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Abstract

The study focuses on the issue of hot mix asphalt pothole repairs, the performance of which is
greatly reduced by repair edge disintegration. This is caused by low interface temperatures
which result in low density interfaces and poor repair bonding. The study examined heat flow
in shallow and deep pothole excavations under controlled pre-heating done in heating-cooling
cycles, referred as “dynamic heating”, and the effect of asphalt thermal properties on this.
Dynamic heating was applied with an experimental infrared heater operating between 6.6 kW
and 7.7 kW heat power and with the heater being stationary or moving above simulated
potholes at offsets of 130 mm and 230 mm. The study also examined heat flow in traditional
non-heated shallow repairs, referred as “static repairs”, and dynamic shallow repairs and the
effect of pothole pre-heating in repair adhesion. Finite Element modelling was also used to
enhance understanding of heat flow in the executed repairs. Then, the bonding properties and
rutting resistance of the repairs were assessed using shear bond tests (SBT’s) and wheel track
tests (WTT’s) respectively. The results showed that irrespective of excavation depth, heating
power and heater offset, temperature distribution in the pothole excavation and inside the slabs
under dynamic heat was non-uniform. Dynamically heating pothole excavations for
approximately 10 minutes yields better heat distribution than 20 minutes heating time while
minimising the possibility of asphalt overheating. The temperature profile at the interface of
the dynamically heated repair is improved when compared to static repair suggesting better
interface adhesion. A significant role in this profile is played by thermal contact conductance
which determines the resistance to pavement-repair thermal conduction per unit area at the
repair interface. This was reflected in the assessment and simulation of the repairs with the
latter generating reasonable transient temperature profiles within the dynamically heated
pothole excavation, at the interface of the repairs, and inside the host pavement. Further, the
shear strength at the bottom and side interfaces of dynamically heated repairs was 78.2% and
68.4% higher respectively than that of static repairs. On average, static and dynamic repairs
showed repair interface rutting depths of 14.82 mm and 10.36 mm respectively. It was
concluded that dynamically heating a pothole excavation increases repair interface adhesion

and repair durability.
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Chapter 1

Introduction

This chapter introduces the research background, aims and objectives of the
research, the research methodology and the layout of the Thesis. The tasks

conducted in order to achieve the research objectives are also described.

1.1 Research background

Asphalt is a material bound with bitumen as a binding agent. It consists of aggregate, bitumen
and air voids with aggregate making 94% to 95% of hot mix asphalt mass (Prowell, Zhang and
Brown, 2005). Although an asphalt pavement can expand and contract under temperature
variations and movement, it still deteriorates. The main causes of pavement distresses are
repeated traffic loading, environmental conditions, asphalt ageing, week subgrade and poor
pavement structure (Walker, 1984; Mfinanga, Ochiai and Yasufuku, 1996; Chatti, Salama and
Mohtar, 2004; Lesueur and Youtcheff, 2013). Typical failure modes are cracking, rutting,
ravelling and potholing (Adlinge and Gupta, 2013).

In addition to traffic and temperature related damage, exposure to water causes aggregate
dislodging, stripping and ravelling. Ravelling results from water infiltration into the pavement
which weakens the mastic and the mastic-aggregate bond. Repeated traffic loading and water
action leads to initial stripping, severe ravelling and then to potholing (Dawson, 2008).
Therefore, many potholes usually appear after wet weather conditions and are dramatically
increased after freezing and thawing cycles (Lavin, 2003). Potholes are well known for causing

traffic disruptions and accidents to road users.

Over recent years, the use of high-quality materials, that will protect the surface layer of an
asphalt pavement from weather conditions and high traffic loading, have been tried (Texas
Department of Transportation, 2011). However, increasing traffic volumes and heavier loads,
allied to repeated adverse weather are causing significant deterioration of the UK road network,
resulting in millions of potholes and failed areas (i.e cracking, stripping, and ravelling). The
Automobile Association (AA) survey, in which more than 22,000 people participated, revealed
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that 33% of participants have confronted damage to their vehicles due to potholes on roads. In
2013, the number of potholes, which has grown with the passage of the years, was found to

have increased up to 30% compared to the start of 2012 (Knapman, 2013).

According to the AA report in 2014, road deterioration in the UK had risen by 40% by March
2014 in comparison with October 2013 figures (The Automobile Association (AA), 2016). In
2015, the annual local authority road maintenance (ALARM) survey reported that 2.67 million
potholes were filled in England and Wales (Asphalt Industry Alliance, 2015). Between 2015
and 2018, the number of potholes filled dropped to 1.17 million. However, a quick repair is
undoubtedly going to fail prematurely. The situation becomes worse when the 2018 ALARM
report states that more than 38,600 km of local road will need to be repaired in 2018/19 (Asphalt
Industry Alliance, 2018). The poor riding condition of UK roads has generated significant
public dissatisfaction as road distress not only creates dangerous driving conditions but also

high repair bills for their vehicles.

Usually, the reasons for premature pothole repair failure are because (a) the patching material
is laid on failed areas and it is likely that the underlying materials are in poor condition, (b) the
quality of the repairs offered by the contractor differs as the skill levels of the teams responsible
for the repairs varies, and (c) fast cooling is observed at the edges of the repair due to cold
underlying asphalt layer resulting in low density interfaces and weak points prone to premature
failure. Other reasons that confirm the failure of road maintenance are the lack of technical
quality due to a lack of established guidelines or test methods, inadequate compaction, poor
surface preparation and overall inferior workmanship, as well as the lack of appropriate

guidelines for maintenance engineers on materials suitability in every patch repair situation.

Heating the underlying layer, prior to pothole filling and compaction, could possibly enhance
the bonding between the cold host pavement and the new hot-fill mix, decrease early edge
disintegration and repair failure and increase overall repair life, decrease repetitions of patching
and costs in labour, equipment, traffic control and long disruption times (Nazzal, Kim and
Abbas, 2014). Infrared, microwave or induction heating systems are used for this purpose and
have been studied by other researchers such as Clyne, Johnson and Worel (2010), Uzarowski
et al. (2011), Freeman and Epps (2012), Leininger (2015) and Obaidi, Gomez-Meijide and
Garcia (2017).
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Infrared technology has been used in pothole repair operations and repair of asphalt cracks for
more than thirty years, although not reported under controlled conditions. The effect of thermal
properties of asphalt mixtures in the heating process has not been considered nor the influence
of other parameters such as pothole geometry, environmental conditions and temperatures
achieved within the repair build. In addition, temperatures at the repair interfaces of current
repair practices have not been yet examined and correlated to repair failure. Further, heat flow
in asphalt pavement under infrared heat and during repair activity by also not previously been
reported.

1.2 Research objectives

The study aims to derive and evaluate a controlled pre-heated repair method through full scale
experimentation, scientifically based materials, construction, application and parametric
modelling for durable hot mix asphalt (HMA) pothole repair. The research program was
divided into four areas: firstly, a patented experimental infrared heater was studied and its
operation was investigated in empty pothole excavations of various depths to determine
optimum pothole pre-heating methods; secondly, non-heated and infrared heated pothole
repairs were executed using the optimum pre-heating methods, temperatures at the repair
interfaces were quantified, and HMA thermal properties were studied to understand heat flow
in the repairs; thirdly, pothole repairs were simulated using the finite element method to further
understand how temperatures are distributed in pothole repairs; fourthly, non-heated and pre-

heated pothole repair interface strength and durability to failure was assessed.

The objectives of the research are:

1. Comprehensive literature review on asphalt pavement failures, current asphalt repair
activities in terms of materials, methods, life cycle and parametric modelling;

2. Design and execute a detailed laboratory experimental programme to develop an
optimum infrared heating method by a controlled infrared heater at the interfaces of
shallow and deep pothole excavations in HMA pavement;

3. Develop an accurate temperature distribution profile in a pothole repair in an HMA
pavement;

4. Investigate the influence of thermal parameters such as thermal conductivity, thermal

diffusivity, thermal radiation and specific heat capacity in HMA repair;
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5. Develop a transient thermal parametric HMA repair model with appropriate parametric
options and calibrate against an experimental study;
6. Investigate the influence of the dynamic operation of the infrared heater for optimum

repair performance.

1.3 Research methodology and outline
To achieve the six individual research objectives, the tasks of Figure 1.1 were undertaken. The
tasks are described in detail below the figure and their position within the Thesis is outlined.

Task 1:
Literature
review

Chapter 2

.
Task 5:
Assessment
Chapter 8— of pothole — Chapters
repair ( ‘ 3, 4and 6

Pothole

repair

Task 4: Task 3:
Finite HMA
Chapter 7
P Element thermal Chapter 5

models properties

Figure 1.1 Research methodology tasks

Task 1: Literature review (Chapter 2)
a) Complete a review of general background of asphalt, pavement structures and
deteriorations of asphalt pavements
b) Review of existing pothole repair methods
c) Identify parameters affecting pothole repair performance and durability
d) Identify the gaps in the literature
e) Establish testing methods and British or International Standards for thermal

conductivity measurements for a range of asphalt pavement materials
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f) Determine testing methods and British or International Standards for quantifying and
comparing the performance of pothole repairs

g) Determine simulation of pothole repairs by three-dimensional (3D) thermal Finite
Element (FE) modelling

From b and c, the gap in knowledge was identified.

Task 2: Infrared heat in pothole repair (Chapters 3, 4 and 6)

a) Study the operation, temperature and heat power outputs of an experimental infrared
heater (Chapter 3)

b) Simulate pre-heated pothole excavations of various depths in the laboratory to identify
temperature feedback controls within the repair build, mainly using extractable
thermocouples. The analysis includes 45 mm, 75 mm and 100 mm deep pothole
excavations designed in HMA slabs (Chapter 4)

c) Simulate non-heated and pre-heated pothole repairs in the laboratory to quantify
temperatures at the repair interfaces using extractable thermocouples. The analysis is

done only in 45 mm deep pothole repairs constructed in HMA slabs (Chapter 6)

Task 3: HMA thermal properties (Chapter 5)

Complete measurements of thermal conductivity and calculation of capacitance parameters for
a range of asphalt mixtures that were also used to perform laboratory experiments described in
Chapters 4 and 6. Thermal conductivity measurements are done at room and elevated
temperatures in order to use the results to calibrate the pothole repair simulation models of the

research.

Task 4: Finite element models (Chapter 7)
Develop 3D FE modelling of pothole repairs to gain understanding of internal temperature
response to applied infrared heating and those of non-heated repairs in relation to experimental

work.

Task 5: Assessment of pothole repairs (Chapter 8)

Complete and evaluate pothole repairs by both traditional patching (non-heated pothole repair)
and pre-heated patching methods determined from the research. The selected tests are shear
bond test and immersion wheel tracking test.

-5-
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Literature review

In this chapter, asphalt pavement is initially introduced and parameters causing
pavement failures are identified. Then, the pothole, the major asphalt pavement
failure mode that this research is concerned about, is discussed in terms of pothole
repair methods, failure mechanisms and parameters affecting repair durability.
Since debonding emerges from the literature as a major pothole repair failure
mechanism, heating technologies are reviewed that may be used in the repair
operations and increase repair adhesion. Radiative heat flow in asphalt pavement
is then introduced followed by a review of simulation modelling that helps to
identify basic principles and parameters for the thermal behaviour of asphalt in
pre-heated pothole repairs. The chapter ends by addressing the gap in the
literature that motivated this research. Figure 2.1 below shows the organisation of

this chapter. The chapter aims to address the first objective of the research.

Introduction
(section 2.1)
,'g[ﬁ e pothole problen [}1, s1ble solution ( ! misation via FEA Igl ental evalua
Failures and repairs | Heat effect and transfer | | Simulation Repair performance

(sections 2.2 - 2.6)

| | S |

Research motivation
(section 2.11)

I

Summary
(section 2.12)

(sections 2.7 - 2.8) (section 2.9) ‘ evaluation (section 2.10)

Figure 2.1 Literature review chapter flow chart
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2.1 Introduction

Pavements constitute an important asset of developed countries such as the UK. They
contribute to the economic and social well-being at all levels. Pavements are widely divided in
to flexible (asphalt based structure), rigid (concrete based structure) and composite pavements.
In the UK, 95% of the road network is asphalt pavement. The role of the asphalt pavement is
to successfully facilitate traffic loading and distribute this to the subgrade without causing
significant deformation to the soil. It should also be less permeable to water ingress, offer skid
resistance, resistance to tire polishing and smooth riding to the road users (Nikolaides, 2014).
A typical asphalt pavement consists of, starting from top to bottom, the surface or wearing
course, binder course, base, sub-base, capping layer and subgrade (Thom, 2008). Figure 2.2

shows low and high volume asphalt pavement profiles.

Rt Thin asphaltic ‘chip-seal’ (<30 mm) Asphaltic
s surfacing & base layers
- Unbound aggregate layer(s) = Y
- =Base & Sub-base Unbound aggregate Sub-base -

Soil improvement layer (capping) /
-,

————————— Natural or imported (fill) subgrade

_________________ Natural or imported (fill) subgrade

(@) (b)

Figure 2.2 Asphalt pavement layer distribution: (a) low volume; (b) higher volume

(Dawson, 2008, p.6, image has been modified to standardised font)

The subgrade is the natural soil. It is composed of heavy clays, silts, sands and rock mixtures.
The strength of the pavement is considerably affected by the strength of the soil defined by its
stiffness and resistance to deforming under repeated traffic loading. The same parameters
determine the strength of granular materials. The capping, sub-base and base layers consist of
granular materials such as gravel, crushed rock and granulated industrial by-products or
hydraulically bound materials made of aggregate or soil mixed with a binding agent such as
Portland cement or fly ash and water. Hydraulically bound materials are characterised by their
stiffness, tensile strength and fatigue resistance. The base course may also be of asphalt which
is the material of the binder and surface courses (Thom, 2008).
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2.2 Parameters causing failure to asphalt pavement

Asphalt pavement deteriorates due to individual factors or a combination of them. These factors
are traffic loading, climate, bitumen ageing (Walker, 1984; Mfinanga et al., 1996; Adlinge and
Gupta, 2013; Lesueur and Youtcheff, 2013; Chatti, Salama and EI Mohtar, 2004), weak
subgrade and poor pavement construction practices (Adlinge and Gupta, 2013). Well known
failures are fatigue or alligator cracking; thermal or transverse cracking; longitudinal cracking;
block cracking; reflective cracking; slippage cracking; rutting; shoving; corrugation;
depression; overlay bumps; ravelling or stripping; and potholes; all shown in Figure 2.3.

