repair of potholes using machine
techniques and digitally crafted asphalt cartridges,” published in Construction
Robotics, Volume 8, 2024.
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6.2 Development of the Hot-End Screw-Extrusion-Based Asphalt 3D
Printer (APFM)

A modified 3-axis screw extrusion 3D printer served as the APFM. The APFM
featured an extruder with a 90 mm outer diameter x 100 mm long aluminium
heating collar and a nozzle outlet with a nominal 30 mm through bore. The
nozzle outlet included a 316 stainless steel lever with an adjustable outlet gate
valve. A 90 mm x 90 mm mica band heater, rated at 24 V DC and 250 watts,
was housed within the collar. An integral type K temperature sensor, situated
close to the nozzle outlet, monitored the system's temperature, cross-validated
regularly with an SPER Scientific 800115C thermometer.

A removable 200 mm diameter extension funnel, made of stainless steel, was
positioned atop the collar to store surplus asphalt cartridges for seamless
continuous extrusion. A spiral feed screw inside the collar, with a 60 mm pitch
and diameter, facilitated the extrusion process. A 3 mm diameter and 20 mm
tall circular peg, affixed to the centre screw blade, induced lateral stirring of
mixtures during extrusion, ensuring even heating and minimising stripping. The
feed screw connected to a McLennan 1308-12-100 geared 100:1 DC motor,
capable of a maximum torque of 0.4 Nm and a no-load speed of 35 rpm. For
safety, the heating collar was encased in an insulating jacket. This extruder
setup was integrated with the RepRap original Prusa i3 MK3S 3D printer in
Figure 3-50, chosen for its substantial payload capacity. A connected computer,
supported by 3D printing software, controlled the extruder movement in the X,
Y, and Z directions, heating management, and asphalt extrusion at screw

speeds ranging from 1 to 36 rpm.

Figure 6-107 displays the components of the extruder, Figure 6-108 shows the
setup of the extruder assembly in progress, Figure 6-109 showcases the
extruder mounted onto the 3D printer frame, and Figure 6-110 illustrates the

complete APFM setup during the pothole filling process.
6.3 Optimisation of the Operational Parameters of the APFM

The critical operational parameters of the printer involve DC power, extrusion
rate, and extrusion temperature. The optimisation of maximum power involved
a trade-off between torque and extrusion speed, as depicted in Figure 6-111(a).

The DC motor had a maximum torque of 0.4 Nm and a no-load speed of 35 rpm.
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Figure 6-107: lllustration of the (a) spiral feed screw and die angle, and (b) band
heater and insulating jacket.

Motor

Collar with

band heater

Multimeter

Hopper

Figure 6-108: Assembling the heating system and extruder.
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Figure 6-109: lllustration of the asphalt extruder mounted onto the 3D printer frame
shown in Figure 3-50.
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Figure 6-110: The complete APFM setup at NTEC during the pothole filling process
Electric motor torque represents the rotational force generated by the motor.
The maximum power was approximated through a speed-torque optimisation,

resulting in the largest area beneath the speed-torque curve.
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Figure 6-111: Optimisation of the operational parameters of a DC motor: (a)
maximising operating power,and (b) optimising extrusion speed using mixture P8.

From the graphical representation in Figure 6-111(a), the optimised coordinates
intersected at the midpoint of speed and torque, specifically at 0.5 zs and 0.5 wn.
Using this relationship, a maximum power of approximately 0.366 kW was

achieved using Equation (6-17), with a torque of 0.2 Nm and a speed of 17.5

p= 2n.1.0 (6'17)
60
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Here, P represents power in kW, 7 denotes torque in Nm, and w signifies speed

(angular velocity) in rpm.

The extrusion die angle was also a crucial consideration in the extrusion
process, as it significantly influenced the flow of asphalt material. This angle
affected not only the extrusion force but also the occurrence of defects in the
extrudates due to friction and uneven material flow. A lower die angle, for
instance, introduced more friction at the asphalt-die interface. Consequently, an
optimised die angle of 45° was adopted to enhance the efficiency and
effectiveness of the extrusion process, while mitigating issues such as material

flow resistance, clogging, and excessive wear [310,311].

Additionally, it was observed that the extrudates were approximately 6 °C cooler
than the programmed band heating. This temperature drop was anticipated due
to heat losses to the surroundings as the extrudate exited the nozzle outlets.
Importantly, since the asphalt mixtures were extruded at 165 °C with a targeted

compaction temperature of 150 °C, the variance was not a significant concern.

Lastly, a circular outlet shape was selected for its simplicity. It is important to
note that as the cross-section becomes more intricate, higher pressure and

greater extrusion force would be required.
6.4 Measurement of the Extrusion Rate of Mixtures by the APFM

Extrusion rate measurements involved feeding asphalt cartridges into the collar
while rotating the screw at 2 rpm, opening the outlet until a consistent dropping
rate indicated sufficient collar filling, and then closing the outlet. A 10-second
screw rotation eliminated voids near the nozzle tip after removing the caps. The
volume of extruded asphalt (extrudate) in 10 seconds was recorded at the
optimised extrusion rate of 18 rpm. Rates, averaged over three tests, were
expressed in cm?/s to quantify the asphalt required for a specific pothole
volume. Density variations had negligible impact on rate estimation due to

similar asphalt densities.
6.5 Aggregates and Asphalt Specimens

In this chapter, limestone aggregates were utilised in four distinct fractions: filler
(0-0.125 mm), dust (0-4 mm), L6 (0-6.3 mm), and L8 (0-8.0 mm). The gradations
for these fractions are detailed in Table A-32 in the appendix. These fractions
were combined to create aggregate gradations for both slab and pothole filling

mixtures. Figure 6-112 displays the combined gradations for each specimen,
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while Table A-39 in Appendix A provides detailed information on the asphalt

mixture properties for the 34 blends used.
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Figure 6-112: Aggregate gradation for asphalt specimens, including SMA limits and
pothole slabs: (a) P1 to P20, and (b) P21 to P34

6.6 Laboratory Simulation of Potholes
A simulated pothole was created by merging two asphalt slabs, each measuring
305 mm x 305 mm, and manufactured according to the process described in

Section 3.2.2. The upper slab, serving as the surface course, was 40 mm thick,

replicating the depth of a standard medium-sized pothole [180] and the typical
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thickness of a surface course in the UK. A 60 mm thickness for the bottom slab
was selected to maintain the specimen's total thickness at 100 mm, meeting the
wheel tracking device's specifications. A 150 mm diameter hole was carved out
from the centre of the upper slab using a core drilling machine*? (as shown in
Figure 6-113(c)).

Subsequently, this top slab, with the created void, was tack coated to the bottom
slab using a bitumen emulsion adhesive. This method produced a pothole
model with a 40 mm depth. The process was finalised by tack coating the cut
vertical surfaces of the pothole walls to improve the adhesion of the filling
asphalt to the pothole walls. Figure 6-113 illustrates the stages of the pothole
simulation, while Figure 6-114 compares a fully lab-simulated pothole to an
actual field pothole. It is important to note that, for durable in-situ pothole repairs
such as the semi-permanent techniques discussed in Section 2.5.2, rough and

weak pothole edges are trimmed to create clean, vertical walls similar to the

prepared walls in lab-simulated specimens.

A

Figure 6-113: (a) Manufactured slabs, (b) tack-coated base surface, (c) hollow upper
slab (core drilling machine inserted), (d) hollow upper slab laid on the base slab, and
(e) fully assembled pothole with tack-coated pothole walls.

42 An example can be found here: https://www.diamondtoolstore.com/collections/core-drilling-
equipment/products/manta-iii-core-drill-rigs.
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Figure 6-114: lllustration of a pothole: (a) on-site condition and (b) lab simulated.

6.7 Development of a Design Model for the Formulation of Suitable

Filling Mixtures
6.7.1 Creation of virtual aggregates and asphalt mixtures

Virtual aggregates and asphalt mixtures were generated using the procedure
outlined in Section 3.3.5 and Section 3.3.6 in Chapter 3. Examples of generated
aggregates and asphalt mixtures are also illustrated in Section 5.3. Additionally,
the geometric and Weibull characteristics of the aggregates (sourced identically

to Cat A mixtures in Chapter 5) are displayed in Table 5-16.
6.7.2 Performance properties of the asphalt mixtures for pothole filling

Table A-40 in Appendix A details the experimental outcomes and the computed
numbers of aggregates and volumes of mastic for the 34 mixtures used in this
chapter (P1 - P34). Each value reflects the results from three experiments or
numerical simulations. These mixtures showed significant variation, ranging
from porous to dense asphalt compositions. As a result, Extrudability (E),
Marshall Stability (S), and Marshall Flow (F) exhibited a broad spectrum of
results. Once again, this approach was adopted to ensure that the models do
not become excessively tailored to specific mixtures, thereby avoiding
overfitting.