2.2.1 Effect of traffic loading

Under the wheel load, pavement deteriorates due to deflection or bending caused in the surface
course (Figure 2.4). As the pavement bends, the upper part of the surface course is compressed,
and the lower part is stretched. Repeated bending leads eventually to fatigue cracking and
failure of the pavement (Walker, 1984; Lesueur and Youtcheff, 2013). The greater the axle
load and its number of repetitions, the higher the deflection of the pavement and the shorter its
lifespan. To protect the pavement from axle loads both surface and base courses have a
significant role. The surface course must be strong or thick enough to endure wheel induced
stresses. The base course is dual role is to successfully distribute the wheel load into the
subgrade without damaging it and protect the pavement against moisture damage (Walker,
1984). Pavement deteriorations due to traffic are fatigue cracking, rutting, loss of skid

resistance, bleeding, block and reflective cracking and others (Lesueur and Youtcheff, 2013).

2.2.2 Effect of climate

Air temperature and rainfall significantly affect the performance of asphalt pavement. The
temperature influences the creep properties of the asphalt, the thermally induced stresses, the
low-temperature cracking, the fatigue cracking, the rutting and the performance of the
subgrade. The effect of air temperature on the soil is significant during freeze-thaw cycles
(Mfinanga et al., 1996). The dramatic effect of rainfall in the asphalt and the underlying soil
layer is seen when water penetrates the pavement through top-down or bottom-up cracks
(Dawson, 2008). Moisture damages the bonding of the asphalt, reduces the strength of the soil
and decreases the support of the pavement causing alligator cracking, stripping, rutting
(Mfinanga et al., 1996; Adlinge and Gupta, 2013), flushing and potholing (Lesueur and
Youtcheff, 2013).
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Fatigue or alligator cracking Thermal or trasvere cracking Longitudinal cracking
(Shatnawi, 2008, p.1-8) (Uxbridge, London, UK 2016) (Uxbridge, London, UK

3 > B
Block cracking Reflective cracking Slippage cracking
(Uxbridge, London, UK 2016) (Shatnawi, 2008, p.1-8) (Washington Asphalt
Pavement Association, 2018)

Rutting Shoving - Corraion
(Uxbridge, London, UK 2016) (Pavement Interactive, 2018a)  (Pavement Interactive, 2018a)

" —

Depression erl y p o Ravelling or stripping
(Pavement Interactive, 2018b) (Shatnawi, 2008, p.1-11) (Uxbridge, London, UK
2016)

Pothole -
(Uxbridge, London, UK 2016)

Figure 2.3 Asphalt pavement failures (photos are author’s own unless otherwise stated)
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Figure 2.4 Impact of repeated traffic loading in asphalt pavement (Walker, 1984, p.1)

2.2.3 Effect of bitumen ageing

Bitumen chemical composition changes with time and reduces the performance of asphalt
pavement. The first effect of this chemical change is short-term and long-term ageing (Thom,
2008; Lesueur and Youtcheff, 2013). The second effect is bitumen absorption by the aggregates
(Thom, 2008). Short-term ageing of bitumen happens during mixing, transporting and
compaction. whereas, long-term ageing occurs during the service life of the pavement. As a
result, asphalt becomes vulnerable, it cracks and eventually fails (Thom, 2008; Lesueur and
Youtcheff, 2013). Common failures are stripping, accelerated ageing and cracking (Lee et al.,
1990).

2.2.4 Effect of subgrade strength

The performance of asphalt pavement is significantly reduced by poor subgrade (Adlinge and
Gupta, 2013). Soil must be prepared to endure traffic loading during the lifecycle of the
pavement. If neglected, the pavement fails, and fatigue cracking appears on pavement surface

course.

2.2.5 Effect of construction quality
Poor construction work in terms of material quality, layer thickness, compacting equipment
and moisture ingress during construction also lead to pavement failure. Well known distresses
are cracking, distortion, disintegration and loss of skid resistance (Roberts et al., 1991;
Shatnawi, 2008; Nikolaides, 2014).
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One result of the described failures from traffic loading, climate, bitumen ageing, subgrade
strength and construction quality is the pothole. This is shown in Figure 2.5 and further

discussed in the following section.

( Traffic loading w

Rutting Cracking #=——
Climate

Construction \ /
quality ‘ ‘

Pothole

Cracking Eutﬁng, stripping

Loss of skid ‘ ’ Stripping
resistance 1
Subgrade

strength Bitumen ageing

— racking4———"l

Figure 2.5 The pothole problem

2.3 Potholes

Even though the asphaltic surfacing of an asphalt pavement is designed to be a less permeable
layer compared to the other layers of the pavement (sub-base, capping and subgrade), water
does permeate into it. The ingress of water into the pavement and repeated traffic loading
deteriorate the mastic and the aggregate mastic-bond of the asphalt causing initially stripping
which develops into severe ravelling and then to the creation of potholes (Dawson, 2008;
Thom, 2008; Adlinge and Gupta, 2013).

Potholes appear in the form of small or large bowl-shaped holes on the pavement surface
(Shatnawi, 2008; Lavin, 2003). Prolonged cold wet weather on periods with cyclic freeze-thaw
conditions, such as occur in the UK, accelerate pothole development, (Lavin, 2003; Thom,
2008) cause high maintenance costs and generate significant public dissatisfaction (Thom,
2008) as road distress not only creates dangerous driving conditions but also high repair bills

for vehicles. Figure 2.6 shows the sequence of a pothole formation.
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Figure 2.6 Developmental pothole (Greke, 1979, cited in Dawson, 2008, p.180)

2.4 Pothole repairs

Common repair methods are pothole filling and patching. Pothole filling is performed as an
emergency repair using cold asphalt mixes, mainly during winter. Well known pothole filling
methods are: “throw and go”, “throw and roll”, semi-permanent and injection. Conversely,
patching is a permanent repair and is used to repair, as well as potholes, alligator cracking,
depression, rutting, corrugations and slippage cracking (Lavin, 2003). HMA is mainly used in

patching.

2.4.1 Temporary repairs

“Throw and go” is a simple and fast repair process. It is mainly done during the cool months
of the year. The material is simply thrown into the hole and allowed to be compacted by the
passing vehicles. Cold asphalt or stockpile mixtures are used to fill the holes which are not
cleaned or dried prior to filling it with asphalt. “Throw and roll” is similar to throw and go. The
difference between the two processes is that the compaction of the fill mixture for the throw
and roll method is done by the dump truck that transports the fill material at the repair site

(Figure 2.7(a)). Therefore, the “throw and roll” repair method is likely to be more durable than
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the throw and go repair. However, both methods aim to just quickly fill the pothole and reduce
the risks of road accidents due to pavement failure until a permanent repair is planned and
executed (Lavin, 2003).

Spray injection is a pothole repair method performed during cold weather. The patching
material is either cold asphalt or stockpile mixture. The repair starts by cleaning the pothole
from loose material, debris and water. Then, tack coat is applied and the patching material is
injected into the pothole with high pressure (Lavin, 2003; Kwon et al., 2018) (Figure 2.7(b)).

Compaction of
fill mixture by the s
wheel of a truck

Trailer-mounted
spray injection
s patcher

[FRNERE L

stockpile mixture

@) (b)

Figure 2.7 (a) Throw and roll; (b) Spray injection repair methods (McDaniel et al.,
2014, (a) p.6 and (b) p.7, label added by author)

Semi-permanent repair is a durable temporary repair method due to better adhesion of the fill
material with the old pavement as opposed to “throw and go” and “throw and roll” methods.
The semi-permanent method is preferred during mild weather conditions. The repair starts by
cutting and cleaning the failed pavement (Lavin, 2003) at a distance from the pothole 0.3 m
approximately (Washington State Department of Transportation, 2017). The sides are squared
to help the fill material to adhere to the existing layer of old asphalt. Then, the hole is filled
with the patching material and compacted with small and manually controlled rollers or
vibrating plates (Lavin, 2003; Thom 2008; Washington State Department of Transportation
2017). The patching material is either a dense graded or fine graded HMA (Lavin, 2003).
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2.4.2 Permanent repair (patching)

The process of patching (or else patch repair) is similar to the semi-permanent repair method.
However, in this method, if the failure of the pavement has reached the base or subgrade
courses, then all the distressed portion of the pavement is removed and rebuilt. The patching
material is dense or fine graded HMA to ensure adequate stiffness and repair durability in
contrast with cold mix asphalt. A major difficulty when using HMA as a patching material is
to complete compaction prior to the mixture reaching 75 °C to 80 °C (Delgadillo and Bahia,
2008; West et al., 2010). If this cannot be avoided, then, the result is low dense repair prone to
premature failure. Figure 2.8 shows the repair of a large area. For smaller repairs, the steps

described in Figure 2.8 are usually done with manually controlled equipment.

2.5 Parameters causing failure to patch repair

In traditional repair methods, the repair material is transported hot from the mixing plant to the
repair site. Depending on the method of transport, distance to the site and climatic conditions,
the temperature of the fill material when placed may be close to or below that required to form
a durable repair. The reason is that thermal segregation is initiated (Lavin, 2003; Thom, 2008;
McDaniel et al., 2014; Washington State Department of Transportation, 2017), which impacts
on repair compaction quality (British Standards Institution, 2015a) and bonding of the repair
with the host pavement. The geometry of the excavated pothole and the application or not of a
tack coat at the faces of the excavation also affect the repair adhesion with the underlying
asphalt (Thom, 2008). Thus, five parameters affecting patch repair durability emerge; all of

these are shown in Figure 2.9 and further discussed in sections 2.5.1 — 2.5.5.

2.5.1 Effect of transportation

The transportation method of HMA for a repair operation or road construction is vital for
securing the quality of the mixture. Usually, the asphalt material is prepared at the asphalt
production plant and then by using an appropriate vehicle is transported to the paving site. It is
during this stage where a great amount of aggregate and thermal segregation is detected in
asphalt (Bode, 2012). There are three usual types of vehicle for transporting asphalt named as
end dump, bottom dump or belly dump, and live bottom or flo-boy (Roberts et al., 1991; US
Army Corps of Engineers, 2000). The design of the trucks is aimed to maintain asphalt
temperature and properties from the time that is received at the production plant to its arrival
at the repair site. Therefore, the way that the material is dropped in the transportation vehicle
has a huge impact on the extent of aggregate segregation. Dropping the material onto the

-14 -



Chapter 2 Literature review

vehicle in one batch is less preferred than in smaller masses. Further, the truck bed should be
cleaned and lubricated to maintain the properties of the mixture and it should be insulated and

covered to help maintain the asphalt temperature (Huerne, 2004).

Cutting and

e removal of old Tack coat

distributor pai

Filling of
excavated
: pothole with

Compaction of
<2> new pothole fill
: mixture

Joint seal
S\ between old
| and new

Old pavement
material

Step 5

Figure 2.8 Permanent repair method (steps 1-4 from US Army Corps of Engineers
(2000, p.123, 126, 123, 124 respectively) and step 5 from McDaniel et al. (2014, p.7),
label added by author)
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Figure 2.9 Parameters affecting patch repair performance due to repair process inadequacy
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2.5.2 Effect of segregation

The term segregation includes both temperature segregation and gradation segregation. Stroup-
Gardener and Brown (2000) refer to also a third type of segregation that mainly appears in
stone matrix asphalt (SMA) mixes and is named as aggregate-asphalt segregation. Among
gradation and thermal segregation, the first term is defined as non-uniform distribution of
coarse and fine aggregates in the asphalt matrix whilst the second term is referred to as the
existence of temperature differentiations or else known as cold spots in the asphalt mix surface
(Stroup-Gardener and Brown, 2000).

Gradation segregation may be visually identified or by using sand patch testing (National
Asphalt Pavement Association, American Association of State Highway and Transportation
Officials, 1997) and nuclear density gauges (British Standards Institution, 1990). Thermal
segregation can be identified using thermal imaging (Rahman et al., 2013), ground-penetrating
radar, nuclear or density gauges, laser surface texture measurements and the seismic pavement

analyser (Stroup-Gardener and Brown, 2000).

Thermal segregation occurs throughout (a) HMA transportation between asphalt plant and
repair sites, (b) placement of the material in the pothole void and (c) compaction of the placed
material. The influence of thermal segregation during completion of these three steps is that
inadequate compaction and weak interface bonding between new and old asphalt mix may
occur (Byzyka, Rahman and Chamberlain, 2017b).

2.5.3 Effect of compaction

Compaction is the process of asphalt mix densification or change in volume. It is affected by
previous stages in the patch repair process and constitutes a significant factor in achieving
strong repairs in terms of surface smoothness (Huerne, 2004) and repair durability. Surface
smoothness relates to achieving road users’ satisfaction. Durability is linked to reducing the

number of repetitions of completed repairs and reducing repair costs.

The process of compaction, thickness of asphalt layers, roller type, environmental conditions,
composition of the aggregate minerals, viscosity of the bitumen, and the temperature of the
asphalt mix highly affect compaction. The composition of the asphalt mix, on the other hand,
is substantially related to the pavement traffic loading that the asphalt pavement structure is
constructed for and the weather conditions that the asphalt mix is composed for. Proper
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compaction offers high bonding between bitumen and aggregate, high friction between
aggregate particles and therefore high density. A strong mix with the described characteristics
reduces asphalt pavement deformation (Hartman, Gilchrist and Walsh, 2001; Commuri and
Zaman, 2008; Kassem et al., 2015). Common compacting equipment for new asphalt pavement
are light roller machines, static compaction and others. In pothole repair, suitable compaction
equipment are tampers, manually controlled vibratory plates and rollers (Thom, 2008;
Kloubert, 2009).

2.5.4 Effect of adhesion formation

Failure in interface bonding has been reported for patch repairs (Nazzal, Kim and Abbas, 2014).
The temperature difference between the existing asphalt pavement and new repair materials is
significant, possibly creating a low strength interface that can easily start to lose mix in a few
months of operation. This allows water to penetrate and further develop the repair failure. Other
aspects that strong interface bonding relies on are interface roughness and host pavement age.
The latter is included as pavement age has a direct relationship with the heating regime applied
by the pothole repair system. Addressing the interface issue is not only important from a repair
cost point of view but also being able to offer adequate riding conditions for road users. An
issue that has attracted a number of researchers such as Freeman and Epps (2012); Nazzal, Kim

and Abbas (2014); and Uzarowski et al., (2011) is the use of pre-heating of the pothole surface.

2.5.5 Effect of pothole geometry and preparation

The geometry and preparation of the repair excavation impact on compaction and interface
bonding between repair fill mixture and host pavement. A lack of well-defined excavation
geometry coupled with absence of an interbonding tack coat is commonly accepted to lead to

reduced repair performance (Thom, 2008; McDaniel et al., 2014).