The data in Table A-40 are used for further statistical analysis to identify any
potential relationships between these parameters more precisely. These
statistical correlations will facilitate the determination of optimal mixture

compositions tailored extrusion and mechanical performance.
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6.7.3 Assessment of the relationships between asphalt performance

parameters, volume of mastic and number of aggregates

Equation (6-18) serves as the predictive model for assessing the performance
parameters of mixtures and follows a similar pattern to Equation (5-13). Slight
variations in variables, such as using MV to represent volumes of mastic instead
of M as used in Chapter 5, are intended to differentiate the same parameters

for different applications.

a+ bMV+ cNA

1+ dMV + eNA (6-18)

Performance parameter =
Where a, b, c, d, and e are constants; MV is the volume of mastic (cm?), and
NA is number of aggregates.

Table 6-26 presents the fitting parameters for Equation (6-18) in relation to
Extrudability, Marshall Stability, Marshall Flow, and AVC. The table also
evaluates the goodness of fit for these parameters. Once again, across all four
instances, the R? values either meet or surpass 0.80, signifying that the NA and
MV jointly account for more than 80% of the input variations in each scenario.
Furthermore, the close concurrence between R?and adjusted R? values further
reinforces the notion that the prediction of performance parameters is not a

random occurrence but rather a robust and reliable outcome.

The relationships in Table 6-26 can be graphically illustrated to visualise the
trends. Figure 6-115 provides an example illustration for Extrudability and
Marshall Stability. Both Table 6-26 and the graphical illustrations indicate that
NA and MV strongly influence the Extrudability, Marshall Stability, Marshall
Flow, and AVC of asphalt mixtures. However, it is important to note that the
analysis is based on only 34 results, which is insufficient to draw definitive
conclusions regarding the use of this relationship for predicting asphalt
performance. Nonetheless, these findings provide valuable insights for future
studies, highlighting the potential inputs that need to be considered. It is also
important to acknowledge that these results do not account for various factors,
including different types of bitumen, variations in compaction temperatures, and

differences in compaction energies.
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Table 6-26: Parameters for the fitting equations, goodness of fit and design limits.

Performance Fitting Equation R2 Adj. R2 RMSE Design limits
_ -1 _ -3
E (cm?s) _ 4.344 4+ 4.206 X 107" MV — 2.669 x 107°NA 0.89 0.89 153 > 10
1+4+3.042 x 103 MV —4.211 X 107*NA
_ -3 _ -3
_ 5.865 — 2.031 x 107> MV — 1.140 X 10> NA 0.78 0.78 0.75 > 6.7
S (kN) 1-9.176 x 10-3 MV — 6.831 x 10-5 NA
-2 _ —4
_ 0.157 + 4.234 x107“ MV —5.330 Xx 107*NA 0.99 0.99 0.12 5.4
F (mm) 1—1.000 x 102MV — 1.096 x 10~* NA
9 _ 6 _ 5
AVC (%) AVC = 1.127 x 10 6.767 X 10° MV — 5.161 x 10> NA 0.94 0.94 173 3.5

14 1.454 x 10°MV + 205 NA
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Figure 6-115: Relationship between number of aggregates, volume of mastic, and (a)
extrudability, and (b) stability.

6.7.4 Creating a nomograph for asphalt design

The performance parameter boundaries, established in this chapter and
detailed in Table A-39, delineate the focal area for the asphalt design. These
thresholds, grounded in experimental knowledge and corroborated by
references [121,122], are visualised in Figure 6-116's nomograph, which assists
in selecting appropriate NA and MV values that comply with the limits set out in
Table A-39.

Figure 6-116 illustrates the relationship between the performance metrics of
asphalt mixtures, NA and MV. It highlights that a reduction in MV increases the
porosity of the mixtures, while maintaining an MV above 34 cm? is essential to
achieve a minimum extrusion rate of 10 cm3/s with the APFM. Additionally, a

higher quantity of mastic tends to enhance the flow in the asphalt mixtures.

In the spiral feed screw extrusion process, an increased amount of mastic helps
to raise the extrusion rate by effectively lubricating the interaction between the
larger asphalt aggregates and the collar-screw walls. The mastic also potentially
enhances the moldability along the extrusion path. Conversely, mixtures
containing a higher proportion of NA tend to exhibit increased internal friction
and stresses, thereby reducing the extrusion rate. Once again, it should be
noted that this research used the same bitumen type in all mixtures and did not
examine the influence of fluctuating temperatures on the extrudability of the

mixtures.
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Figure 6-116: Nomograph for the design of performance-satisfactory asphalt mixtures
for pothole filling.

Figure 6-116 delineates "a region that meets all performance limits," highlighting
the intersection of NA and MV within which asphalt is expected to adhere to the
design rules. Moving forward, the delineated performance boundary could be
further refined based on specific mixture classifications, including dense
asphalt, open-graded, and SMA, among others. This categorisation involves
using the NA and MV within the upper and lower limits of the desired mixture.
The limits for an SMA have been adopted in this chapter and used to create a
subregion within the performance boundary. This subregion represents a
feasible region consisting of SMA mixtures that conform to all design rules
specified in Table 6-26. Within this viable realm, selecting any MV-NA
coordinate pair (along the x and y axes) will guide the selection of suitable
aggregate gradation for the creation of an extrudable yet durable SMA mixture.
The selections made are anticipated to precisely represent the performance of

the corresponding SMA mixtures as per Equation (6-18).

A detailed iteration process for selecting aggregate gradations for
manufacturing extrudable and fit-for-purpose mixtures, based on the estimated
MV-NA values from the feasible region in Figure 6-116, is demonstrated in the

subsequent sections.
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6.7.5 Iterations for the generation of aggregate gradations from the

nomograph

The aggregate fractions available in the laboratory for manufacturing asphalts
(filler (Ly), dust (Lp), Le and Ls) were individually analysed to determine the NA
and MV with an assumed 5% bitumen content. It should be noted that the AVC
of a mixture does not influence its aggregate count. Additionally, when keeping
the bitumen volume constant and using the same aggregate fraction, the MV in
a specified mass of specimen remains unchanged. Table 6-27 presents the
values for each aggregate fraction, which can be combined with Equation (6-
19) and Equation (6-20) to design new asphalt mixtures for the pothole filling.
In a mixture with only filler aggregates, for example, no NA will be recorded
making the entire composition 100% mastic. Table 6-27 also shows the number
of aggregates and volume of mastic for the 250 g of each aggregate fraction.

Table 6-27: Number of aggregates and volume of mastic for different fractions of
aggregates, SMA limits, and feasible region bounds.

ID Proportion of MV (cm?) NA
aggregate (¢)

Ls Pis 13.01 375

Le Pus 15.08 1582

Lo $o 67.62 1269

Lt our 100 0
SMA (upper) 46.6 1394
SMA (lower) 25.2 1179

Feasible region®® 38-46  1179-1394

The limit range for the NA (1179 to 1394) and mastic volume (38 cm? to 46 cm?)
were obtained from the nomograph in Figure 6-116. More specifically, three
mixtures have been selected randomly for the aggregate generation, mixtures
V1, V2 and V3. The corresponding MV and NA coordinates for these mixtures
have been shown in Figure 6-116 and detailed in Table 6-28. Further, an
optimisation algorithm was developed in Microsoft Excel to calculate the

proportions of aggregates (¢) required to produce values of the aggregate

43 The feasible region in Table 6-27 differs from that in Table 5-22 primarily due to differences in
the extrudability and workability performance parameters, which use distinct predictive models.
Additionally, Table 6-27 is based on 34 specimens (see Table A-40), while Table 5-22 is based
on 25 specimens (see Table 5-17). It should also be noted that identical mixes with the same
performance limits may exhibit slight differences in NA and MV, leading to marginally different
performance outputs. These variations are evident in the monograph orientations (Figure 5-
102(a) and Figure 6-116) and the parameter-NA-MV relationships (Figure 5-101(c) and Figure
6-115(a)).

164



fractions (¢e, ¢us, Po, Pur) that meet the NA and MV based on minimising
squared errors. An example of this is shown in Equation (6-19) and Equation

(6-20) for illustration of mixture V1’s optimisation.

Table 6-28: Number of aggregates and volume of mastic for selected coordinates on
the nomograph.

Mixture ID MV (cm®)  NA

V1 39.05 1284
V2 38.07 1213
V3 41.71 1231

Equation for the volume of mastic for specimen V1:
13.01¢,, + 15.08¢, , + 67.62¢, , + 1004, .= 39.05 cm® (6-19)
Equation for the number of aggregates for specimen V1.:
375¢,,+ 15829, , + 1269¢, , + 1004, = 1284 (6-20)

Where ¢.s, s, dLo, and ¢.s represent the respective proportions (in percentage)
of 8 mm aggregates, 6 mm aggregates, limestone dust, and limestone filler in

the final gradation.

The required proportions of aggregate fractions, determined through iterations
to yield the specified NA and MV quantities, are detailed in Table 6-29.
Additionally, Figure 6-117 displays the combined gradations of these fractions
used to create various mixtures (V1, V2, and V3). The boundaries of the SMA
specifications are indicated to illustrate the position of the generated gradations
for the validation mixtures (V1, V2, and V3) within the SMA envelope.