2.6 Patch repair failures
As discussed above, pothole repairs may fail due to overall low-quality repair construction.
Common failures are bleeding, dishing, debonding, raveling, pushing and shoving (Anderson

et al., 1988, cited in Rosales-Herrera, Prozzi and Prozzi, 2007, p.7); all identified below:

= Bleeding is an excessive film of binder at the surface of the pavement
= Dishing is settling of asphalt repair mixture due to poor compaction
= Debonding is lack of adhesion of repair mixture with host pavement
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= Raveling means loss of material from fill mixture

= Pushing and shoving cause distortion of asphalt surface course due to asphalt displacement

Debonding is the main failure mechanism that concerns this study. Assuming that the pothole
excavation has been properly cut, cleaned from debris and water and tack coat has been applied
in the pothole excavation, the repair mixture may still not adhere with the host pavement due
to fast cooling at the edges of the repair. This happens due to cold underlying asphalt layer
during placement of hot-fill material, low temperature of fill mixture due to inappropriate
transportation of HMA from the production plant to the repair site and cold weather resulting
in low density repair interfaces and weak points prone to premature failure (Thom, 2008).
Several heating technologies have emerged to avoid debonding named infrared, microwave
and induction heating.

2.7 Infrared, microwave and induction heating in asphalt repair

Anderson and Thomas (1984) evaluated Pennsylvania’s pothole repair practices due to high
annual maintenance costs triggered by such repairs, repetitions of patching, excessive number
of potholes and increased public dissatisfaction due to roads being in a poor state. The authors
underline the importance of doing the repair right the first time and explain that such procedure
should include: marking of the distressed area to be removed; cutting; creation of vertical sides,
cleaning and tacking to help the new HMA to adhere with the host pavement; filling;
compaction; and edge sealing to stop water ingress at the repair interface (although edge sealing
not proven to respond well to such protection). The authors also refer to the use of infrared or
radiant heat in pothole repairs. They suggest that the technology is typically used for repairing
overlays, smoothing and blending utility cuts, and levelling of old patches. However, they do

not recommend the use of infrared heat for full-depth repair.

Blaha (1993) built an automated patching machine (Figure 2.10) to create high quality repairs
in terms of patching lifetime (this meaning repair quality and durability the same as the host
pavement), patching costs, traffic disruption time, effective patching process that allows repairs
throughout the entire year and productive heating time (this meaning low heating time to keep
repair time to a minimum). The machine was designed with an infrared heating system to heat
the surface of the failed asphalt only to its softening point and ensure high bonding between

the new fill mixture and host pavement.

-19-



Chapter 2 Literature review

Patching machine component layout from front to
back:

Pavement cutter (hydraulic. joystick operated)
Computer system in truck cab (dual processors,
optical disk drive)

Generator set (15 kW)

Vacuum filtration system and waste hopper
High volume, dual purpose blower

Liquid propane gas tanks for heating system
Dual hoppers for rock aggregate storage covered
by doors

Dual emulsion tanks for liquid asphalt emulsion
storage

Repair box enclosed area (doors unfold down to
pavement level)

Vision system cameras to view pavement (CCD
and 3-D laser scanning)

Robotic arm manipulator (moves the three tools
below)

Vacuum nozzle with extension to descend into
hole

Hot air lance pavement heating system

Patching material dispensing nozzle

Figure 2.10 Pothole repair machine with a heating system built by Blaha (1993, p. 55 for

the description of machine components and p.56 for machine image)

To integrate the heating system of the patching machine, the author needed to gather the
following information: host pavement and air temperatures; asphalt thermal properties; asphalt
heating time; and heater operating temperature to avoid overheating the asphalt. The author
used thermocouples and a handheld infrared thermometer to monitor heat flow and external
surface temperatures in asphalt samples respectively. However, the procedure of the
experiments and the study of heat flow to determine productive use of the heating system in
asphalt repair are unclear and roughly explained. The study jumps to the conclusion of 1 minute
heating time for a surface asphalt softening point between 71 °C and 82 °C with the heater set
to an extremely high heat power of 58 kW. To achieve such operation, microwave, electric

heaters and air propane burners were examined.

Air propane burners had the advantage to heat a large area of asphalt by using multiple heating
plates or moving the heater above the asphalt surface. However, the enclosure of such heaters
prevented the author from measuring asphalt temperatures during heat application. A propane-
fired lance was found to offer fast heating, controlled heating process and low operating and
maintenance costs. The lance blast temperatures and its heat application on the asphalt surface

were studied for 10 seconds and 14 seconds operating time respectively with the lance being
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at an offset 450 mm from the asphalt. It was found that the temperatures at the centre area of

the blast ranged from 49 °C to 93 °C and the asphalt temperatures were at 68 °C.

Thom (2008) refers to the use of infrared heat (named as direct heating) for crack repair. For
this kind of repair, the heater is put above the distressed area, then asphalt is heated to its
softening point, scarified to blend with the new HMA and finally compacted. The author
mentions the limitation of the system to heat asphalt up to 20 — 30 mm depth (this meaning
possible treatment of surface course rutting, top-down cracking or ravelling but not deeper
treatments) and that effective heating is achieved mainly when existing asphalt material is

uniform.

Huang et al. (2010) and Williams (2011) investigated the use of infrared heat for decreasing
longitudinal joint failures in asphalt pavement. The heater is shown in Figure 2.11. The
longitudinal joint failure mechanism is similar to pothole repair interface failure. Joint failures
happen due to high air void content in the joint, 5-10% higher than asphalt layers adjacent to
the joint (Burati and Elzghbi, 1987; Khandal and Mallick, 1996 cited in Huang et al., 2010).
High air voids mean easier penetration of water which accelerates bitumen oxidation and loss
of volatiles and leads to premature failure of the longitudinal joint expressed as longitudinal

cracking. This failure may happen within one year of pavement construction.

Figure 2.11 Heat Design Equipment, Inc. joint heater used in longitudinal joint
adhesion by Huang et al. (2010) and Williams (2011) (images source Williams (2011,
p.55), label added by author)
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Huang et al. (2010) studied a field longitudinal joint project in Tennessee between lanes of
HMA pavement with 12.5 mm aggregate size. The authors compared the effectiveness of the
infrared heat method in terms of joint quality improvement against six longitudinal joint
construction techniques prepared with joint adhesives and joint sealers. Air void content,
permeability, indirect tensile strength tests, water absorption tests and x-ray scanning were
employed to study the joint strength and air void joint distribution. The infrared heat method
was done with a propane fired heater pre-heating the cold lane up to 121 °C before placement
of the hot lane.

The results showed that between the adjacent lanes to the joint, the first paved lane had higher
air voids than the second paved lane due to unconfined state during compaction. If no joint
technique was used then the air voids were the highest. Joint adhesives and sealers did not help
in reducing air voids in the longitudinal joint area since they were used to increase the strength
of the joint. However, the infrared joint method gave a denser joint, reduced the permeability
coefficient along the joint and in nearby areas of asphalt and the indirect tensile strength was

increased due to better compaction.

Further, the study gave a very interesting analysis of air void content along the depth of the
longitudinal joint for infrared and control joint methods. High air voids were found for both
methods near the surface. Between 5 mm and 20 mm depth in the joint area, the air voids for
the infrared joint method decreased from 10% to 5% whereas, for the control joint method, air
voids were found to range between 7% and 10%. At 23 mm depth, the air voids for the infrared
joint method remained at 5% whereas for the control method they increased to approximately
11%.

Despite the extensive analysis of infrared joint construction method, the authors do not discuss
the effect in the heating process of asphalt from air temperature, environmental conditions,
asphalt thermal properties, heater offset from the asphalt, heater power operation, temperatures
on heater plate, heating time and heat flow in the joint. With such analysis, effective heating
procedures for longitudinal joint or general asphalt repair could be fundamentally

characterised.

Williams (2011) studied longitudinal joint adhesiveness at three field sites with 12.5 mm

Superpave asphalt surface mixes. The joints were tested in terms of their density, permeability
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coefficient levels and water absorption resistance. The tests were done to establish appropriate
assessments methods for quality assurance of joint construction methods and then use these
tests to assess the quality of eight joint construction techniques including an infrared joint
method for field projects. The infrared joint method was done with a propane powered infrared
heater supplied by Heat Design Equipment, Inc (Figure 2.11). The repair method and

adhesiveness quality were similar and comparable to that reported by Huang et al., (2010).

Clyne, Johnson and Worel (2010) used a 915 MHz microwave heater (Figure 2.12(a)) to repair
potholes in the field. The method is described in detail in Johnson (2009). The patch material
was 100% recycled asphalt pavement (RAP). The air and old pavement temperatures were 0
°C and -2.5 °C - 3 °C respectively. The process was as follows: water and debris were removed
from the pothole; heating was applied to pothole area for 10 minutes until portions of the hole
reached 80 °C to dry and warm the failed asphalt surface; the hole was filled with a first lift of
RAP and heated for 20 minutes until the material reached 108 °C to 114 °C; the hole was filled
with a second lift of RAP and heated for 10 minutes; the two lifts were blended and compacted
with a hand-tamper and the wheel of a truck. After 3 months in service, more than 10% of the

patch material was lost mainly along the sides of the patch.

Uzarowski et al. (2011) researched the use of infrared heating in cracked asphalt repairs. Their
system, which had the ability to cover a large area, comprised a number of heaters (Figure
2.12(b)). The heating process included high and low heating of the cracked area for 3 to 5
minutes each with the high temperatures being applied first. The authors underline the
importance of the repair area being heated to not greater than 190 °C. The time to heat the area
is noted to be dependent on weather conditions, asphalt mix type, clean repair area (water and
debris removed) and asphalt starting temperature. Other parameters, however, to add that are
not mentioned by Uzarowski et al. are asphalt thermal properties, ageing of asphalt pavement
and heater configuration process e.g. heater offset from pavement, heater power, whether
moving or stationary heater above the failed area. Results obtained from cores revealed
appropriate densities and therefore effective compaction, with no degradation and strong
bonding between the host and repair asphalt materials. The study concluded that infrared
heating technology is efficient, cost-effective and can offer crack repairs that perform well for
13 or more years. However, to establish a detailed crack repair process with infrared heating
that fully replaces conventional crack repair methods further research is necessary such as study

of infrared heat application impact in asphalt oxidation.
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Freeman and Epps (2012) repaired 83 longitudinal cracks in San Antonio, Texas with infrared
heat. Heating was applied using a 45 kW HeatWurx heater (Figure 2.12(c)), at weather and
pavement temperatures 15 °C - 21 °C and 19 °C - 30 °C respectively. 56 minutes of heat raised
the asphalt temperature between 187 °C and 332 °C, this measured with an infrared camera.
The repair included: heating of cracks and intermediate material to desired temperature;
milling, sizing and mixing of the heated asphalt; application of rejuvenator to old asphalt to
reinstate its properties; filling with new HMA and compaction with a small vibratory hand
roller. The effectiveness of crack patch repairs by using infrared heating was defined by
subjecting cores of the repaired and unrepaired areas to bulk and maximum theoretical density
testing, resilient modulus and indirect tensile testing. All the repaired sites were visited 5 and
12 months after completion and it was revealed that some repairs performed well and others
had started to fail mainly by shoving and settling. However, the investigation showed good

repair bonding for cold weather patching.

Nazzal, Kim and Abbas (2014) evaluated winter pothole patching methods among which
infrared patching was included. In total 60 repairs were studied and infrared patching was
evaluated in terms of patch performance, productivity and cost-effectiveness. To undertake
infrared patching, the researchers used an existing industrial infrared asphalt heater (Figure
2.12(d)). The average patching duration was 20 minutes with 3 to 10 minutes allocated for pre-
heating. It is suggested, to pre-heat the old pavement until temperatures reach 135 °C to 190
°C levels. The authors suggest a heater offset from the pavement of 254 mm and that a lower

offset would burn the asphalt surface.

In the described studies from Clyne, Johnson and Worel (2010), Uzarowski et al. (2011),
Freeman and Epps (2012), Nazzal, Kim and Abbas (2014), only the surface temperature of the
formed repairs was measured. The authors suggest a heating pattern and arrangement between
heater and distressed area to soften the asphalt. However, the authors disregard the fact that
asphalt low thermal conductivity and high specific heat capacity and repair interface thermal
contact resistance make possible the coexistence of high surface temperatures and low repair
interface and pavement internal temperatures respectively. There is no acknowledgement of
the influences of repair geometry, climatic conditions heating pattern, compaction method,

asphalt ageing and temperatures of fill hot asphalt and host pavement. Further, the interaction
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between asphalt mixture and infrared heat has been studied mainly from on-site observations

under diverse climatic conditions, not from controlled laboratory tests.

Microwave
heating unit

v -,'. ) = Infrared heater
— 4 controlunit -

Muttiple

heating plates

(© (d)

Figure 2.12 Microwave and infrared heating machines used in asphalt repair by: (a)
Clyne, Johnson and Worel (2010, p.15); (b) Uzarowski et al. (2011, p.6); (c) Freeman
and Epps (2012, p.6); (d) Nazzal, Kim and Abbas (2014, p.20) (label added by author)

Leininger (2015) evaluated patch repairs in the field. Thermocouples were set on the asphalt
surface and at depths of 25 mm, 38 mm and 51 mm to measure temperatures for 15 minutes of
heating time. Some patches were done with two heating-cooling cycles and not continuous
heating. Intermittent heating made it difficult to measure temperatures of asphalt, however, the
method allowed deeper heating of asphalt. The heater is shown in Figure 2.13. Patches were
assessed for bulk density and indirect tensile strength at the repair joint. Further, both Finite
Difference Method (FDM) and Finite Element Method (FEM) were used to simulate infrared
heat in asphalt repair. The concept of the models was similar to the field projects for 15 minutes

continuous heating at 677 °C.
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Figure 2.13 Infrared heater used in a field asphalt pavement heating project by
Leininger (2015, p.25) (label added by author)

Findings from the study relate to the effects of density, rejuvenator and heating methods in
asphalt repair. Regarding the infrared repair method, the author found that when heat is applied
in heating-cooling cycles the indirect tensile strength is increased due to deeper heat penetration
and higher bonding between new HMA and old pavement. The voids of the patches was found
to range from 3% to 10%. The surrounding pavement during infrared heated repairs was found
to stay intact without any change in strength. The FDM model performed better than the FEM
model. This happened due to poor representation of infrared heat application. The calculated
data from the FDM model were found to be in good agreement with the measured data. The

FDM model is suggested to be useful for finding heat depth.