Table 6-29: Generated gradations for validation of nomographs.

Mixture ID  Aggregate proportion (¢)
Ls Le Lp Lt

V1 10.5 45 42 2.5
V2 17 40 40.7 23
V3 14 36 48 2.0
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Figure 6-117: Cumulative gradations for generated aggregates compliant with BS EN
13108-5:2016 [281].

6.7.6 Validation of digitally designed pothole filling mixtures:
comparing nomograph-generated and experimentally tested

performances

The subsequent procedure involved producing laboratory asphalt samples V1,
V2, and V3, utilising the simulated aggregate gradations presented in Table 6-
29 with the 5% bitumen content. The targeted porosity was determined based
on the nomograph AVC estimates. The maximum densities achieved for V1, V2,
and V3 were 2.438 Mg/ms3, 2.471 Mg/m3, and 2.522 Mg/m3, respectively. The
Extrudability, Marshall stability, and Marshall Flow of these mixtures were also
experimentally measured. Table 6-30 presents a comparison between the
predicted values obtained from the nomograph approach proposed in this
chapter and the experimentally measured values. Predictivity is expressed as a
percentage of the relative error between the predicted and experimentally
measured values. On average, the nomograph demonstrated an error rate of

8.0%, corresponding to a prediction rate of 92.0%.
6.8 Creation of Asphalt Cartridges

The manufactured hot loose asphalt mixtures (V1, V2, and V3) were separated
using a riffle technique before being placed within a Teflon mould. Following
this, the upper surfaces of the specimens were levelled using a scraper. After a
cooling period of 30 minutes, the specimens were removed from the mould,
resulting in cartridges with dimensions of 50 mm to 60 mm in length, 35 mm in

width, and 16 mm in thickness.
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Table 6-30: Predictivity of performance of asphalt designed with the monograph.

Mixture  Parameter Nomograph Experimental Absolute % error
ID P (m) error
(m-p)  [(m - p)/m] x 100
E, cmd/s 15.0 15.8 0.8 5.3
Vi S, kN 7.8 7.2 0.6 8.4
F, mm 2.4 2.6 0.2 7.6
AVC, % 35 3.9 0.4 10.1
E, cmd/s 13.9 14.5 0.6 3.9
V2 S, kN 7.8 8.6 0.8 9.8
F, mm 2.3 25 0.2 7.7
AVC, % 4.4 4.8 0.4 8.8
E, cmd/s 16.3 15.7 0.6 3.8
V3 S, kN 8.2 8.7 0.5 5.6
F, mm 2.8 3.1 0.3 8.8
AVC, % 34 4.1 0.7 16.1
E, cmd/s 0.7 4.3
Average S, kN 0.6 7.9
error F, mm 0.2 8.0
AVC, % 0.6 135
Mean % error 8.0

These cartridges had a mass ranging approximately between 67.0 g and 70.0
g. The volume of an individual cartridge was assessed by multiplying its mass
by the target density of the asphalt. This estimation approach was then applied
to determine the total number of cartridges required to effectively fill a pothole
with specified dimensions. Samples of the fabricated cartridges are shown in
Figure 6-118.

Figure 6-118: The asphalt cartridges.
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6.9 The Extrusion and Pothole Filling Process

Mixtures V1 and V2 were randomly chosen for the purpose of filling the
potholes. In automated fills, cartridges made from these mixtures were fed by
hand into the APFM's hopper (illustrated in Figure 6-109), heated in the collar,
and extruded into the lab-simulated potholes using the spiral feed screw. In
future upscaled machines, cartridges could be automatically deposited using

conveyor systems.

During filling, movement of the APFM’s extruder nozzle followed specified
pothole coordinates. These coordinates were obtained following the method in
Section 3.3.2. The designated filling path was set 30 mm from the pothole's
edges, initiating a circular route until the brim was reached, after which the
centre was filled. This strategy ensured a consistent distribution of materials,
making it easier to achieve comprehensive coverage during the compaction

process.

Prior to extrusion, asphalt cartridges were preheated at 60 °C for 30 minutes,
and the extrusion collar system was preheated at 171 °C for 10 minutes to

ensure a uniform temperature.
6.10 Densification of Asphalt Extrudate in Potholes

Following the extrusion of the required asphalt volume into potholes with tack-
coated walls, a free-falling 2.5 kg compaction tamper was used to smooth the
filling, ensuring that the extrudates levelled with the surface of the adjoining
asphalt slab and that the targeted densities of the filled potholes were achieved.
Due to the mechanical complexities of integrating it with a simple lab-scaled 3D
printer, the tamper compaction was separate from the APFM filling machine. In
future upscaled studies, the two systems could be programmed to function as a
single component, and other more efficient methods of achieving the required

densities of asphalt extrudates could be explored, as suggested in Section 7.2.

Initially, a 150 mm diameter iron plate, heated to 150 °C, was placed on top of
the mixture to be compacted, creating a level surface. Given that the targeted
density was estimated based on a pothole volume of 515 cm3, compacting the

asphalt to a depth of 40 mm was necessary to achieve the desired density.
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6.11 Pothole Filling by Hand

In the laboratory, parallel potholes were manually filled to replicate on-site
pothole patching methods for comparison with automated fills. This involved
producing asphalt with identical gradations and recipes as those used for the
autonomous fills. The primary distinction was that loose hot asphalt mixtures
were poured directly into the potholes in one go. Similar to the automated fills,
the poured asphalt was compacted using a tamper to align with the surrounding

asphalt.
6.12 Evaluation of Filled Pothole Quality

The effect of traffic loading on filled potholes, and to an extent their stability, was
assessed by comparing the rut depth. Rutting was evaluated through the wheel

tracking test detailed in Section 3.3.8.

In addition to stability assessment, AVC values were evaluated by comparing
the experimentally measured AVC of 100 mm cores extracted from the filled
potholes to the theoretically targeted AVC values. Samples of the pothole-
extracted cores are shown in Figure 6-119.

Figure 6-119: Cores drilled from filled potholes for the estimation of AVC.
Figure 6-120 presents the rutting deformation profiles of the potholes repaired
with these materials, offering a comparison between the quality of both
automated and manual filling technigues. Table 6-31 provides data on final rut
depths and corresponding AVC values. Notably, V1 fills exhibit lower rutting
resistance due to their lower stability and higher flow characteristics (as
indicated in Table 6-30). With a mean rut depth error percentage of 14.4% as
indicated in Table 6-31, automated fills achieved 85.6% of the rutting resistance

observed in manual fills.
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The enhanced rutting resistance in manual fills was observed to stem from more
effective compaction and lower air void content deviations. Manual fills were
poured in bulk and compacted at once, unlike automated fills, which were
applied in thinner layers, cooled faster due to their higher surface-to-volume
ratio, and reached thermal equilibrium with their surroundings more rapidly
[312].

Positively, automated-filled potholes demonstrated about 86% of the traffic
endurance seen in manual fills, indicating a promising future for the automated
technique. Improving compaction and extrudate cooling could enhance future
automated repairs, and subsequent studies could explore extrudable self-

compacting asphalt mixtures for better performance.
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Figure 6-120: Comparative rutting resistance of filled pothole specimens: automated

versus hand filling.

Table 6-31: Wheel tracking test results comparing the rutting resistance of automated
and hand filled pothole specimens.

Specimen AVC (%) Final rut depth (mm) Absolute % error
ID error
Automated  Hand A“t"(rz;‘)ated H("’r‘]r)‘d (h-a) [(h'f‘gg‘] X
V1 4.3 3.8 0.39 0.33 0.06 18.2
V2 5.1 4.6 0.52 0.47 0.05 10.6
Rut depth mean % error 14.4
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6.13 Summary

This chapter introduced a new, less labour-intensive method for filling potholes
using a modified 3D printer as an automated filling machine. The machine's
parameters, such as extrusion speed, were optimised to enhance the extrusion
of asphalt mixtures and improve filling efficiency. A digital design from Chapter
5 enabled the rapid selection of aggregate-bitumen proportions for extrudable
hot-mix asphalt repair cartridges, meeting performance standards such as
Marshall stability, flow, and air void content. The chapter also compared the
quality of automated and manual pothole filling. The following conclusions can

be drawn:

e The application of the newly developed digital design method for hot-mix
asphalt mixtures, presented in Chapter 5, for developing mixes
adaptable for machine applications in pothole repairs has been
demonstrated. The method exhibited 92% accuracy in developing repair
mixtures that meet specified extrusion rates while achieving standard
Marshall stability, Marshall flow, and air void content performances.
Comparing this accuracy to the 94% design accuracy established in
Chapter 5 further reinforces the accuracy of this new design method
and, most importantly, highlights the broad applicability of the method.

¢ In the laboratory setting, a simple-to-use 3-axis screw-extrusion 3D
printer served as the machine. This machine could navigate pothole
contours while extruding asphalt into lab-simulated potholes at the
required temperature and speed.

e Asphalt extrusion rates (expressed in cmd/s) were enhanced with
maximised motor power (0.366 kW) achieved by operating at an
optimised extrusion speed of 18 rpm and a motor torque of 0.2 Nm.
These findings underscore the need to carefully optimise in order to
customise extrusion speeds in future automated pothole filling machines
to achieve the highest asphalt extrusion rate values.