The study could be seen as a preliminary research approach for defining the relationship
between infrared heat and asphalt pavement. However, the study was conducted for a field
project and the effect of parameters such as asphalt mixture type, asphalt ageing, surface
cleaning and preparation, weather conditions, pavement moisture, density, pavement

temperature and asphalt thermal properties could not be controlled.
Figure 2.14 shows a general infrared heated repair method in asphalt pavement as it emerges

from the literature review. Parameters such as heater power setting, heater offset from asphalt

pavement, heating time and heating set up are not mentioned in this method since they are
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affected by many factors, i.e. environmental conditions, asphalt ageing, repair geometry and
type etc. that differ between studies described in previous paragraphs.

s

2. Setting-up of infrared heater

5. Application of rejuvenator to reinstate 6. Filling with new HMA
the properties of old asphalt mixture

7. Mixing old and asphalt 8. Compaction of edges firstly
materials and then inner part

Figure 2.14 General infrared heated pothole repair method (Nazzal, Kim and Abbas,
2014, p.26-27, image steps, font and label have been modified)
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Another heated patch repair was recently suggested by Obaidi, Gomez-Meijide and Garcia
(2017). The authors performed, analysed and evaluated in the laboratory pothole repairs using
asphalt tiles bonded in the pothole cavity with induction heating and slight compaction. Heating
time ranged from 1 second to 1 minute, this being decided by the time when test specimens
started smoking. Induction heating was applied with a 6 kW induction heating generator at 50
mm offset from the asphalt pavement surface. The suggested pothole repair method included
cutting; clearing; use of styrene-butadienestyrene (SBS) bonding layer; fill with prefabricated
asphalt tile and finally welding of the tile to the road by induction heat (Figure 2.15).

- . \
4 13 |

SBS

Aggregate Bitumen g Bitumen
modifier

‘' v {

Asphalt tile

Metal particles in a
SBS bonding layer

) \ SBS melmbra.ne ) v /

Power generator
induction coil

Welding the asphalt tile
with asphalt tile to the road by induction

Figure 2.15 Pothole repair with induction heating and asphalt tiles suggested by Obaidi,
Gomez-Meijide and Garcia (2017, p.593, image has been modified to standardised font)

Tensile bond tests (TBT’s) and shear bond tests (SBT’s) were used to evaluate the tensile
adhesion strength and shear strength respectively of the repair interface. The authors found that
depending on the number of bonding layers, percentage of open area of loose fibres and
induction heating time, maximum TBT and SBT were 0.35 MPa and 0.2 MPa respectively. In
the case of the repairs with chicken wire of 37% to 74% open area, the TBT ranged

approximately from 0.1 to 0.37 MPa and the SBT ranged from 0.04 to 0.13 MPa.
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Further, in the study of Obaidi, Gomez-Meijide and Garcia (2017), test samples repaired with
tiles and cold mix and test samples without any repair (original test samples) were tested using
the wheel track test. The results showed that test samples with asphalt tiles suffered 16.9%
more rutting than the original test samples. Rutting in test samples with cold mix asphalt was
approximately 40 times higher than in the original test samples. Therefore, tests samples with
asphalt tiles outperformed repairs with cold mix. However, further research is suggested mainly
when the excavated pothole contains loose stones or dirt between the tile and the old pavement

or has uneven surfaces.

Finally, the use of microwave and induction heating with conductive materials has been
extended in asphalt healing operations. These studies have been reported by Liu et al. (2010);
Liuetal. (2011); Liu etal. (2012); Garcia et al. (2012); Gallego et al. (2013) and Norambuena-
Contreras and Garcia (2016) and others. Figure 2.16 shows a common induction heating unit.
No further discussion is done for these publications in this study since they extend their scope
of study and overall analysis and results of asphalt outside the scope of this study. The effect
however of microwave and induction heating application in bitumen and distribution of air
voids of dense asphalt mixtures investigated by Norambuena-Contreras and Garcia (2016) is
found relevant to thermal tests done in this research with infrared heat application in asphalt
repair and will be referred again in later chapters.

Figure 2.16 Common induction heating coil (Liu et al., 2010, p.1209)

2.8 Radiation heat transfer in asphalt pavement

Thermal radiation is emitted by any object with a temperature above 0 degrees Kelvin (-273
°C). Typical transmission of radiation is by electromagnetic waves that are defined by their
wavelength and frequency categorized by the electromagnetic spectrum. The infrared portion
of the spectrum is from 0.7 microns (equal to a 7e”” m) to 103 microns (equal to a 1 m). The
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energy transmitted by an infrared heater is proportional to its temperature. The higher the
temperature, the shorter the wavelength and the higher the amount of energy radiated (Modest,
2013).

When the transmitted radiation energy of the heater hits the asphalt surface, then infrared heat
transfer occurs. A portion of this radiation is absorbed and increases the temperature of the
asphalt mixture by conduction, whereas other portions are transmitted or reflected to the
surrounding area (Modest, 2013) (Figure 2.17). Therefore, in an infrared-heater-asphalt
thermal efficient relationship, the effectiveness of radiant energy emittance of the heater
(associated with the heater emissivity (€)), the transmitted percentage of radiative energy by
the heater that strikes the asphalt (associated with the view factor (F)) and the amount of this

energy absorbed by the asphalt (associated with asphalt emissivity (g)) are dominant.

Other parameters to add to this relationship are asphalt thermophysical properties. These
properties affect heat transfer and storage inside the pavement initiated by the absorbed
radiation energy of radiative heat application on the surface of the pavement. There are two
distinct categories of these properties named transport and thermodynamic properties. The
transport properties relate to energy transfer through asphalt and are absorptivity (a), albedo
(1-a), emissivity (¢) and thermal conductivity (k). The thermodynamic properties relate to the
equilibrium state of asphalt mixture and are density (p) and specific heat capacity (cp)
(Bergman et al., 2011). In heat transfer analysis, the ratio of thermal conductivity to the heat
capacity of asphalt is thermal diffusivity (a), given by Eq. 2.1 (Chalbourn et al., 1996; Bergman
et al., 2011). Specific heat capacity cp is given by Eq. 2.2 (Hassn et al. 2016):

a = L
= (2.1)

where k = thermal conductivity, W/m K; p = density, kg/m?; and cp = specific heat capacity,
J/kg K.

1

P = ioter [maggregate X Caggregate T Mpitumen X Cbitumen] (2.2)

where m = mass of each material, kg; and ¢ = specific heat capacity of each constituent, J/kg
K.
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Figure 2.17 Radiation heat transfer in asphalt pavement

Thermal conductivity of asphalt is affected by the mixture type, aggregate type (Andersland
and Ladanyi, 2004), aggregate gradation (Mirzanamadi, Johansson and Grammatikos, 2018)
mixture density (Hassn et al., 2016), mixture temperature (Chadbourn et al., 1996) and
presence of moisture in the mixture (Hassn et al., 2016; Mirzanamadi, Johansson and
Grammatikos, 2018). For example, Hassn et al. (2016) found that as density increases thermal
conductivity may increase too since the voids of air in the mixture decrease. In addition,
moisture and freezing conditions may also increase asphalt thermal conductivity as reported by
Mirzanamadi, Johansson and Grammatikos (2018). However, asphalt thermal conductivity
may decrease at temperatures higher than 25 °C reported by Chadbourn, Luoma and Newcomb
(1996). Specific heat capacity and thermal diffusivity are both affected by thermal conductivity
levels. For example, Hassn et al. (2016) found that when air voids increase, and thermal

conductivity decreases then specific heat capacity and thermal diffusivity decrease too.

2.8.1 Measurement of thermal conductivity

There are two techniques to measure thermal conductivity: the steady state and the non-steady
state. Investigation of thermal conductivity with the steady state technique implies that the
measurement is done when the material has reached thermal equilibrium. Due to this
requirement, the technique is time consuming. The non-steady state technique gives faster
results since thermal conductivity is measured during the heating up of the material (Crompton,

2006). Tables 2.2 and 2.3 summarize steady state and transient techniques whose operation
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methods are explained in the following paragraphs. In these tables, the references from the
standards are not written as per Brunel Harvard referencing guide in order to fit them into the

tables. The correct referencing format is written in Table 2.1.

Three commonly used steady state methods are the absolute techniques, the comparative
techniques and the radial heat flow method. For the absolute technique, the sample test is put
between a heat source and a heat sink and then is heated with a steady-state power input. When
a steady-state temperature distribution along the length of the sample is reached, the
temperature difference 4T is measured by two thermocouples with a known distance between
them L. For a square plate, the thermocouples are put at a distance from the corners equal to
one-fourth of the measuring length of the sample. For a round plate, the thermocouples are
evenly spread out across the sample (American Society for Testing and Materials, 2004).

Thermal conductivity k of the sample is calculated using Eq. 2.3 in Table 2.2.

The comparative technique is similar to the absolute technique. However, to calculate thermal
conductivity of the test sample only the thermal conductivity of a standard material need to be
known as well as its geometrical parameters. Therefore, there is no need to calculate heat flow
Q. The test sample in the radial heat flow method is heated internally by a heat pipe which in
turn should be uniformly heated by an internal electric heater. The sample is kept between the
two heaters. The apparatus should also have thermocouples to control the temperatures of the
pipe, insulation, ambient temperature and heater power. When a steady-state radial temperature
distribution is reached, 47 is measured by two thermocouples with known radial coordinates r
(Flynn, 1963). Thermal conductivity k for both methods is calculated using Egs. 2.5 and 2.6
respectively in Table 2.2.

The non-steady state (transient) technique, consists of the hot wire and transient plane source
(TPS) methods (Table 2.3). To measure thermal conductivity k with the hot wire method, the
linear heat source is inserted at the centre of the sample. A thermocouple is also put at a known
distance from the hot line source. The thermocouple captures the temperature difference AT in
the sample for a specific duration of time that heat flows from the hot wire. Then, k is calculated
using Eq. 2.8 shown in Table 2.3. It is important to ensure that the test sample is put in a furnace
to maintain its temperature during the testing (American Society for Testing and Materials,

2001). The needle probe method is similar in execution with the hot-wire method. The
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difference between the methods is that the probe works as a heating element source and a sensor

for the needle-probe method (American Society for Testing and Materials, 2000).

The TPS method uses a very thin insulated metal disk that works both as a heat source and a
sensor. The metal disk is put between two similar pieces of sample with insulated external
faces, a constant current is applied to the metal disk to heat up the sample and the temperature
difference over time is captured (Bouguerra et al., 2001). Thermal conductivity is determined
from Eq. 2.9 in Table 2.3.

Table 2.1 Referencing guide for standards included in Tables 2.2 and 2.3

Standard name | References

ASTM C177:2004 American Society for Testing and Materials, 2004
BS EN 12667:2001 British Standards Institution, 2001

ISO 8302:1991 International Organization for Standardization, 1991
ASTM E1225:2013 American Society for Testing and Materials, 2013b
ASTM C518:2017 American Society for Testing and Materials, 2017
ASTM E1530-11:2016 American Society for Testing and Materials, 2016b
ASTM C335:1995 American Society for Testing and Materials, 1995
BS EN 1SO 8497:1997 British Standards Institution, 1997

ASTM C1113/C1113M-09:2013 | American Society for Testing and Materials, 2013a
BS EN ISO 8894-1:2010 British Standards Institution, 2010

ASTM D5930:2001 American Society for Testing and Materials, 2001
ASTM D5334:2000 American Society for Testing and Materials, 2000
ASTM D7984:2016 American Society for Testing and Materials, 2016a
BS EN 1SO 22007-2:2015 British Standards Institution, 2015b
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Table 2.2 Steady state technique for measurement of thermal conductivity (Q= heat flow, L=distance between thermocouples, A=sample

cross-sectional area, 4 T=temperature difference between thermocouples, p= heating power, Qioss= heat losses due to radiation, conduction

and convection, r=radial distance, H=height) (source Zhao et al., 2016 unless stated otherwise)

Techniques &

Schematic

Calculation of

Standards & studies

Sample

Limitations

methods
Absolute
technique

(Zhao et al., 2016, p.7)

thermal conductivity

Fourier’s law of heat

conduction:
_ QL
k= T (2.3)

Q =p — Quoss (2-4)

For test apparatus

and procedure:

e ASTM
C177:2004

e BSEN
12667:2001

e IS0 8302:1991

Rectangular
or
cylindrical
shape

’ Apparatus

Guarded-
hot-plate

Difficulty to measure AT
and determine heat flow
rate Q with heat losses
Qioss being present
Thermocouples should be
carefully chosen to
minimise heat conduction
through their wires

Large samples only can
be tested

Long testing time

Ay AT,L,

Comparative ky = k, 22221 (2.5) | For comparative cut- | Rectangular | Comparative Heat flow needs to be
technique A14T1L2 bar meter: or cut-bar controlled since it is
17 . . e ASTM cylindrical | meter neglected in the
ML {} e where elements with E1225:2013 shape megasurement
. numbers 1 and 2 Heat flow B hieved
represent the test : est accuracy achieve
sample material and For heat flow meter: meter (for when th_er_m_al
the standard material | ® ASTM C518:2017 low thermal conductivities of the test
respectively * ASTM E1530- condu_ct|V|ty sampl_e and stan_dard
(Zhao et al., 2016, p.7) 11:2016 materials) material are at similar
e BSEN 12667:2001 levels (Tritt, 2005)
Radial heat St b— = o Fourier’s law of heat | For test apparatus Cylindrical Radial heat Radial heat flow with no
flow method SCHROE 7 conduction for and procedure: shape flow meter heat losses should be

(Zhao et al., 2016, p.7)

cylindrical sample:

QIn(2)
k = —L (2.6)

2mHAT

e ASTM
C335:1995

e BSENISO
8497:1997

ensured

Long testing time
(Presley and Christensen,
1997)
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Table 2.3 Transient (time-domain) technique for measurement of thermal conductivity (47=temperature difference, Q=heat flow,

L=distance between thermocouples, p=heating power, D(p)=a dimensionless theoretical expression of sensor time-dependent heat

conduction, a=temperature coefficient of the resistivity, r=radial distance, H=height) (source Zhao et al., 2016 unless stated otherwise)

Calculation of

Techniques Schematic ‘ thermal Standards & ‘ Sample Apparatus Limitations
& methods . studies
conductivity
Hot-wire For test apparatus | Rectangular | Hot wire This method is used for
method and procedure for | shape method low thermal
- the hot-wire conductivity materials.
o method: Needle- Typical range of thermal
hot wire j gl g e ASTM probe conductivity for the hot
NS j s C1113/C1113M- method wire method is 0.08-2.0
s ® 09:2013 W/m K (ASTM
S « BSEN ISO D5930:2001) and for the
- ”“ s 8894-1:2010 needle-probe method is
~ flow — = 0.2-5 W/m K (ASTM
O For test apparatus D5334:2000)
g e sample T %T“/p and procedure for
(Franco, 2007, p.2498) g\‘ - §§ t.thS"-al-els:e method:
o158 D5930:2001
~ E e ASTM
N~ D5334:2000
Transient AT (p) = For test apparatus | Rectangular | Hot disk Close contact between
plane source Q D(¢) (2.9) and procedure: or cylindrical | instrument | the two solid pieces of
(TPS) Sl STk e ASTM shape sample should be
method t P D7984:2016 ensured. If the sample is
o= t_‘zl (2.10) e BSEN ISO not a solid i.e powder, it
iigls r 22007-2:2015 is difficult to achieve
-V (ZI?)gtljguerra etal, this contact between the
(Gong et al., 2014, p.20) ) upper and down layers
of the sample
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2.9 Simulation modelling of asphalt pavement and repair

Hermansson (2004) developed a simulation model to predict hourly asphalt pavement surface
temperatures during summer and winter time. Parameters such as hourly values of solar
radiation, air temperature and wind velocity data were input in the simulation. Long-wave and
short-wave radiation and convection losses were considered in the simulation. Thinner
elements were adopted for areas closer to the surface of the asphalt pavement and thicker for
deeper levels. Each element is assigned an initial temperature which starts to change in
accordance with heat conduction theory when the simulation is run. Heat flow depends on
thermal conductivity, specific heat capacity and thermal diffusivity of the asphalt. The model
was validated by in-situ temperature measurements on the surface and at 25 mm deep inside
the pavement. It was found that between measured and calculated data, an average error of less
than 2 °C existed. The model accurately simulated hourly asphalt pavement surface

temperatures for both summer and winter conditions.