¢ Comparing manual and automated pothole filling techniques revealed
that manual fills exhibited superior rutting resistance due to more
effective compaction. Nevertheless, automated filing demonstrated
promising potential, achieving 86% of the rutting resistance observed in
manual fills. This underscores the feasibility of automation as a viable

alternative to current manual methods.
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Chapter 7: Conclusions, Future Work and Outlook

The primary aim of this research was to assess the feasibility of automating
crack and pothole repairs in bituminous pavements using hot bitumen and hot-
mix asphalt in a laboratory setting. Achieving this required the development of
machines capable of operating with minimal human intervention and the
formulation of compatible asphalt mixtures. Chapter 2 identified 3D printing as
the most feasible, cost-effective approach for developing simple laboratory-
scale repair machines. Based on this, a RepRap 3D printer was adapted for
both crack and pothole filling tasks, with operational parameters, such as filling
speed and extrusion temperature, optimised to enhance repair efficiency and
quality.

Hot bitumen for crack filling was readily available on the market, but the
formulation of extrudable hot-mix asphalt mixtures posed a significant challenge
for pothole repair. Existing pothole filling machines primarily use cold-mix
asphalt, which lacks durability. This is due to the difficulty of producing hot-mix
asphalt mixtures that are both extrudable at practical rates and meet standard
performance requirements on site. Furthermore, conventional design methods
rely heavily on manual trial and error, limiting their compatibility with automated
processes. To address these gaps, a new digital design method for asphalt
mixtures was developed in Chapter 5. This method demonstrated its ability to
accurately predict the properties of 16 mixtures through independent validation
tests conducted at the Czech Technical University in Prague. Unlike traditional
methods, this streamlined approach reduces the need for time-intensive
physical and mechanical tests while leveraging data-driven techniques to

optimise performance.

In Chapter 6, the validated digital method was applied to produce asphalt repair
cartridges for an automated pothole filling machine. This machine demonstrated
its ability to navigate pothole contours and fill lab-simulated potholes with
extrudable asphalt at optimised speeds and temperatures. To ensure
robustness, automated repairs were benchmarked against manual fills, which

served as controls.

The conclusions below summarise the key findings and outcomes of this
research across crack filling, asphalt design, and pothole filling. The Future
Work section outlines potential extensions of this research and discusses

strategies to overcome highlighted limitations. Finally, the Outlook section offers
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a broader perspective on the research implications, drawing from findings,
expert opinions, and ongoing studies. This speculative vision seeks to bridge

the gap between laboratory advancements and real-world applications.
7.1 Conclusions

The following conclusions can be drawn:

Automated filling of cracks

e The crack filing speed and temperature of the bitumen are critical
factors influencing the filling volume of cracks and their resistance to
mechanical deformation.

e There is a minimum temperature below which cracks cannot be fully
filed, and a maximum temperature above which bitumen thermally
degrades.

¢ Understanding the complex interactions between the filling speed, crack
width, depth, and tortuosity (the degree to which a crack is straight or
curved), along with the temperatures of the bitumen, the environment,
and the cracked pavement, is crucial for producing high-quality crack
fillings.

e There is also an optimum crack filling speed. As the printing speed
increases beyond this optimum, large air bubbles form in the bitumen,
which reduces the mechanical strength of the filled cracks.

e The layer-by-layer filling approach of 3D printing increases the porosity
in filled cracks. The layer boundaries also act as weak planes where
tensile failures begin. Therefore, it is advisable to avoid using bitumen
layers in future machine-filling applications as much as practicable.

e The crack filling speed needs to be adjusted according to the
temperature and crack dimensions. Therefore, it is crucial to develop
precise models that can predict the geometries of the cracks and
calculate the necessary filling rates for each crack that needs to be filled
on site.

e Machine crack filling is more effective for straight cracks, such as those
in pavement joints. Therefore, it is recommended that this be the first

application to be developed.
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Digital design of asphalt

A physics engine software was used to create and characterise the
aggregates and bitumen in different HMAs. Insights derived from the
physics engine were systematically integrated to develop models that
quantify the number of aggregates (based on their shapes) and the
volume of mastic in asphalt mixtures. Statistical analysis indicates that
the fundamental properties of HMAs, such as air void content,
workability, Marshall stability, and Marshall flow, are significantly
influenced by the number of aggregates and the volume of mastic
contained in the mixes.

The number of aggregates in HMAs is influenced by the aspect ratio of
the aggregates (R? = 0.98). When the aspect ratio decreases, the
number of aggregates increases. Therefore, an understanding of the
geometric properties of aggregates and the ability to control them is
essential for designing future HMAs with tailored functionalities.
Digitally generated aggregates and mastic can be used to develop 3D
models of HMAs. These virtual representations allow the observation of
aggregate distributions in the HMA before they are physically
manufactured.

Through an iterative process, nine different HMAs were designed using
identical bitumen and aggregate sources that fulfilled about 94% of the
properties of their physical counterparts. However, the predictive
accuracy of the model decreased to 78% for HMAs that contained

diverse aggregate and bitumen characteristics.

Automated filling of potholes

The new digital performance-based method developed in this research
was applied to formulate HMA cartridges that are extrudable by
automated repair machines while also meeting standard structural
performance requirements such as Marshall stability, Marshall flow, and
air void content. The digital method once again exhibited high accuracy
(92% accuracy in this case) in developing HMAs and further
demonstrated its versatility for use in creating HMAs with specific
characteristics and functional requirements.

In the laboratory setting, a simple-to-use 3-axis screw-extrusion 3D

printer served as the machine. This machine could navigate pothole
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contours while extruding asphalt into lab-simulated potholes at the
required temperature and speed.

e Asphalt extrusion rates (expressed in cmd/s) were enhanced with
maximised motor power (0.366 kW) achieved by operating at an
optimised extrusion speed of 18 rpm and a motor torque of 0.2 Nm.
These findings underscore the need to carefully optimise in order to
customise extrusion speeds in future automated pothole filling machines
to achieve the highest asphalt extrusion rate values.

e Comparing manual and automated pothole filling techniques revealed
that manual fills exhibited superior rutting resistance due to more
effective compaction. Nevertheless, automated filing demonstrated
promising potential, achieving 86% of the rutting resistance observed in
manual fills. This underscores the feasibility of automation as a viable

alternative to current manual methods.
7.2 Future Works
Automated filling of cracks

As demonstrated in this research, the bitumen flow, filling speed, and the width
and depth of cracks determine the quality of the filling and will need to be
carefully controlled in future automated crack filling devices. The complex
interaction between these parameters should be researched further in future

studies.

In addition, it has been shown that large void formations occur in the bitumen in
cracks when filling beyond optimal printing speeds (or filling speeds). The air
void entrapment could be likened to cavitation, where high relative motion
allows small vapour bubbles to be entrapped in the bitumen. This air entrapment
restricts high filling speeds, hence affecting the productivity of using automated
filing machines. This is certainly a limitation from an economic perspective.
Future research could therefore investigate techniques to reduce voids in
bitumen at high printing speeds. Modifying the rheology of bitumen for crack

filling to overcome this challenge could be a good starting point.

Furthermore, the capability of robotic devices to precisely estimate in-situ crack
volumes and thereby calculate the exact amount of bitumen required remains
an area for further exploration. In this research, level sensors were utilised,
suggesting potential for more accurate measurements with further investigation.

Notably, recent research at the University of Cambridge [313], building on this
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research in reference [314], suggests using position-based fluid simulation to
improve the precision of automated crack sealing. This research, along with

several others, is still at preliminary stages, and further is recommended.
Digital design of asphalt

The research findings underscore the significance of aggregate geometries in
accurately designing future asphalt mixtures, especially in creating realistic
digital HMA representations. However, due to the current input limitations of the
physics engine software, not all aggregate morphologies have been considered
in detail. In a sensitivity analysis with diverse asphalt mixtures (varied aggregate
and bitumen characteristics and asphalt formulations), the digital method
exhibited reduced accuracy in predicting HMA properties. For example, AVC
exhibited the highest error at 45.3% in prediction. The observed low AVC
prediction in the sensitivity analysis could mean that the geometric parameters
used in this research, such as the aspect ratio and height, do not
comprehensively capture the properties of all HMA aggregates. As such, it is
suggested that future studies should investigate the impact of other aggregate
morphologies such as lithology and surface texture on the performance of

HMAs and their possible inclusion in future digital design methods.

Additionally, as one can imagine, 34 HMAs (limited by resources and time in
this research) are insufficient to produce definitive conclusions in the prediction
of broad ranges of asphalt performance. However, these results are a good
indicator of the inputs that future studies may require to explore. Consequently,
future research could involve creating a more extensive asphalt database for
model fitting and validation. For such complex iterations in future studies,

machine learning applications may be utilised.