Minhoto et al. (2005) developed a three-dimensional (3D) finite element (FE) model to
simulate the transient behaviour of asphalt pavement. The model consisted of a 3D asphalt
pavement geometry of constant thickness; homogeneous, continuous and infinite in the
horizontal direction and semi-infinite in the vertical direction. Heat transfer modes due to
conduction, convection and radiation were adopted in the simulation. For asphalt surface
convection and radiation, the film coefficient and emissivity were used. For internal heat flow,
the asphalt thermophysical properties (thermal conductivity, specific heat capacity and density)
were defined. Heat flux was applied on the surface of the pavement geometry to simulate solar
radiation. For boundary conditions, null heat flux was applied at all other surfaces of the
pavement. For the mesh, a finer mesh was adopted near the traffic loading and the reflective

cracking caused by this. The final eight-node elements were 13,538 in number.

Parameters such as hourly values of solar radiation, air temperature and wind velocity data
were input in the simulation. These parameters and internal pavement temperatures at seven
different depths (0 mm, 27.5 mm, 55 mm, 125 mm, 165 mm, 220 mm, and 340 mm) were
measured in-situ for 4 months. The internal pavement temperatures were captured using
thermocouples. The different locations of temperature measurements in the pavement were
chosen to cover distribution of temperatures along the depth of the asphalt pavement and were
used to validate the simulation model. The results showed good correlation between measured
and simulated date and a promising tool to simulate asphalt temperatures.
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Yang and Liu (2007) developed an FE modelling using ANSYS software to simulate field
temperature of asphalt pavement. The geometry of the model was designed with three asphalt
layers of 40 mm, 50 mm and 60 mm depths, a cement treated base of 400 mm depth and a
subgrade layer of 450 mm depth. All three modes of heat flow namely radiation, convection
and conduction were incorporated in the model. Since the model was built to simulate
temperature distribution and thermal stresses in asphalt pavement, the following parameters
were defined: density, specific heat capacity, film coefficient, thermal conductivity, emissivity,
stiffness modulus, resilient modulus and coefficient of thermal expansion. For the mesh, eight-

node elements were chosen.

The results showed that air temperature greatly affects temperature profiles in all asphalt layers
of a pavement but not temperatures within cement treated base and subgrade. This shows that
thermal cracking in asphalt pavement is rarely influenced by non-asphalt layers. Looking at
temperatures along the depth of an asphalt layer, temperatures on the surface are higher than at
the bottom of the layer. This because of the influence of asphalt thermal properties in internal
heat flow. The results also showed stiffness modulus and coefficient of thermal expansion have

a great influence in the calculation of thermal stresses in the pavement.

Tang et al. (2008) studied microwave heating for maintenance of asphalt pavement. The
authors simulated in the laboratory and using ANSY'S software heat distribution in asphalt
pavement for 2.45 GHz and 5.8 GHz magnetrons. The simulation model consisted of an asphalt
geometry 150 x 150 x 150 mm?®. The environment and pavement temperatures were set to 20
°C. The simulation was run for 200 seconds heating time and temperatures were measured at 0
mm to 150 mm deep inside the pavement geometry. For the laboratory testing, an asphalt block
500 x 500 x 300 mm? was built and 36 thermocouples were set in it. Temperatures were

measured every minute for 10 minutes heating time duration.

No comparison between measured and simulated data was done by the authors. Nevertheless,
the simulation showed at the end of 200 seconds heating time, temperatures at 0 mm to 135
mm depth ranged from 32.3 °C to 23.8 °C for the 2.45 GHz and from 66.7 °C to 37.3 °C for the
5.8 GHz magnetrons respectively. The experimental work showed temperature distribution
from the surface of the asphalt to 210 mm depth from 70 °C to 9 °C and 125 °C to 9 °C at the
end of 10 minutes heating for the 2.45 GHz and 5.8 GHz magnetrons respectively. The main
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conclusion from the study was that the 5.8 GHz magnetron can heat asphalt to a depth of 70

mm - 80 mm which is sufficient for most depths of asphalt distress repaired in China.

However, the authors did not consider the impact of asphalt mixture type, volumetric and
thermal properties of asphalt that significantly affect heat distribution in asphalt pavement.
Initial air and pavement temperatures for the laboratory tests conducted are also not reported.
Both parameters greatly affect temperatures in asphalt. Further, it seems that temperature
measurements in the laboratory were done in only one asphalt sample which makes the authors

argument, regarding the effectiveness of microwave heating, weak.

Zhu et al. (2009) developed a two dimensional (2D) mathematical heat transfer model of
microwave heating application for recycling asphalt pavement. The model was evaluated with
similar experimental work during which a compacted asphalt mixture was heated for 10
minutes and 15 minutes using a microwave heater with an output power of 0.65 kW. The offset
of the microwave heater plate from the asphalt surface is not mentioned, however, the author
suggests heating in heating-cooling cycles than heating continuously to achieve a more uniform
temperature distribution. Further, for the experimental tests, the author suggests the use of a
metal frame around the microwave heater for the safety of the operators. It would be interesting
to see if such frame contributes to more effective heating of asphalt while eliminating the effect
of wind in the heating pattern, however, no tests or discussion were done in this matter by the

authors.

The results from the mathematical model and the laboratory tests showed higher concentration
of temperatures in the middle of the asphalt sample and lower temperatures at the edges of the
sample due to heat loss. The increase of temperature during heating was non-linear. The
mathematical model showed that for 10 minutes of heating, temperatures increased from 18 °C
to 86.2 °C and then within 5 minutes of heater operation reached 143.4 °C. The author suggests
that this happened because the temperature increase rate is higher for mixtures with higher
initial temperature. However, the author did not consider the effect of asphalt thermal
properties in this result. Between the mathematical model and the laboratory tests, a 15 °C
difference was found for the highest asphalt temperatures achieved at the end of heating.
According to the author, this was due to energy reflected to the surrounding environment and
energy lost from the steel frame of the microwave heater during the experimental heating work.

These effects were not considered in the mathematical model.
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Rahman et al. (2013) designed a 3D FE model to simulate temperatures in the pothole repair
interface of an asphalt pavement. The model had two bonded geometries: the HMA repair of
300 x 300 x 100 mm? and the host asphalt pavement of 1000 x 1000 x 300 mm?3. An eight-
node brick element was used for the model. The repair geometry was assigned with an initial
temperature of 150 °C and the model was run for two different air temperatures, 22 °C and 5
°C. Further, thermal conductivity, specific heat capacity and density of asphalt mixtures were
kept constant. For boundary conditions, convection was applied only at the surface of the
pavement and repair. The model seems to have been simplified in terms of any moisture effect.

The simulation model demonstrated promising results. However, the authors did not define the
bonding condition in the repair interface, the boundary conditions at the faces of the host
pavement geometry (excluding the surface), the solar radiation at the surface of the pavement

and repair that may affect the simulated repair temperatures. No mesh refinement is reported.

Huang et al. (2016) simulated heating effects of asphalt pavement during hot in-place recycling
using the discrete element method. The authors managed to recreate for the simulation, the
non-continuity of asphalt material nature by taking a digital image of an actual core and input
that in the simulation. The geometrical model of the simulation comprised of three different
asphalt mixtures and had a total depth 180 mm. The boundary conditions of the two lateral
sides of the infinite horizontal direction of the model were neglected. Heat flow happens from
the surface of the pavement where induction heating application was expressed in terms of heat
flux at 175 °C. Surface and bottom pavement temperatures were considered constant at 20 °C
and 10 °C respectively. Thermal conductivity and specific heat capacity of asphalt materials
were measured in the laboratory and input into the simulation model. It is understood that the
authors used thermal contact resistance to simulate heat flow within asphalt material; however,
no other information is given or any discussion is done for this in the paper. Induction heating
application for hot-in-place asphalt recycling was simulated for continuous heating and
intermittent heating methods for a heating unit moving across the asphalt at 2 m/min and 6

m/min speed respectively.

From the simulation of continuous heating, temperatures showed a lowering trend from top to
bottom. For example, between 10 mm and 40 mm depth from the pavement surface,
temperatures were found to range from 100 °C to 51 °C. According to the authors this happened
because of asphalt low thermal conductivity and therefore slow heat conduction and
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temperature rise deep in the asphalt. However, the authors neglect to consider specific heat
capacity that defines the time and energy needed to increase mixture temperature. Further,
fluctuating temperatures were found nearer the surface of the pavement during induction
heating application. This happened because of fluctuating applied heating the effect of which
was lowered as heat flowed deeper in the pavement. It was also observed that heat continued

to flow inside the pavement even when the heater was temporarily stopped.

From the simulation of intermittent heating, temperatures followed a similar trend as explained
previously but higher temperatures. For example, between 10 mm and 40 mm depths from the

pavement surface, temperatures were found to range from 161 °C to 68 °C respectively.

The simulation model was validated with laboratory work. During the induction heating
experiments of asphalt material, temperatures were measured on the surface and at depths of
20 mm and 40 mm using thermocouples. The comparison between simulated and measured
temperatures showed larger difference for temperature distribution in the upper part of the
pavement but lower difference for the lower part of the pavement. Furthermore, it was seen
that simulated temperatures were generally higher than measured temperatures. These
happened because parameters such as wind speed and solar radiation were not considered in
the simulation and heat loss is less for the lower part of the pavement. However, it was
concluded that the simulation was a promising tool to analyse the heating effects of asphalt

pavement during hot in-place recycling.

2.10 Performance evaluation of patch repair

As discussed in section 2.7, methods such as indirect tensile strength, shear bond and wheel
tracking tests are used to measure the interface bond strength of asphalt pavement layers and
to assess the resistance of such materials under the wheel loading. However, there are no tests
that similarly evaluate the performance of pothole repairs. Therefore, in this study, shear bond
and wheel tracking tests were adopted for such evaluation (similar action was taken in Obaidi,
Gomez-Meijide and Garcia, 2017). Background information for these two methods is given in

the following sections.

2.10.1 Shear bond test (SBT)
Interlayer bonding of asphalt pavement mixtures can be performed in accordance with BS EN
12697-48 (British Standards Institution, 2013). This standard describes the apparatus and
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testing procedures for five methods: (a) torque bond test (TBT); (b) shear bond test (SBT); (c)
tensile adhesion test (TAT); (d) compressed shear bond test (CSBT); and (e) cyclic compressed
shear bond test (CCSBT).

This study chose SBT for laboratory testing of repair interfaces of HMA patch repairs. Typical
apparatus for SBT of a cylindrical sample is shown in Figure 2.18. Based on the BS EN
standard, to perform the test, the sample is conditioned for at least 5 hours in a controlled
temperature cabinet at 20 (+1) °C; then it is fitted and tightened between the lower and upper
shear rings of the apparatus with sample shear interface aligned between the two rings; the load
frame is adjusted directly above the upper shear ring; and the test is performed with a loading
rate of 50 (£2) mm per minute. At the end of the test, shear stress is calculated using Eq. 2.11.
A simplified version of the SBT apparatus is presented in Raab and Partl (1999) cited in
Raposeiras et al. (2013) (Figure 2.19) and was adopted to fit the dimensions of test samples of

this study. The device and experimental work are shown in Chapter 8.
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Figure 2.18 Typical SBT apparatus (all dimensions are in mm, British Standards

Institution, 2013, p.13, image has been modified to standardised font)
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4P
TspT = HZBZT (2.11)

where tsgr = shear stress, kg/cm?; Psgr = vertical shear force, kg; D = initial diameter of

specimen, cm.

Asphalt
specimen

Figure 2.19 Simplified SBT apparatus (Raposeiras et al., 2013, label added by author)

2.10.2 Wheel tracking test (WTT)

The wheel tracking test (WTT) may be performed in accordance with BS EN 12697-22 (British
Standards Institution, 2003) and AASHTO T324 (American Association of State Highway and
Transportation Officials, 2004). Typically, a loaded rubber or stainless-steel wheel tracks the
asphalt sample under a specified load, speed and temperature. During the test, the sample is
submerged in water and rutting is measured automatically by the machine using calibrated
linear variable displacement transducers (LVDT). The BS EN test uses water simply to heat
the specimen up to a specified or investigated temperature by the researcher and maintain this
temperature during the test. The AASHTO test uses water to control the sample temperature
and to also initiate stripping after an initial phase of permanent deformation. For this reason, in
this study, the WTT was performed in accordance with the AASHTO test procedure. The wheel

tracking machine and experimental work of this study are shown in Chapter 8.

The AASHTO test is used for both laboratory compacted asphalt samples and field cores taken
from a compacted asphalt pavement. Both slab specimens and cylinder samples may be tested.

The asphalt mixture may be of the researcher’s choice and in accordance with their scope of
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work. The AASHTO standard suggests thorough mixing and a conditioning procedure in
accordance with AASHTO R30 (American Association of State Highway and Transportation
Officials, 2006). Laboratory rectangular samples should be compacted with a Linear Kneading
Compactor and have dimensions 320 x 260 x (38 to 100) mm?® (Figure 2.20). Cylindrical
samples should be compacted with a Superpave Gyratory Compactor (SGC) and should be 150
mm in diameter with varying thickness 38 mm - 100 mm (Figure 2.21). Field cores and slabs
should be 250 mm in diameter and 38 mm in height and 320 x 260 x (38 to 100) mm? in size
respectively.

Figure 2.20 Demonstration of rectangular slab specimen and steel mould for wheel
tracking test (Controls, 2018, p. n/a, label added by author)
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Figure 2.21 Typical cylindrical sample and high-density polyethylene (HDPE) mould
used in wheel tracking test (Tsai et al., 2016, p.3, all dimensions are in cm unless stated
otherwise and image has been modified to standardised font)
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Further, the moving wheel of the wheel tracking machine is 203.2 mm in diameter and 47 mm
wide. The wheel load is specified at 705 (£4.5) N and moves with a maximum speed of 0.305
m/s. The test temperature should be maintained at similar levels during sample conditioning
and test duration and may be set between 25 °C and 70 °C. The test procedure is as follows: the
compacted sample and its mould are initially put in the tank and submerged in water; LVDT’s
are inserted in the sample; the water temperature is adjusted, and the specimen conditioned to
the specified test temperature; after this, the test starts after 30 minutes of final conditioning by
lowering the wheels onto the specimen and pressing the start button. The test ends either after
20,000 passes have occurred or when 40.90 mm rutting depth has been reached (20.0 mm is
commonly selected as maximum rutting depth by many researchers (i.e. see Tsali et al., 2016;
Obaidi, Gomez-Meijide and Garcia, 2017). A typical wheel tracking test curve is shown in
Figure 2.22. The stripping inflection point is calculated using Eq. 2.12.

" Inverse stripping slope
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\Slope is the
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Figure 2.22 Typical wheel tracking test curve (Chaturabong and Bahia, 2017, p.341,

image has been modified to standardised font)

. . . . __ Intercept (second portion)—Intercept (first portion)
Stripping Inflection point (SIP) = Slope (first portion)—Slope (second portion) (2.12)

2.11 Research motivation
As established from the previous sections, one of the major distresses modes in asphalt

pavement is potholes. They can be locally developed and are created due to base or subgrade
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failure, poor drainage and poor workmanship during construction (Lavin, 2003, Washington
State Department of Transportation, 2017). The main objective of permanently repairing a
pothole is to a create high quality repair in terms of (a) patching lifetime (this meaning quality
and durability the same as the existing pavement), (b) low patching costs (caused by labor,
equipment and traffic control (McDaniel et al., 2014)), (c) minimum traffic disruption time ((c)
and (d) can be achieved by less repetitions of patching), and (d) effective patching process (this

referring to patching done in any weather conditions) (Blaha, 1993).

However, compaction of hot fill mix for patching operations has been always a struggle since
there is not sufficient time available to compact the mix with temperatures rapidly reaching
cessation levels (Thom 2008). Wind velocity and environmental conditions at the time of the
repair affect this rapid decrease in temperature. As a result, fast cooling is mainly observed in
the edges of the repair due to the cold underlying asphalt layer creating low density interfaces,
poor repair adhesion with host pavement and weak repair interfaces prone to premature failure
(Thom 2008, Uzarowski et al., 2011, Dong, Huang and Zhao, 2014).

Reflecting the above, in section 2.9 it was discussed how heating the underlying layer, prior to
pothole filling and compaction enhances the bonding between the cold host pavement and the
new hot-fill mix and decreases early edge disintegration and repair failure. Infrared, microwave
and induction heating technologies have been previously investigated for this purpose. Some
researchers state that the infrared repair method is not as efficient as microwave and induction
heating repair methods. However, it seems that this conclusion is taken due to lack of
fundamental experimental, theoretical and numerical simulation research work in the use of
infrared heat in pavement construction and repair. To address this, the author has concluded
that the effect of the following parameters in the infrared repair operation should be
investigated and fully understood: pothole geometry and depth; ambient temperature; host
pavement temperature; fill mixture temperature; host pavement and fill mixture thermophysical
properties; infrared heater properties; infrared heating time; infrared heat offset and position;
temperature distribution in host pavement external faces and heat flow inside the host pavement
during infrared heat application and repair work. This study works along these parameters to
assess the use of infrared heat in asphalt repair and set a scientifically based foundation for

infrared heated repairs. Below is described the status of each parameter set for this study:

e Pothole geometry: constant
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e Pothole excavation depth: variable

e Host pavement thermophysical properties: investigated

e  Fill mixture thermophysical properties: investigated

e Infrared heater properties: assumed constant (same infrared heater was used for all
experiments but with different operating power)

e Infrared heating time: variable

e Infrared heater offset from host pavement surface: variable

e Infrared heater position: variable

e Temperature distribution in host pavement external faces: investigated

e Heat flow inside the host pavement: investigated

2.12 Summary

The foregoing sections investigated asphalt pavement failures, pothole development, methods
to repair potholes and methods to evaluate the performance of HMA patch repairs in the
laboratory. Heat transfer in asphalt pavement was explored and simulation modelling of asphalt
pavement and repair temperatures were discussed. It was seen that the performance of patch
repair is greatly reduced due to faster loss of temperature and inferior compaction at the
interface. To avoid a cool repair interface, previously investigated studies suggest pre-heating
of the host pavement prior to repair using infrared, microwave or induction heating methods.
It was found that infrared heated pothole repair is under-explored and fundamental parameters
in an infrared-heater-asphalt thermal relationship ignored or not explored. It was also found
that radiation heat transfer in asphalt repair based on theory and simulation modelling were
also not reported. The next chapter presents the experimental infrared heating equipment used

in this study in patch repairs.
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Experimental infrared heating equipment

The chapter describes the experimental infrared heater used in this research to
perform dynamically heated repairs. The heater has the capability to control the
temperature of its heating element plates and apply static and dynamic heating.
The chapter also presents the experiments conducted to establish temperature
distribution on and below the heating element plate of the heater when operating
between 20% and 100% gas feed rates, the results from these experiments and the
calculation of the heater heat power for all gas feed rates. The reported
investigation was necessary because (a) no previous study has quantified the
performance of a heater and the exact output of the heater; (b) it helped to optimise
the heater heating operation, heating power, heating time and heating process
itself; and (c) the temperatures of the heater plate were used to calibrate the finite
element (FE) thermal simulations of Chapter 7. The chapter forms part of the

second objective of the research which is fully addressed in Chapter 4.

3.1 Heater operation

This study used an experimental infrared heater that had been developed and patented by
Chamberlain (2014), however, not previously used in asphalt research or commercial asphalt
pavement processes. The main advances of the presented heater are: (a) multiple heating
elements that configure to accommodate different sizes and shapes of pothole repairs; (b)
independent precise temperature control of individual heater elements; (c) precise motion-
controlled passage of the heating elements over the repair surface; (d) short message service
(SMS) messaging on system activity, including temperature and time base; and (e) global
positioning system (GPS). The heater and its central control unit are presented in Figure 3.1

and its operation process in Figure 3.2.
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Preparing patch heater for operation
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In the current research, not all the described functions of the heater were utilised or analysed
in-depth. The experiments were performed in a laboratory environment and there was no need
to move the heater to different construction sites or control the use of it remotely. One or two
heating elements were used depending on the scope of the study’s performed experiments.
Each heating element operates with a propane gas feed rate of 20% to 100% which is controlled
by the control unit (Figure 3.1(c)). The equivalent kW rating against percentage gas rate is

presented in section 3.5.

The ignition of the heating element occurs behind its surface which in turn emits infrared heat
that directly penetrates an asphalt surface beneath it as discussed in Chapter 2, section 2.8. To
understand how the heating element heats the asphalt surface, investigations described in
sections 3.2 — 3.3 were executed.

3.2 Temperature distribution on heating element plate

This cycle of experiments dealt with temperature measurements on the heating element plate
when operating between 20% and 100% gas feed rates. The temperatures were captured using,
initially, a handheld infrared thermometer (Omega, 2016a) and, later, for more precise
measurements, a 1.5 m long insulated thermocouple probe (Omega, 2016c¢) connected to a data
logger (Omega, 2016b). Temperatures measured with the handheld infrared thermometer
served as a guide for the secondary analysis. They were gathered by pointing on the plate at

five points along its 455 mm length for gas feed levels between 20% and 100% (Figure 3.3(a)).

The preliminary results (Figure 3.3(b)-3.3(f)) showed a continuous increase of temperatures
reaching after 350 seconds of heater operation an average of 840 °C, 858 °C, 904 °C, 946 °C
and 983 °C (accuracy 2 °C) for 20%, 40%, 60%, 80%, and 100% gas feed rate respectively.
Maximum temperatures were observed in the middle area of the plate, mainly for 80% and
100% gas feed rates. This preliminary study is published in the author’s paper Byzyka,
Chamberlain and Rahman (2017a).
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Therefore, for the secondary measurements, the plate was divided into fifty-two zones, giving
thirty-six temperature sampling point measurements on its surface (Figure 3.4(a)); twelve
points along the length of the plate and three points along its width numbered as 1-12 and a-c
respectively in Figure 3.4(b).
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Figure 3.4 Experimental set-up to measure temperatures on heating element plate: (a)

temperature sampling areas; (b) sketch of point temperature measurement grid

The probe is capable of measuring temperatures up to 1335 °C (accuracy £1.1 °C). The probe’s
connector (or plug) was set at 1.5 m distance from the plate and the end of the probe directly
below the plate. The plug was put on top of a wooden frame that consists of an insulating sheet
(Ebay, 2016) in the front of it. The sheet withstands temperatures up to 1000 °C. Twelve holes
were drilled through the insulating sheet to accommodate the previously described temperature

sampling points. The test setup is presented in Figure 3.5.
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(b)
1: Wooden frame 7: 3 parallel lines on the top surface of the
2: Insulating sheets wooden frame that represent the positions of
3: Data logger points a, b, and ¢ along the width of the plate
4: 1.5 m thermocouple probe (Figure 3.4(b))
5: Heating element plate 8: 12 holes drilled in the insulating sheet to
6: Laptop for data collection represent the positions of points 1 — 12 along

the length of the plate (Figure3.4(b))
9: Infrared patch heater controller

Figure 3.5 Experimental set-up to: (a) measure temperatures at points 1c - 12c of Figure

3.4; (b) measure temperatures at points 1a-12a and 1b-12b of Figure 3.4

Temperatures at points 1c - 12c¢ were measured from the left-hand side of the heater (Figure
3.5(a)) and temperatures at points 1a, 1b - 12a, 12b on the right-hand side of the heater (Figure
3.5(b)) for the probe to properly touch the heater plate. Any gap between the probe and the
plate affects the accuracy of the temperature measurements, which could not be completely
avoided. In total, 180 temperature point measurements were completed. The ambient
temperature during the experiments was 20 (+2) °C. The heating element ignites after 23
seconds to 26 seconds and its temperature is stabilised after approximately 90 seconds for all
gas feed rates. Thus, the temperatures were measured for 180 seconds. The results are shown
in Figure 3.6 with illustrated temperatures being the average of points a-c for temperature
sampling points 1-12 in Figure 3.4(b). The x-axes and y-axes of the contours in Figure 3.6 show
points of temperature sampling related also to Figure 3.4(b) at corresponding experimental

times.
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Figure 3.6 (figure continues on the next page)
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Figure 3.6 Temperature distribution on heating element plate for: (a) 20%; (b) 40%; (c)
60%o; (d) 80%:; and (e) 100% gas feed rates

To ensure that plate temperature was reproduced by the heater, temperature measurements at
points 1b, 6b and 12b shown in Figure 3.4(b) were repeated four times performing heating-
cooling cycles. This type of heater operation is from now on called “dynamic heating”. For the
experiment of this section, for the heating part of the cycle the heating element plate was turned
on for 180 seconds and for the cooling part it was turned off for 60 seconds. The test was
repeated at the same points for gas feed rates between 20% and 100%. The experiment set-up
was as previously described. The ambient temperature during the tests was 16 (+2) °C. The

results are presented in Figure 3.7.
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Figure 3.7 Temperatures on heating element plate during dynamic heating measured at
points 1b, 6b and 12b of Figure 3.4(b)

3.3 Temperature distribution below heater plate

A non-reflective, thermal insulation board was marked out (Figure 3.8(b)) as per the matrix

design shown in Figure 3.8(a); this was positioned below the heater at an offset of 300 mm
below the heater plate. T-type thermocouples (Omega, 2016d) were located on the indicated

49 positions of the matrix design. A series of five temperature measurements each of 5 minutes

in duration was completed; these captured the temperature distribution developed by the
heating element plate when operated at 20% to 100% gas feed rates. The ambient temperature
during the experiments was 29 (x4) °C. Real-time temperatures were captured using
thermocouples connected to a multi-channel data logger. The thermocouples measure
temperatures up to 250 °C (accuracy + 0.5 °C). The outcomes are presented in Figure 3.9. This

-57-



Chapter 3 Experimental infrared heating equipment

experimental work is published in the author’s paper Byzyka, Chamberlain and Rahman
(2017a).

@ Thermocouple

© Reference thermocouple

% u u o Heating element position

Thermocouple position
[ FRARERREEERNIREE .

(b)

Figure 3.8 Experimental set-up to measure temperatures below the heater: (a) matrix
design; (b) physical implementation of matrix
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Figure 3.9 (figure continues on the next page)
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Figure 3.9 Temperature distribution below heating element plate for: (a) 20%o; (b) 40%;
(c) 60%; (d) 80%; and (e) 100% gas feed rates

3.4 Heater cover

To defend against the effects of extended air movement, an insulating shield was built around
the heating elements. Initially, the cover was built of a high heat resistant tape (Figure 3.10(a))
(Textile Technologies Ltd, 2016) which later was replaced by thermal insulation sheets (Figure
3.10(b)) that allowed vertical movement of the cover for the different height operating

capabilities of the heater. The cover also ensured safe operation of the heater by the user.
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Figure 3.10 Infrared heater cover: (a) initial approach; (b) final design

3.5 Calculation of heater heat power

Heat power was calculated using the Stefan Boltzmann Law formula (Eg. 3.1):

P =€eoT*A (3.1)

where P = radiation energy, W; ¢ = Stefan-Boltzmann Constant 5.67x108 W/m? K* T =

absolute temperature, K; € = emissivity of the material; and A = area of the emitting body, m?.