Furthermore, the nomograph used in this research presents a potential to be
used in manipulating aggregate geometry and gradation to regulate asphalt mix
porosities. Future research could adapt this nomograph methodology to
manage the topological properties of connective pores* of such as pore area,
pore circularity, equivalent pore diameter, and pore network, thereby accurately

designing the hydraulic conductivity of porous asphalt mixtures.

4 In the context of porous composite materials, "connective pores" refer to the pores within the
material that are interconnected, forming a network that allows for the passage of water. These
connective pores are critical for determining many of the physical properties of the asphalt
mixture, such as permeability, porosity, and mechanical strength.
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Automated filling of pothole

A Nominal Maximum Aggregate Size (NMAS) of 8 mm was used to downsize
the extruder on the APFM, thereby constraining its usability. A larger NMAS
should be considered in future applications. Moreover, the research did not
address automation of the compaction process due to its complexity in
integrating with a laboratory-based APFM, and the asphalt extrudate in the
potholes was compacted with an isolated tamper as illustrated in Figure 6-106.
Further research is required, particularly on the upscaling of the APFM, to
explore more efficient methods of achieving the required densities of asphalt
extrudates in potholes. The use of self-compacting asphalt mixtures, which is
currently in the early stages of research, could be a promising starting point to

potentially avoid this challenge.
7.3 Outlook
Digital design of asphalt mixtures

As we move forward, the development of digital design methods for asphalt
mixtures that incorporate aggregate geometry is poised to revolutionise the field
of pavement engineering. The integration of detailed aggregate geometry into
asphalt mixture design, as explored in this research, highlights the potential for
more precise and optimised workable pavement materials that cater specifically

to varying traffic and environmental conditions.

Future directions

Future developments should focus on refining computational models that can
simulate the real-world behaviour of asphalt mixtures under various loading and
weather conditions. This includes the use of machine learning and atrtificial

intelligence to predict mixture performance with greater accuracy.

Also, as environmental considerations become increasingly critical, future
research will need to integrate sustainable practices into digital asphalt design.
This includes using recycled materials and developing new, eco-friendly
aggregate compositions that maintain or enhance pavement performance. In
addition, the cost of asphalt development could be factored into the optimisation

process.

In addition, leveraging real-time traffic and environmental data to dynamically

adjust the properties of asphalt mixtures could enable smarter, more adaptive
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infrastructure. Implementing Internet of Things sensors within pavements could
feed back into digital design systems, creating a continuously improving loop of

data, design, and deployment.

For these innovations to be effectively integrated into mainstream practice,
considerable effort will need to be focused on standardising digital design
methodologies and gaining regulatory acceptance. This involves rigorous
validation of the models and collaboration with industry stakeholders to update

codes and standards.

Also, aside from minimising the need for physical laboratories in designing
future asphalt mixtures, the use of physics engines shows promising potential
to address current physicochemical challenges in digital representations,

including addressing the lack of physics in current asphalt digital twin models.

Challenges

Understanding and predicting how complex material interactions (particularly
bitumen) affect the longevity and resilience of asphalt mixtures remains a
significant challenge. Continued research into the micromechanics of materials

and their behaviour under stress will be essential.

The outlook for digital design methods in asphalt mixture development is robust
and filled with potential. As the field evolves, it will undoubtedly bring forth
innovations that not only enhance the performance and durability of roadways
but also align with global sustainability goals. This will require a multidisciplinary
approach, bringing together engineers, data scientists, and environmental

experts to forge the future of pavement technology.
Robotic repair of roads

The finding from this research suggests the future of pothole repair is heading
towards greater automation and precision, leveraging advancements in digital
and machine techniques to enhance the efficiency and effectiveness of road
maintenance. The integration of digitally crafted asphalt cartridges with
automated machinery represents a promising frontier in this domain. As
explored in this research, several key developments are expected to shape this
field.
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Future Directions

There is likely to be an increased emphasis on incorporating recycled materials
and environmentally friendly additives into asphalt cartridges, driven by

sustainability goals and regulatory pressures.

In addition, Al algorithms have the potential to improve the ability of automated
repair systems to make on-the-fly adjustments to their operations, enhancing

their efficiency and effectiveness under varying operational conditions.

Lastly, as automated systems become more common, specific standards and
regulations will need to be developed to ensure safety, reliability, and

compatibility with existing infrastructure.

Challenges and Considerations

The high cost of advanced technologies and the inertia of existing maintenance
protocols may slow down the adoption of fully automated systems. To facilitate
the implementation of automated robotic repair processes, a phased transition
is necessary, involving full input from key stakeholders such as robotic
manufacturing companies, road management authorities, and asphalt design

and construction experts.
Upscaling the automated repair machines and field trials

The transition from small-scale prototypes to full-scale deployment involves
scaling up the machinery developed in this research to handle real-world
conditions, which are often more complex and variable than those simulated in
the laboratory environment. During the upscaling process, field trials will be
essential to provide invaluable data on how these machines perform under
actual operational stresses and environmental conditions not apparent in

laboratory settings.

Looking ahead, the upscaling and field trials of automated repair machines will
need to focus on enhancing machine adaptability, reducing costs, and
improving user interfaces to ensure that the technology can be easily integrated
into existing road maintenance regimes. Collaboration between industry,
academia, and government agencies will be vital in driving these developments
forward, ensuring that the benefits of automation in road repair are fully realised

in the coming years.
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Presently, there are various concepts from researchers regarding how defect
repair machines should be constructed. For example, researchers at the
University of Leeds (see Figure 7-121, a) suggest that drones equipped with 3D
printers could be ideal for use as autonomous repair machines. Conversely,
researchers at Robotiz3d*® and the University of Liverpool (see Figure 7-121,
b) propose a machine similar to a Land Rover with an attached roller compactor.
These designs are at the conceptual stage, and the mechanics and operational

parameters of these machines have yet to be finalised.

Figure 7-121: (a) A 3D printing drone prototype developed by Leeds University under
the Self-Repairing Cities Project, and (b) an artistic impression of the Robotiz3d road
repair robot by the University of Liverpool.

With the experience gathered from this research, the drone options appear to
have practical limitations in terms of payload (quantity of repair materials that
can be delivered at a time) and safety. It is worth noting that there were attempts
to collaborate with Leeds to attach the extruder used in this research to Leeds'
drone for field testing. One major challenge encountered was that the drone
could not carry sufficient bitumen to fly at one time. Additionally, there were Civil
Aviation Authority regulation hurdles related to flying a drone that, when loaded
with repair bitumen, exceeded 25 kg and was categorised as high-risk or

complex flying*.

On the other hand, the Robotiz3d concept obviously promises to accommodate
more payload; nonetheless, as mentioned earlier, the idea is conceptual, and it
is not clear how the asphalt extrusion and compaction would be achieved on
site. Moreso, in the time where driverless vehicles appear to have operational
challenges, it is not certain how this perceived concept will operate in the short

term as indicated by the researchers.

45 Robotiz3d: https://www.robotiz3d.com/

4 Civil Aviation Authority: https://register-drones.caa.co.uk/drone-code/getting-what-you-need-
to-fly#:~:text=This%20allows%20you%20t0%20fly,that%20weighs%2025kg%200r%20more.
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Looking into all these challenges, this research’s verdict is that the robotic repair
technology should be rolled out in phases along transition levels. In the medium
term (2 - 5 years), it is proposed that the upscaled robotic arm (which contains
the extruder) should be attached to manual repair vehicles to be driven to site.
Upon reaching site, technicians could then park the trucks and release the arms
to autonomously locate and repair nearby defects (the robotic arm here just
replaces human arms on site). This concept for crack filling, for example, is
illustrated in Figure 7-122. In essence, the research suggests adopting a semi-
automated process, as opposed to a fully robotic or drone-delivered repair in
the short to medium term. Consequently, it is recommended that future research
in the short-term should focus on the application of techniques such as

Augmented Reality to optimise cooperation between humans and robots [315].

Hot
bitumen
deposit

Bitumen
extruder

Cross-section of a ’A\‘
crack in a road

Figure 7-122: lllustration of how a bitumen extruder attached to a repair vehicle for
field applications could look in the medium term.

Certainly, as technology rapidly evolves, with the development of flying taxis
and other unmanned vehicles, a complete robotic application could be
implemented after this transition period. Even with these advancements in
technologies, perhaps a more feasible option would be using drones to capture
crack and pothole geometry and location and feeding the data to the repair

machines. This futuristic concept is illustrated in Figure 7-123.

Lastly, in the era of fully robotic repairs, it is foreseen that as autonomous car
technology advances and digitalisation of roads and vehicles improves, there is
an opportunity to link future repair robots to travelling vehicles to pre-inform
vehicles of roadblocks and safety precautions as they approach the robotic

repair zones.
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Figure 7-123: A futuristic highway scene featuring a robot actively repairing a pothole,
with real-time pothole and traffic data provided by a drone. Image generated using
GPT-4 by OpenAl.