For the absolute temperature, temperatures measured on the heating element plate as described
in section 3.2 and presented in Figure 3.6 were used. Since the temperatures of the plate
stabilised at their respective level of radiative heat for each gas feed rate (20% - 100%) after
approximately 1 minute 30 seconds of running time, only temperatures at the end of 2 minutes
of the heater overall operating time were used in the calculations. The emissivity of the heater
is 0.9 (Hermansson, 2001). The area of the heater is 0.075075 m?. The average heat power of
twelve temperature sampling points per gas feed rate is shown in Table 3.1. Appendix A shows

in detail the values used for all the parameters of Eq. 1.
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Table 3.1 Heater heat power

Gas feed rate | HeatPower (W) | Heat Power (KW)
20% 6635.33 6.6
40% 6712.24 6.7
60% 7146.72 7.1
80% 7539.39 7.5
100% 7697.47 7.7

3.6 Summary

This chapter introduced the experimental infrared heater used in the study and described
experimental work done by the author to correlate heater gas feed rates with corresponding
heater plate output temperatures and heat power. The next chapter utilizes the infrared heater
to study temperature distribution in shallow and deep HMA pothole excavations when infrared
heat is applied, correlate face excavations’ temperatures with corresponding infrared heat

power and find the optimum infrared heat method for shallow and deep potholes.
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Patch repair pre-heating method using dynamic heating

In hot mix asphalt patch repair, inadequate temperature at the interfaces is one of
the influencing factors for inferior compaction and poor interface bonding. To
enhance repair performance, a precisely controlled infrared pre-heating method
for patch repair has been investigated and presented in this chapter. HMA slabs
with 45 mm, 75 mm and 100 mm deep pothole excavations were subjected to
dynamic heating. Dynamic heating was applied with the experimental infrared
heater presented in Chapter 3, section 3.1. For the thermal tests of this chapter,
the heater was operating at 6.6 kW - 7.7 kW heat powers. In addition, the heater
was kept either stationary or moving slowly across the excavations at 130 mm and
230 mm offsets. The tests included evaluating temperature increase throughout the
excavations and inside the slab and effective heating time to warm up the asphalt
mixture of the slabs without burning the asphalt. The results were analysed to find
the optimum pre-heating method for 45 mm, 75 mm and 100 mm deep pothole
excavations in order to improve patch repair interface strength and increase repair

durability. The chapter aims to address the second objective of the research.

4.1 Experiments

4.1.1 Materials

The selection of the constituent materials of an asphalt mixture for the construction of a
pavement in a particular area depends mostly on traffic, climate and layer thickness. For
pavement structures designed to facilitate high traffic loading, a 40/60 penetration grade
bitumen binder is suitable for both base and binder courses, whereas the use of a harder bitumen
such as 30/45 penetration grade bitumen binder is suitable for surface courses. In the case of a
pavement structure designed for lower traffic loading, a softer bitumen type can be used for all
courses. Therefore, for base and binder courses the binder can be 70/100 penetration grade
bitumen and for surface course it can be either 70/100 or 100/150 penetration grade bitumen.
Further, for very high trafficked roads, modified bitumens may also be considered for surface
course. The choice of aggregates for all pavement courses depends on the demand in
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traffic for the specific area for which the pavement is being designed and the in-place
conditions where the pavement is going to be constructed (British Standards Institution, 2005).
Therefore, since the choice of bitumen and aggregates depends on the factors explained above
and the number of asphalt mixtures that results from the above is considerable, this study used

one type of dense asphalt mixture to conduct the research.

Thus, asphalt slabs were manufactured with 20 mm dense bitumen macadam (DBM). The mix
comprised of granite coarse and fine aggregate and limestone filler. The design of the mixture
conforms to BS EN 13108, part 1 (British Standards Institution, 2016b) (see Table 4.1). The
mixture gradation curve is shown in Figure 4.1. The binder used was 100/150 penetration grade
bitumen. The binder content (equal to 4.6%) complies with BS EN 13108, part 1 (British
Standards Institution, 2016b). The binder type complies with the Manual of contract documents
for Highway works, Volume 1, Specification for highway works (Department for Transport,
2008).

4.1.2 Preparation of HMA and construction of HMA slabs

To construct the slabs, the asphalt mixture was first prepared. The preparation of the aggregate,
filler and bitumen prior to mixing, the asphalt mixing and the procedure followed to control
the mix temperature conform with BS EN 12697, part 35 (British Standards Institution, 2016a)
and is shown in Figure 4.2. The slabs were constructed in batches of 7.6 kg. Twelve, seventeen
and eighteen asphalt batches were used to build slabs S1 - S4, S5 - S8 and S9 - S12 respectively.

The batches for each slab were all made at once and then they were used to build the slab.

The construction parameters of the HMA slabs are shown in Table 4.2. In total twelve slabs of
695 (5) mm x 695 (x5) mm were built. Each slab was designed with one pothole excavation
of 305 (£2) mm x 165 (x2) mm located in the middle of it. The depths of the excavations were
45 (£2) mm, 75 (x2) mm and 100 (£2) mm with respective slab heights 100 (£5) mm and 140
(5) mm. The size of the slabs was selected: (a) to fulfil the purpose of the experimental work
for this chapter and Chapters 6 and 8 where repair interface temperatures and strength are
discussed respectively; (b) to accommodate shallow and deep pothole excavations; (c) to help
limit heat losses during the thermal tests of this chapter and Chapter 6; and (d) build each slab

within the opening times of the laboratory with the only available 10 It capacity asphalt mixer.
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Table 4.1 20 mm size DBM in accordance with BS EN 13108, part 1 (British Standards
Institution, 2016b)

Sieve size: mm

passing selected

315 100 100
20 99-100 99.52
10 61-63 63.15
6.3 47 48.60
2 27-33 30.93
0.25 11-15 13.26
0.063 6 6.12
Pan 0 0
g
gn
z
10 —B=—8lab-20mm DBM
i}
0.01 0.1 1 10 100

Sieve size (mm)

Figure 4.1 Composition of slab asphalt mixture

The depths of the potholes were chosen to represent shallow and deep potholes considering
pothole depth range studied and stated by the following authors. Rahman and Thom (2012)
repaired potholes with 25 mm — 50 mm depths. Miller and Bellinger (2014) note that potholes
may be deeper than 50 mm. Dong, Huang and Zhao (2014) completed patches with an average
depth range of 25 mm to 75 mm. McDaniel et al. (2014) state that patch depth may range from
38 mm to 152 mm. In addition, the area of the pothole excavations was chosen to be close to
the size of the heating element plate of the experimental infrared heater used in this study and
represent sizes of potholes that may be found in field projects. For example, Dong, Huang and

Zhao (2014) note that they repaired potholes in field projects with surface areas ranging from
0.01 m?to 4.5 m?,
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Figure 4.2 Preparation of HMA batches: (a) sieving; (b) manual mixing of aggregates;

(c) drying and heating of aggregates and filler for (24 + 3) hours at 110 (£5) °C to a
ventilated oven; (d) heating of binder and mixer bawl for 3 hours and 1 hour
respectively at 140 (+5) °C to a ventilated oven; (e) mixing at 140 (¥5) °C; (f) HMA
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batches put into the ventilated oven at 140 (£5) °C until all mixes were ready for
building the slab

Table 4.2 Asphalt slabs construction parameters

Pothole

Slab . Slab size: excavation size: Construction Construction
Mixture (L) x (W) x (H) ' layers depth
no. 3 (L) x (W) x (H) layers
(mm?) (mm®) (mm)
S1
S2 20 mm
33 DEM 695 x 695 x 100 305 x 165 x 45 2 50, 50
S4
S5
S6 20 mm
57 DBM 695 x 695 x 140 305 x 165 x 75 3 50, 50, 40
S8
S9
S10 20 mm
S11 DEM 695 x 695 x 140 305 x 165 x 100 3 50, 50, 40
S12

The construction process for the first and the second lifts of the 45 mm deep pothole
excavations is shown in Figures 4.3 and 4.4 respectively. For the 75 mm and 100 mm deep
excavations a similar construction method was followed and is shown in Appendix B, but with
a larger number of batches and a larger number of aluminium tubes. The aluminium tubes
(Metals4u, 2018) were embedded between the batches of the slabs to help measure

temperatures during the thermal tests. This is described in more detail in section 4.1.3.

One slab could be constructed per day considering laboratory opening times. Each slab was
constructed upside down. Slabs S1 - S4 were compacted in two lifts, whereas slabs S5 - S12
were compacted in three lifts. Each lift was approximately 50 mm deep and was compacted for
7 minutes using a vibratory plate compactor as described in Standard Code of Practice, New
Roads and Street Works Act 1991, Specification for the Reinstatement of Openings in
Highways (Department of Transportation, 2010). The lifts were bonded together by pre-heating
each compacted lift for 3 minutes with infrared heat to an average surface temperature 110
(x10) °C. This was done because the surface mixture temperature of each lift prior to
compaction was on average 110 (£10) °C. The surface temperature was measured using an
infrared camera Flir C2 (Flir, 2018).
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The slabs were demoulded 19 hours after their construction. The pothole moulds were removed
using infrared heat. To do this, the heater was put above the pothole mould at 230 mm offset.
The mould was then heated two or three times for 45 seconds with 1 minute cooling time
between the heating times. This was done to allow heat to be conducted from the pothole mould
to the excavation wall and warm up the asphalt. The mould was then removed by manually
pulling it out. There was not any destruction observed in the excavations with the conducted

demoulding process.

Pothole mould

e l’;Aluminiu \

20 i DBM,
_asphalt layer -

Figure 4.3 Slab with 45 mm deep pothole excavation and embedded aluminium tubes to
accommaodate thermocouples for thermal tests — Preparation and compaction of first
lift: (a) moulds set up; (b) and (c) 4 aluminium tubes put between six asphalt batches of

first lift; (d) compaction of first lift; (¢) end of compaction

- 68 -



Chapter 4 Patch repair pre-heating method using dynamic heating
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+ Heating elements

Pothole mould
reflection

Aluminium tubes

Pothole's.

excavation a g

305 mm

Figure 4.4 Slab with 45 mm deep pothole excavation and embedded aluminium tubes to
accommodate thermocouples for thermal tests — Preparation and compaction of second
lift: (a) pre-heating of compacted first lift shown in Figure 4.3(e); (b) and (c) 3
aluminium tubes between six asphalt batches of second lift; (d) final batch poured and
lift ready for compaction; (e) compaction; (f) constructed slab turned upside down and
pothole mould removed after 19 h of construction; (g) slab section A-A’
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4.1.3 Method for measuring temperatures within the pothole excavation under dynamic
heating
T-type thermocouples (accuracy of 0.5 °C) (Omega, 2016d) were used to measure real-time
temperatures inside the slabs under dynamic infrared heating. The positions of the
thermocouples are described in Tables 4.3 and 4.4 and shown in Figure 4.5. Hollow aluminium
tubes, 4 mm in diameter, were put into the slabs during their construction. The tubes were used
to put thermocouples inside the slabs (Figure 4.5(d)) and measure internal mixture temperatures
during the application of infrared heat in the pothole excavations. For a 45 mm deep pothole
excavation, 4 slabs (S1-S4) were built in total and 7 aluminium tubes of lengths L1, L2 and L3
(Table 4.4) were put at varying depths inside each slab. Six tubes were fixed perpendicular to
sides 1 and 2 shown in Figures 4.3(b), 4.3(c) and 4.4(b) and one tube was positioned below and
near the bottom face of the excavation (Figure 4.4(c)). Although the positioning of the tubes
for all slabs was done similarly, the tubes moved during the construction of the slabs. This is
expected to have happened mainly during the compaction of the slab mixture. For example,
Tables 4.3 and 4.4 show that thermocouple T1 measured temperature at a depth from the slab
surface of 22 (£5) mm and a distance from the slab external faces of L2 = 243 (x5) mm (Figure
4.5). This means that temperature at T1 may have been measured at a depth of 17 mm - 27 mm
and at a distance of 238 mm - 248 mm. Similarly, nine aluminium tubes were set inside the

slabs for the 75 mm and 100 mm deep excavations.

Table 4.3 Position of thermocouples laying inside the slabs

Slab no. | Slab depth (mm) | Pothole exc. depth | Thermocouple (T) no. | Depth (d) (mm)

Side 1 Side 2
T1 T5 22 (£5)
T2 T6 42 (£8)
S1-54 100 45 mm T3 T7 66 (26)
T4 - 80 (£3)
T8 T13 40 (5)
T9 T14 65 (15)
S5-S8 140 75 mm T10 T15 80 (£10)
T11 T16 102 (£6)
T12 - 118 (+4)
T17 T22 25 (£5)
T18 T23 50 (£10)
S9-S12 140 100 mm T19 T24 75 (£10)
T20 T25 90 (£10)
T21 - 120 (£5)
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Table 4.4 Length of thermocouples inside the slabs from slab external faces

Lengths (mm)

L1 L2 L3 L4 LS L6 L7 L8 L9
165 165 243 360 165 243
243 (5) | 355 (+1) 360 (+5)
(13) (+15) (+15) (+10) (£15) | (+150)
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Figure 4.5 Demonstration of thermocouple positions and lengths laying inside the slabs
for: (a) 45 mm; (b) 75 mm; (c) 100 mm deep pothole excavations. The physical

implementation of the previous sketches is shown in (d)

T-type thermocouples (Omega, 2016d) were also used to measure temperatures at eight points

within the pothole excavations. A thin steel mesh was used to keep the thermocouples in place
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during the application of dynamic heat. The mesh helped also to retain the shape of the
excavations. Two thermocouples were placed at the bottom corner and mid-area of the
excavation respectively, four thermocouples were placed in the middle of the excavation
vertical sides, and two thermocouples in the mid-top periphery of the excavation (Figure 4.6
and Table 4.5).

Mid-top periphery

Pothole Mid-bottom §

excavation ==

Bottom corner

.
Y i ‘Qv;

% 3 8 thermocouples
Mid-side - i ~ ! tighten on the mesh
at different positions
(@) (b)

Figure 4.6 Thermocouples in the pothole excavation: (a) sketch; (b) physical

implementation

Table 4.5 Characterisation of thermocouples in the pothole excavation

Thermocouple positions

Pothole Bottom-

Slab no. Mid-side

depth corner
S1-S4 | 45mm T26 T27 T28 T29 T30 T31 T32 T33
S5-S8 | 75mm T34 T35 T36 T37 T38 T39 T40 T41
S9-S12 | 100 mm T42 T43 T44 T45 T46 T47 T48 T49

4.1.4 Description of dynamic heating method for thermal tests

The parameters of the thermal tests are summarised in Table 4.6. Dynamic heating was applied
in the pothole excavations using the experimental infrared heater described in Chapter 3,
section 3.1. The excavations were heated in heating-cooling cycles, referred to as “dynamic
heating”. For the heating part of the cycle, the heater was operating at heat powers 6.6 kW, 6.7
kW, 7.1 kW, 7.5 kW and 7.7 kW. The excavations were heated until the thermocouples closest
to the heating element plate (see T32, T33, T40, T41, T48 and T49 in Figure 4.6 and Table 4.5)
measured asphalt temperatures between 140 °C and 160 °C. This was done to avoid burning
the asphalt. Similar asphalt heating levels are also suggested by previous studies. Uzarowski et
al. (2011) suggest heating the repair area to a temperature not greater than 190 °C. Nazzal, Kim

and Abbas (2014) suggest to pre-heat the old pavement until temperatures reach 135 °C to 190
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°C levels. In addition, Huang, Xu and Jiang (2016) note that heating asphalt between 137 °C
and 226 °C reduces ageing or charring of asphalt binder. Asphalt ageing happens due to
volatilisation, oxidation, and other chemical processes. Asphalt oxidation should be avoided
because it leads to pavement failure due to asphalt binder hardening, change in viscosity,
asphalt separation, asphalt embrittlement, loss of bitumen cohesion and bitumen-aggregate
adhesion (Mill et al., 1992). For the cooling part of the cycle, the heater was simply turned off
and no heating was applied until temperatures of T32, T33, T40, T41, T48 and T49 reached
temperatures between 70 °C and 80 °C. Cooling was done to allow heat to be conducted within

the slab and warm up the asphalt mixture around the pothole excavations.