From interactions with investors at conferences, it is evident that they are highly
enthusiastic about the futuristic concept of land rovers equipped with extruders
and robotic repair systems. The U.S Department of Transportation had started
collaboration with the researcher to implement the findings of this research with
much focus on exploring the application of 3D printing in other road
infrastructure management. One challenge to the fully robotised platform is the
payload limitations and the development of a precise control and navigation
system which falls outside the scope of this research. It is fair to say that these
challenges are comparable to those faced by driverless vehicles and advanced
autonomous space system suitable for single or collaborative space robotic
missions. In the UK, GMV NSL Limited, for example, have started developing
precise and robust autonomous robotic platforms with adaptable levels of
autonomy. See Figure 7-124 for a photograph taken during one of the platform
trials in front of NTEC at the University of Nottingham. It is only when these
autonomous robotic platforms are precise, reliable and fully operational that full

robotic repair of roads can be realised.

Drawing on the comprehensive discussions presented, it is unequivocally clear
that the realisation of fully autonomous robotic repair systems for asphalt roads
demands robust multidisciplinary collaboration. Crucially, it is projected that the
robotic repair of cracks and potholes could be operational within the next
decade. This prospective advancement underscores the substantial value of
further investments in collaborative research, regulatory frameworks, and

strategic implementation to harness this innovative technology effectively.
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Figure 7-124: Field trial of an autonomous robotic platform in front of NTEC at
University Park, University of Nottingham. Research led by GMV NSL Limited.
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Appendix A

Gradation and Characteristics of Aggregates Used in the Research
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Table A-32: Gradation of aggregate fractions predominantly used in this research at NTEC.

Sieve size (mm) 10 8 6.3 4 2.8 2 1 0.5 0.25 0.125 0.063
L8 100 64.48 20.64 1.85 1.21 1.15 1.14 1.13 1.12 11 1.07
L6 % 100 100 96.41 34.73 8.39 3.48 2.55 2.48 2.46 2.39 2.27
Dust 5-: 100 100 100 99.31 83.33 62.98 40.32 30.83 25.21 20.4 16.03
Filler 3 100 100 100 100 100 100 100 100 100 100 96.79

Table A-33: Geometric and Weibull characteristics of fractions of aggregates*’ at NTEC.

Mixture Aggregate Min Feretso  WSc*8 Min WSh#® ARsg WSc AR WSh AR Asp (cm?) Pso (cm) H % mass < 2

ID fractions (mm) Feret (mm) Min Feret mm

LD Dust 3.17 3.66 5.21 0.69 0.73 6.70 0.12 131 074 62.98

L6 6 mm (passing 8.72 5.30 3.90 0.68 0.77 7.37 0.23 181 061 3.48
8.0 mm)

L8 8 mm (Passing 10.81 8.61 417 0.75 0.75 6.54 0.69 321 061 1.15

10mm)

47 same aggregates were used as Cat A aggregates in Table 5-16.
48 Wsc — Weibull Scale
49 Wsh — Weibull Shape
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Table A-34: Geometric and Weibull characteristics of aggregate fractions provided by the Department of Road Structures, Czech Technical University,
Prague.

Mixture ID  Aggregate fractions Min WSc Min  WSh Min Feret ARsq WSc AR WSh AR Asp (cm?) Pso (cm) H % mass <2 mm

Feretso Feret
(mm) (mm)
Coarse (> 4 mm) 13.63 17.14 2.17 0.76 0.77 7.53 2.10 5.78 0.61
St Fines (4-2 mm) 3.34 3.67 8.78 0.75 0.78 14.47 0.11 1.26 0.64 19.0
Coarse 8.66 9.50 3.12 0.66 0.73 7.29 0.83 3.50 0.75
52 Fines 2.84 3.28 4.92 0.73 0.77 8.38 0.08 1.12 0.74 221
Coarse 3.34 3.67 8.78 0.75 0.78 14.47 0.11 1.26 0.64
53 Fines 2.84 3.28 4.92 0.73 0.77 8.38 0.08 1.12 0.74 211
Coarse 12.48 12.78 2.37 0.73 1.38 6.12 0.98 3.20 0.58
. Fines 3.10 3.47 7.81 0.73 0.74 8.22 0.11 1.27 0.61 211
Coarse 11.84 12.62 2.43 0.76 1.12 7.46 0.93 3.46 0.63
S5 Fines 4.10 4.07 10.50 0.65 0.75 5.44 0.16 1.47 0.58 19.5
Coarse 7.69 9.70 2.82 0.74 0.81 11.47 0.51 2.72 0.69
S0 Fines 3.45 3.48 13.60 0.68 0.71 9.76 0.13 1.35 0.74 21.2
Coarse 8.21 10.70 2.28 0.82 1.06 7.22 0.64 2.82 0.83
S7 Fines 3.81 4.06 6.95 0.65 0.74 6.45 0.15 1.53 0.62 19.8
Coarse 13.00 12.55 2.61 0.69 1.34 5.90 1.04 3.29 0.94
S8 Fines 3.81 3.90 4.78 0.75 0.75 8.94 0.14 1.47 0.47 21.0
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Table A-34 (continued)

Mixture ID  Aggregate fractions Min WSc Min  WSh Min Feret ARsp WSc AR WShAR Asy(cm?) Psp(cm) H % mass <2 mm
Feretso Feret
(mm) (mm)
Coarse 11.57 14.00 2.13 0.65 1.15 4.67 1.29 3.96 0.56
> Fines 3.70 4.12 7.65 0.67 0.69 5.41 0.20 1.70 0.59 19.8
Coarse 14.49 18.59 2.15 0.78 1.05 8.21 1.99 4.77 0.40
S10 Fines 3.96 3.97 14.72 0.72 0.72 5.71 0.17 1.54 0.58 22.3
Coarse 11.61 14.71 2.10 0.65 1.23 5.08 1.02 3.47 0.82
St Fines 3.80 3.76 5.13 0.70 0.72 9.78 0.15 1.57 0.53 20.9
Coarse 10.49 12.39 2.40 0.86 1.25 10.63 0.61 2.72 0.88
st Fines 3.80 3.76 5.13 0.70 0.72 9.78 0.15 1.57 0.53 20.0
Coarse 8.88 9.38 3.32 0.68 0.73 11.60 0.76 3.42 0.83
St Fines 3.16 3.50 5.31 0.74 0.77 5.66 0.11 1.21 0.57 23.0
Coarse 9.56 10.76 3.38 0.78 0.79 23.05 0.96 3.84 0.60
St Fines 3.50 3.87 4.96 0.59 0.67 6.87 0.14 1.47 0.59 22.7
Coarse 12.84 15.21 2.39 0.73 1.40 8.47 1.00 3.51 0.58
S1o Fines 3.25 3.73 5.25 0.73 0.77 10.46 0.11 1.20 0.56 19.5
Coarse 17.10 19.94 3.01 0.76 1.26 8.07 2.01 4.86 0.43
516 Fines 3.86 4.01 6.66 0.71 0.74 11.22 0.17 1.54 0.41 23.6
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Table A-35: Characteristics of aggregates for mixtures (Cat A) used in developing the digital design model in Chapter 5. The gradations are also graphically

shown in Figure 5-94.

Mixture Type Average Water Gradation
ID of density absorption
rock (Mg/m3) (%) Sieve
size 14 12.5 10 8 6.3 4 2.8 2 1 0.5 0.25 0.125 0.063
(mm)
M1 L* 270 0.6 100.0 100.0 100.0 95.0 86.7 46.3 27.0 199 148 128 11.7 10.7 9.6
M2 L 2.70 0.6 100.0 100.0 100.0 90.1 758 37.2 20.7 154 119 10.7 9.9 9.2 8.4
M3 L 2.70 0.6 100.0 100.0 100.0 97.2 92.1 644 46.1 349 243 200 175 153 131
M4 L 2.70 0.6 100.0 100.0 100.0 716 36.2 149 110 94 82 7.7 74 7.1 6.7
M5 L 2.70 0.6 100.0 100.0 100.0 734 405 26.2 217 166 109 86 7.1 5.9 4.8
M6 L 2.70 0.6 g’ 100.0 100.0 100.0 82.2 60.3 50.6 423 321 20.7 16.0 132 10.8 8.5
M7 L 2.70 0.6 ﬁ 100.0 100.0 100.0 929 83.1 60.6 486 420 36.1 337 323 310 291
M8 L 2.70 0.6 C,\% 100.0 100.0 100.0 957 88.7 553 36.5 269 185 152 132 115 9.8
M9 L 2.70 0.6 100.0 100.0 100.0 87.6 715 528 40.2 299 194 150 124 10.2 8.2
M10 L 2.70 0.6 100.0 100.0 100.0 734 40.2 210 157 118 79 6.3 53 4.5 3.7
M11 L 2.70 0.6 100.0 100.0 100.0 67.7 278 106 86 6.7 47 38 33 2.8 24
M12 L 2.70 0.6 100.0 100.0 100.0 75.8 458 286 234 194 152 135 125 116 105
M13 L 2.70 0.6 100.0 100.0 100.0 80.1 556 448 383 30.6 220 183 16.2 144 125
M14 L 2.70 0.6 100.0 100.0 100.0 100.0 969 444 196 124 82 6.7 59 5.1 4.3
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Table A-35 (continued)

Mixture Type Average Water Gradation
ID of density absorption
rock (Mg/m3) (%) Sieve
size 14 12.5 10 8 6.3 4 2.8 2 1 0.5 0.25 0.125 0.063
(mm)
M15 L 2.70 0.6 100.0 100.0 100.0 78.7 518 299 222 176 134 116 106 9.7 8.8
M16 L 2.70 0.6 100.0 100.0 100.0 78.7 515 247 158 121 92 80 7.3 6.7 6.0
M17 L 2.70 0.6 100.0 100.0 100.0 80.5 556 316 23.0 188 152 138 129 122 11.2
M18 L 2.70 0.6 100.0 100.0 100.0 76.2 46.1 211 142 115 95 8.7 83 7.8 7.3
M19 L 2.70 0.6 E’ 100.0 100.0 100.0 795 53.7 335 255 199 145 122 109 97 8.5
M20 L 2.70 0.6 § 100.0 100.0 100.0 776 49.7 328 27.1 226 180 16.1 149 140 128
M21 L 2.70 0.6 5% 100.0 100.0 100.0 734 40.2 21.7 165 124 83 6.6 5.6 4.7 3.8
M22 L 2.70 0.6 100.0 100.0 100.0 7783 511 30.2 227 178 131 112 101 91 8.1
M23 L 2.70 0.6 100.0 100.0 100.0 7785 513 275 195 155 120 10.7 9.8 9.1 8.3
M24 L 2.70 0.6 100.0 100.0 100.0 964 90.2 56.0 36.1 259 16.8 131 11.0 91 7.4
M25 L 2.70 0.6 100.0 100.0 100.0 97.2 918 586 385 27.7 179 140 117 9.7 7.8
SMA UL L 2.70 0.6 100.0 100.0 100.0 100.0 986 735 534 39.2 252 195 16.1 132 105
SMA LL L 2.70 0.6 100.0 100.0 100.0 90.0 759 38.7 217 150 99 79 6.7 5.7 4.7

*L is limestaone.
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Table A-36: Characteristics of aggregates for Cat B mixtures used in validating the digital design model in Chapter 5. The gradations are also graphically
shown in Figure 5-95.

Mixture Type of Average Water Gradation
ID rock* density  absorption
(Mgim®) (%) | Sieve
size 31.5 224 16 11.2 8 5.6 4 2 1 0.5 0.25 0.125 0.063
(mm)
S1 H 2.77 0.2 100.0 96.5 834 64.8 543 453 36.3 224 158 130 114 103 8.6
S2 U 2.70 0.5 100.0 100.0 100.0 935 754 579 458 323 233 172 124 8.7 6.8
S3 B 2.97 0.3 100.0 97.3 819 704 617 51.3 457 33.6 239 183 147 126 10.5
S4 G 2.76 0.3 100.0 1000 970 77.0 580 450 36.0 27.0 21.0 16.0 11.0 9.0 8.2
S5 D 2.68 0.2 > 100.0 100.0 658 369 323 266 231 195 164 138 11.2 8.9 7.2
S6 W 2.66 0.7 § 100.0 100.0 100.0 964 72.7 57.0 48.7 338 245 19.1 148 1038 8.0
S7 G 2.84 0.3 % 100.0 100.0 898 721 631 533 450 286 219 17.7 13.8 10.0 7.5
S8 U 2.87 0.2 > 100.0 100.0 774 651 575 484 411 295 211 16.2 129 10.7 8.8
S9 H 2.77 0.1 100.0 100.0 978 829 756 66.0 54.7 332 226 180 153 133 10.5
S10 G 2.66 0.7 100.0 100.0 100.0 982 785 65.8 589 38.7 252 18.1 136 10.8 8.5
S11 L 2.25 0.8 100.0 100.0 80.3 60.2 522 455 39.6 29.1 210 16.2 13.1 10.9 9.1
S12 D 2.95 0.4 100.0 100.0 818 623 551 46,5 383 239 181 143 11.0 7.9 5.9

* Aggregates sourced from various quarries in the Czech Republic, including Belice, Zbraslav, Chornice, Chvaletice, and Zarubka quarries. Aggregates
included limestone (L), hornblende (H), basalt (B), granite (G), granodiorite (D), greywacke (W), and some undisclosed (U) aggregates.

217



Table A-36 (continued)

Mixture Type of rock Average Water Gradation
ID density  absorption .
(Mg/m?) (%) | Sieve
size 31.5 22.4 16 112 8 5.6 4 2 1 05 0.25 0.125 0.063
(mm)
S13 U 2.69 0.7 100.0 100.0 100.0 923 736 555 494 332 235 169 115 65 3.1
S14 G 2.68 0.5 100.0 100.0 100.0 89.5 565 389 349 247 170 121 91 6.6 4.3
S15 B 2.94 0.4 100.0 100.0 97.1 816 67.8 609 552 332 242 203 170 125 7.6
S16 B 2.97 0.7 100.0 100.0 96.6 753 62.0 482 38.0 311 208 149 11.2 8.9 7.3
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Table A-37: Characteristics of aggregates for mixtures used in developing the digital design model in Chapter 6. The gradations are also graphically shown in

Figure 6-112.
Mixture ID  Type of rock Average Water Gradation
density  absorption
(Mgim®) (%) | Sieve

size 14 12.5 10 8 6.3 4 2.8 2 1 0.5 0.25 0.125 0.063

(mm)
P1 L 2.70 0.6 100.0 100.0 100.0 95.0 86.7 46.3 27.0 199 148 128 11.7 10.7 9.6
P2 L 2.70 0.6 100.0 100.0 100.0 90.1 75.8 37.2 20.7 154 119 10.7 99 9.2 8.4
P3 L 2.70 0.6 100.0 100.0 100.0 97.2 921 644 46.1 349 243 200 175 153 13.1
P4 L 2.70 0.6 100.0 100.0 100.0 716 36.2 149 110 94 82 77 74 7.1 6.7
P5 L 2.70 0.6 100.0 100.0 100.0 734 405 26.2 21.7 166 109 86 7.1 5.9 4.8
P6 L 2.70 0.6 100.0 100.0 100.0 82.2 603 506 423 321 20.7 16.0 13.2 10.8 85
P7 L 2.70 0.6 g’ 100.0 100.0 100.0 929 831 60.6 486 420 36.1 33.7 323 31.0 29.1
P8 L 2.70 0.6 ﬁ 100.0 100.0 100.0 95.7 88.7 553 365 269 185 152 13.2 115 9.8
P9 L 2.70 0.6 o\% 100.0 100.0 100.0 876 715 528 402 299 194 150 124 10.2 8.2
P10 L 2.70 0.6 100.0 100.0 100.0 734 40.2 210 157 118 79 63 53 4.5 3.7
P11 L 2.70 0.6 100.0 100.0 100.0 67.7 278 106 86 6.7 47 38 33 2.8 24
P12 L 2.70 0.6 100.0 100.0 100.0 758 458 286 234 194 152 135 125 116 10.5
P13 L 2.70 0.6 100.0 100.0 100.0 80.1 556 448 383 306 220 183 16.2 144 12.5
P14 L 2.70 0.6 100.0 100.0 100.0 100.0 96.9 444 196 124 82 6.7 59 51 4.3
P15 L 2.70 0.6 100.0 100.0 100.0 78.7 518 299 222 176 134 116 106 9.7 8.8
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Table A-37 (continued)

Mixture ID  Type of rock Average Water Gradation
density  absorption
(Mgim3) (%) | Seve

size 14 12.5 10 8 6.3 4 2.8 2 1 0.5 0.25 0.125 0.063

(mm)
P16 L 2.70 0.6 100.0 100.0 100.0 78.7 515 247 158 121 92 80 7.3 6.7 6.0
P17 L 2.70 0.6 100.0 100.0 100.0 80.5 556 316 23.0 188 15.2 138 129 122 11.2
P18 L 2.70 0.6 100.0 100.0 100.0 76.2 461 211 142 115 95 87 8.3 7.8 7.3
P19 L 2.70 0.6 100.0 100.0 100.0 795 53.7 335 255 199 145 122 109 9.7 8.5
P20 L 2.70 0.6 100.0 100.0 100.0 776 49.7 328 271 226 18.0 16.1 149 140 12.8
P21 L 2.70 0.6 100.0 100.0 100.0 734 402 21.7 165 124 83 66 56 4.7 3.8
P22 L 2.70 0.6 g’ 100.0 100.0 100.0 783 511 30.2 227 178 131 112 101 9.1 8.1
P23 L 2.70 0.6 § 100.0 100.0 100.0 785 513 275 195 155 120 10.7 9.8 9.1 8.3
P24 L 2.70 0.6 ;’- 100.0 100.0 100.0 964 90.2 56.0 36.1 259 168 13.1 110 9.1 7.4
P25 L 2.70 0.6 100.0 100.0 100.0 97.2 918 586 385 277 179 140 117 9.7 7.8
P26 L 2.70 0.6 100.0 100.0 100 96.8 91 576 37.7 271 175 137 114 95 7.7
P27 L 2.70 0.6 100.0 100.0 100 96.1 89.3 531 334 242 164 134 115 10 8.4
P28 L 2.70 0.6 100.0 100.0 100 97 91.3 56.2 365 269 187 154 135 118 10.2
P29 L 2.70 0.6 100.0 100.0 100 943 857 553 372 269 174 136 113 94 7.6
P30 L 2.70 0.6 100.0 100.0 100 93.6 843 559 388 286 19.1 15.2 129 10.9 9
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Table A-37 (continued)

Mixture ID  Type of rock Average Water Gradation
density  absorption .
(Mg/m®) (%) | Seve
size 14 12.5 10 8 6.3 4 2.8 2 1 05 0.25 0.125 0.063
(mm)
P31 L 2.70 0.6 100.0 100.0 100 93.3 831 476 299 223 16.1 137 123 11 9.7
P32 L 2.70 0.6 100.0 100.0 100 95.7 883 489 29 21 147 123 109 97 8.4
P33 L 2.70 0.6 100.0 1000 100 945 858 50 311 224 151 122 105 91 7.6
P34 L 2.70 0.6 100.0 100.0 100 932 831 516 343 254 175 143 124 108 9.2
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Table A-38: Comparing physics engine output to output from model equations developed in Chapter 5.

Mixture 1D Mastic (cm3) Number of Aggregates
Estimability of Estimability of
Eqn. (5-14) output (a) Nomograph output (b) Eqn. (5-14),% Eqn. (5-15) output () Nomograph output (d) Eqn. (5-15), %
(a/b * 100) (c/d * 100)

Vi 35.91 35.91 100.0 1348 1348 100.0
V2 33.36 33.36 100.0 1317 1295 101.7
V3 35.74 35.74 100.0 1318 1316 100.1
V4 35.76 35.78 100.0 1264 1251 101.0
V5 37.26 37.26 100.0 1214 1196 101.5
V6 31.64 31.64 100.0 1203 1202 100.1
V7 30.51 30.52 100.0 1311 1303 100.6
V8 31.79 31.80 100.0 1277 1285 99.4
V9 34.40 34.40 100.0 1203 1206 99.7
Average 100.0 100.5

222



Table A-39: Properties of asphalt mixtures for the development of a model to select
filling mixtures.

Mixture Bitumen Compaction No. of BC AVC Max. density
ID type temperature (°C)  blows (%) (%) (Mg/ms3)
P1 PG 40/60 150.0 2x50 6.0 54 2477
P2 PG 40/60 150.0 2 x50 6.0 6.3 2.483
P3 PG 40/60 150.0 2x50 6.0 7.8 2.473
P4 PG 40/60 150.0 2x50 6.0 229 2.505
P5 PG 40/60 150.0 2x50 5.0 16.0 2.533
P6 PG 40/60 150.0 2x50 6.0 10.5 2.488
P7 PG 40/60 150.0 2x50 8.0 3.4 2.419
P8 PG 40/60 150.0 2x50 6.0 3.5 2.475
P9 PG 40/60 150.0 2x50 55 24 2.499

P10 PG 40/60 150.0 2x50 55 222 2.518
P11 PG 40/60 150.0 2x50 45 293 2.56
P12 PG 40/60 150.0 2x50 55 12.4 2.516
P13 PG 40/60 150.0 2 x50 6.0 5.9 2.56
P14 PG 40/60 150.0 2x50 5.2 5.2 2.498
P15 PG 40/60 150.0 2x50 6.0 16.7 2.496
P16 PG 40/60 150.0 2x50 55 15.6 2.513
P17 PG 40/60 150.0 2x50 6.6 10.4 2474
P18 PG 40/60 150.0 2x50 54 15.3 2511
P19 PG 40/60 150.0 2x50 55 9.1 2.481
P20 PG 40/60 150.0 2x50 6.5 8.3 2473
P21 PG 40/60 150.0 2x50 40 204 2.513
P22 PG 40/60 150.0 2x50 55 13.3 2.513
P23 PG 40/60 150.0 2x50 54 15.6 2.516
P24 PG 40/60 150.0 2x50 5.0 3.7 2477
P25 PG 40/60 150.0 2x50 5.0 3.4 2472
P26 PG 40/60 150.0 2x50 5.0 3.6 2477
P27 PG 40/60 150.0 2x50 5.0 4.7 2472
P28 PG 40/60 150.0 2x50 5.0 4.1 2.522
P29 PG 40/60 150.0 2x50 5.0 4.5 2.519
P30 PG 40/60 150.0 2x50 5.0 4.8 2.562
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Table A-39 (continued)

Mixture Bitumen Compaction No. of BC AVC Max. density
ID type temperature (°C)  blows (%) (%) (Mg/ms3)
P31 PG 40/60 150.0 2x50 5.0 6.3 2.489
P32 PG 40/60 150.0 2x50 5.0 5.6 2.502
P33 PG 40/60 150.0 2x50 5.0 55 2.513
P34 PG 40/60 150.0 2x50 5.0 5.6 2.516
Slab PG 40/60 150.0 Roller 55 4.0 2.492
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Table A-40: Simulated and experimental characteristics of asphalt mixtures for digitally
designing the pothole-filling mixtures.

Mixture ID MV (cm®) NA E(cm?s) S (kN) F (mm)

M1 31.8 1268 85.5 7.7 1.7
M2 27.8 1129 101.1 6.8 14
M3 44.9 1283 57.9 11.7 7.1
M4 22.6 522 160.6 7.1 1.2
M5 26.7 655 90.7 8.3 1.8
M6 42.4 874 64.3 10.9 5.8
M7 55.1 869 48.9 145 9.3
M8 37.9 1272 70.9 10.1 3.0
M9 39.5 1087 71.1 9.1 4.0
M10 23.6 664 144.8 7.7 1.8
M11 17.3 510 213.8 6.6 1.0
M12 30.2 614 79.2 9.3 1.8
M13 41.1 750 82.4 9.2 3.2
M14 23.4 1537 141.1 7.5 14
M15 23.8 722 153.7 8.6 15
M16 23.8 802 162.7 7.6 14
M17 32.2 753 97.2 9.1 21
M18 27.0 681 103.7 8.0 11
M19 30.7 775 96.4 9.7 1.7
M20 35.2 647 69.2 8.5 3.4
M21 20.7 710 152.6 7.7 1.2
M22 28.8 693 87.5 7.4 2.0
M23 26.6 676 85.1 7.5 1.7
M24 34.8 1342 67.0 10.2 3.0
M25 36.5 1357 63.0 10.5 3.5
M26 35.91 1348 131 10.2 3.3
M27 33.36 1295 11.2 9.7 3.1
M28 35.74 1316 13.3 9.9 3.6
M29 35.78 1251 135 10.1 3.6
M30 37.26 1196 13.6 104 3.6
M31 31.64 1202 9.2 9.8 2.6
M32 30.52 1303 10.4 9.6 2.4
M33 31.80 1285 11.2 9.8 2.4
M34 34.40 1206 125 10.6 3.1
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Appendix B

Pavement Distresses
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Table B-41: Cracking types associated with flexible pavements [153,180,181,316—318].

Crack type

Crack description

Possible causes

Possible remedy

Fatigue cracking

Series of connected cracks that
resembles the skin of an alligator

Repeated traffic loading causing
failure of surface or base layer.
Poor drainage

Aging of bitumen and temperature.

Small — remove
crack and patch.
Large -fix drainage
and reconstruct.

Transverse Almost perpendicular to the Hydraulically bound base Crack sealing
cracking centreline of the carriageway Asphalt shrinkage due to climatic Overlay
Regularly spaced conditions
Not load related
Longitudinal Runs parallel to the centreline Mainly caused by traffic loading. Reseal
cracking along wheel patch Crack in middle of carriageway Rehabilitate
may be due to poor construction or pavement
utility line.
Reflective Crack in top layer (usually in an Weak or cracked foundation layers Properly seal cracks
cracking overlay) propagated from the and overlay

bottom layers (usually old layers).
That is, crack beneath reappear in
top layer

Use polymer grids
beneath overlay to
slow crack
propagation
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Table B-41 (continued)

Crack type Crack description Possible causes Possible remedy
Slippage cracking « Half-moon shaped cracks facing « Poor surface course-binder course ¢« Remove slipped
oncoming vehicles bonding area, tact coat
« Horizontal traffic forces binder course
« Water and dirt between interlayers surface and relay
« deficient asphalt mix surface course.
Block cracking Interconnected giant rectangular « Extreme asphalt temperature. « Small blocks - seal
shaped cracks « Poor compaction during e Severe blocks -
construction overlay

« Not traffic related

Edge cracking Similar to longitudinal crack in o Lack of support at shoulder from « Low severity —fill
appearance but starts on the side of weak material or moisture cracks
the road and then spread toward the e« Severe - remove and
centre over time patch
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