Further, the tests were conducted with heating applied at 130 mm and 230 mm offsets from the
surface of the slab. The heating elements were stationary above the excavations or moving
across the excavations. The moving distance within the heater steel frame was 1 m. This
distance could be automatically set to be covered by the heating elements in which case they

would be moving forward and backwards repetitively within the heater steel frame.

Table 4.6 Thermal test parameters
Heater offset from slab top Heater offset from slab top

surface: 130 mm surface: 230 mm
Heat Power Stationary Stationary
(kW) heater heater
S2 6.6, 6.7, 7.1, v
S3 75and 7.7 v
S4 v
S5 v
S6 6.6, 6.7, 7.1, v
S7 7.5and 7.7 N4
S8 v
S9 v
S10 6.6, 6.7, 7.1, v
S11 75and 7.7 v
S12 v

4.1.5 Thermal tests set up
Dynamically heating the pothole excavation is intended to improve common pothole repair
practices with or without pre-heating to ultimately increase interface bonding and therefore

pothole repair durability. The pothole pre-heating method discussed in this chapter would be
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expected to follow after the failed asphalt mixture of the pavement is removed and the
excavation is cleaned from debris and water. Since the pothole excavations studied in the
research were artificially created, these steps were not included in the described pre-heating

processes.

The thermal test set up is shown in Figure 4.7. It consists of the infrared heater with its frame
discussed in Chapter 3, section 3.1, the asphalt slab with its mould that helps to keep the slab
confined during the thermal tests, the thermocouples for real-time temperature measurement,
the data loggers and a laptop for real-time collection of temperatures. Sixty thermal tests were
completed in total (20 tests per pothole excavation depth). Temperatures were measured for a
duration of approximately 30 minutes. The tests were performed 30 days after the construction
of the slabs and measurement of thermal conductivity. As the sample size was big, this
timeframe was necessary to optimise laboratory resources during sample preparation and
production and carry out additional test (like thermal conductivity) on the whole sample. The

ambient temperature during the tests was approximately 21 (+1) °C.

i

i

G T ] et TR I
. Thermocouples and data loggers

Figure 4.7 Thermal test setup for stationary and moving heater

4.2 Asphalt thermal properties

4.2.1 Thermal conductivity (k)

For this study, thermal conductivity was measured at eleven points per slab (Figure 4.8(a))
prior to commencing the thermal tests. During the measurement of thermal conductivity, the
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ambient temperature was approximately 20 (x2) °C. At the same time, the temperature of the
slabs was approximately 21 (1) °C. Thermal conductivity was measured with the transient
line source (TLS) (Thermtest, 2018) shown in Figure 4.8(b). The temperature of the slabs was
also measured using the TLS. This method of thermal conductivity measurement was

discovered in the literature and was described in Chapter 2, section 2.8.1.

N9

TLS 50 mm needle
with thermal paste &

.= Potliole’
éxcavation

% inserted into
asphalt

11 holes of 4 mm (D) x 50 mm (H)
for k¥ measurement

All dimensions are in mm

Dimensions not shown in the bottom side
of the image are the same with the image top side

(b)

Figure 4.8 Measurement of thermal conductivity in asphalt slabs: (a) TLS 50 mm needle

with thermal paste; (b) TLS-50 mm instrument and sampling points for k measurement
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The TLS includes the TLS controller and a 50 mm needle designed for testing samples that are
tough to drill such as rock, concrete or asphalt samples. The TLS has an accuracy of 5% and
reproducibility of 2%. The TLS method follows ASTM D5334 (American Society for Testing
and Materials, 2000) and has been previously used in investigations of thermal conductivity by
Chadbourn et al., (1996), Blazquez et al. (2018) and Lu et al. (2018). To measure thermal
conductivity with the TLS-50 first 4 mm (D) x 50 mm (H) holes were drilled in the asphalt
slab (Figure 4.8(b)). Then, the excess powder in the holes created from drilling was blown out
with compressed air. The needle was covered with a thermal paste called Arctic Alumina
(Overlockers, 2018) (Figure 4.8(a)) before inserting it completely into the slab. The thermal
paste helps to fill any air gaps in the hole and promote good thermal contact between the slab

mixture and the needle. Thermal conductivity was calculated by the TLS using Eq. 4.1:

=L (4.1)

where k = thermal conductivity, W/m K; g = heating power, W; a = slope. The slope comes
from a plot of temperature rise in the sample when heated by the TLS versus the logarithm of
time (Thermtest, 2018).

4.2.2 Thermal diffusivity (a) and specific heat capacity (cp)
Thermal diffusivity (a) and specific heat capacity (cp) were calculated using Eg. 2.1 and Eq.
2.2 respectively described in Chapter 2, section 2.8.

4.3 Air voids content

The air voids content of the compacted asphalt slabs was calculated based on the calculation
of the maximum specific gravity and the maximum theoretical specific gravity of asphalt
mixture from cores extracted from the slabs. The bulk specific gravity (Gms) was determined
through the AASHTO T166, method A (American Association of State Highway and
Transportation Officials, 2007) and the maximum theoretical specific gravity (Gmm) was
calculated with Eq. 4.2 (Roberts et al., 1991). In this equation, the effective specific gravity of
aggregate (Gse) was taken as 2.65 and the specific gravity of bitumen (Gp) as 1.01 (measured
at 25 °C). The specific gravities were provided by the companies from where the materials
were purchased. Thereafter, the percentage of air voids in the mixture was calculated with Eq.
4.3.
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Wr
Gmm ~ Wagg Wac (4-2)
—+_
Gse Gp

where W+ = total eight of asphalt mixture, gr; Wagg = weight of aggregate, gr; Wac = weight
of total asphalt binder, gr.

VTM = (1-222) X 100% (4.3)

mm

where VTM = voids in total mix, %.

Figure 4.9 shows the coring rig (JKS UK LTD, 2018) used in this study and the locations from
where the cores were in general obtained from each slab. The cores were extracted throughout
the whole sample in order to test overall air voids distribution. Further, the cores were extracted
from the slabs at the end of the thermal tests conducted per slab. After the coring, the slabs

were not used in any testing.

~ Pothole excavation

Figure 4.9 Coring: (a) slab and coring rig; (b) locations of cores

4.4 Results and discussion

4.4.1 Thermophysical properties

Table 4.7 shows air voids, thermal conductivity, calculated specific heat capacity and thermal
diffusivity of the compacted asphalt slabs. The table shows values from the average of five
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cores per slab for slabs S1 and S2 and from the average of eight cores per slab for slabs S3 to
S12. The number of cores depended only on how many cores could be taken from the
constructed slabs. Slabs S1 and S2 where cored first and it was then seen that even more than
five cores could be taken. Appendix C presents in detail the thermophysical properties of slabs
S1-S12.

Table 4.7 Calculated average thermophysical properties of asphalt mixture and standard

deviation (SD) of results

pecific heat capacity

Air voids content (%)
SD of air voids content
(J/kg K)

Thermal conductivity

(W/m K)

—~
X
£
~
3
>
=
>
=
o
>
o
c
o
(&)

Core diameter (mm)
Core height (mm)
Thermal diffusivity
(x107) (m?/s)

T
=
e
(5]

<
=)

Y
o

(m)

w

SD of thermal diffusivity

(x107) (M?/s)

S1 | 72 | lcoreof55&4 | 1004 | 043 | 1.12 0.12 | 865.44 | 5.84 0.63
cores of 100 per
s2 | 72 slab 1051 | 071 | 1.05 | 0.12 | 865.44 | 552 0.63

S3 | 72 | lcoreof55&7 | 1199 | 032 | 098 | 0.06 | 86544 | 5.20 0.34
cores of 100 per
s4 | 72 slab 11.18 | 052 | 1.10 | 0.05 | 865.44 | 5.78 0.29
S5 | 72 1308 | 139 | 124 | 015 | 865.44 | 6.72 0.88

s6 | 72 | 2coresof65&6 | 1152 | 223 | 1.11 | 017 | 86544 | 5.86 0.89
cores of 140 per

S7 | 72 slab 1225 | 082 | 1.09 0.22 865.44 5.80 1.18
S8 | 72 1088 | 1.22 | 122 0.25 865.44 6.39 1.22
S9 | 72 10.74 | 0.32 | 1.00 0.08 865.44 5.26 0.46

s10| 72 | lcoreofd0&7 | 1079 | 052 | 1.16 | 0.06 | 865.44 | 6.08 0.31
cores of 140 per
S11 | 72 slab 1110 | 139 | 1.18 | 015 | 865.44 | 6.18 0.88

S12 | 72 1047 | 223 | 122 0.17 865.44 6.36 0.89

The results show that air voids content ranged from 10% to 13%. The effect of asphalt pre-
heating on air voids has not been investigated in this study due to lack of laboratory equipment
and no other study for infrared heated patch repair was found to mention it. However, the author
acknowledges that in some areas of the slabs, air voids may have been reduced, while in other
areas they may have been increased. This happens because when the temperature increases
bitumen tends to flow as a consequence of gravity. As a result, the internal structure of the
mixture can be redistributed and the air voids can be restructured. The areas affected by the
pre-heating would probably be those closer to the heated pothole excavation, near the heater
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where some cores were also taken or in the areas where heat was conducted due to excavation
pre-heating. The effect of asphalt heating in asphalt mixture air voids has been noted by
Norambuena-Contreras and Garcia (2016) in their study for self-healing of asphalt mixture by

microwave and induction heating.

Table 4.7 demonstrates that thermal conductivity of the asphalt slabs ranged from 0.98 W/m K
to 1.24 W/m K. The results show that thermal conductivity is significantly affected by the high
percentage of air voids in the slabs. This happened because air has much lower thermal
conductivity (0.025 W/m K (Eppelbaum, Kutasov and Pilchin, 2014) compared to the thermal
conductivity of granite aggregate (2.68 W/m K (Eppelbaum, Kutasov and Pilchin, 2014)) and
limestone filler (2.92 W/m K (Pan et al., 2017)) used in this study and binder (0.39 W/m K
(Pan et al., 2014)). High air voids also means lower interlocking between the aggregates of the
mixture, less thermal conductance paths into the asphalt mixture and therefore lower thermal
conductivity. This effect of air voids in asphalt thermal conductivity has also been reported by

Mirzanamadi, Johansson and Grammatikos (2018) and Hassn et al. (2016).

Further, in this study, thermal conductivity was measured with the TLS method. The TLS
needle was inserted into holes drilled throughout the slabs and thermal conductivity was
calculated by the TLS controller using the heat conduction equation. This means that the
measurement of thermal conductivity was affected by the distribution of mineral materials
around the drilled hole, the cleanliness of the hole and the thermal contact between the asphalt
mixture and the needle. In addition, specific heat capacity was found equal to 865.44 J/kg K.
Specific heat capacity is considerably affected by the temperature and mass of the asphalt
mixture. In this study, both parameters remained at similar levels for all slabs. Finally, thermal
diffusivity had been found to range between 5.20 x 107 m?/s and 6.72 x 107 m?/s. These values
were affected by the range of the thermal conductivity and volumetric heat capacity. The
discussed effect is also noted by Mirzanamadi, Johansson and Grammatikos (2018) and Hassn
et al. (2016).

In addition, Table 4.7 shows the standard deviation (SD) of air voids content, thermal
conductivity and thermal diffusivity results per slab. The SDs of air voids content were found
to range from 0.32% to 0.71% for S1-S4, from 0.82% to 2.23% for S5-S8 and from 0.32% to
2.23% for S9-S12. The SDs of thermal conductivity were found to range from 0.05 W/m K to
0.12 W/m K for S1-S4, from 0.15 W/m K to 0.25 W/m K for S5-S8 and from 0.08 W/m K to
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0.17 W/m K for S9-S12. The SDs of thermal diffusivity were found to range from 0.29 (x10
Y m?/s to 0.63 (x107) m?/s for S1-S4, from 0.88 (x107) m?/s to 1.22 (x1077) m?/s for S5-S8
and from 0.31 (x10") m?/s to 0.89 (x107) m?/s for S9-S12. Generally, it seems that the SDs of
all calculated thermophysical properties of asphalt mixture were higher for slabs S5-S12 which
were constructed with three lifts and had a post compaction height of 140 mm, whereas slabs
S1-S4, those with lowers SDs, were constructed with 2 lifts and had a post-compaction height
of 100 mm. Overall, the resulting deviations are considered acceptable for a non-homogeneous
material like asphalt.

4.4.2 Temperature distribution in pothole excavation and inside the slabs under dynamic
heating
The temperatures captured in the 45 mm, 75 mm and 100 mm deep excavation walls and inside
the slabs are presented in Figures 4.10 to 4.15. Figures 4.10, 4.12 and 4.14 show temperature
profiles for a stationary heater above the excavations, whereas, Figures 4.11, 4.13 and 4.15
show temperature profiles for a heater moving across the excavation. Each figure contains ten
graphs and demonstrates temperatures per thermocouple position at the end of approximately
10 minutes, 20 minutes and 30 minutes dynamic heating. Temperatures are reported for
operation of heater with 6.6 kW, 6.7 kW, 7.1 kW, 7.5 kW and 7.7 kW heat powers and for 130
mm and 230 mm heater offsets. The slab number used to perform the thermal tests and the
number of heating-cooling cycles for each dynamic heating time are also reported. All thermal
tests finished with the heating part of the cycles (or half cycle) and therefore the heating-cooling
cycles are reported with numbers such as 3.5, 6.5, 8.5 etc. For example, in Figure 4.10, for 10
minutes dynamic heating and the heater operating at 6.6 kW heat power at 130 mm offset, three
and a half cycles were done. For the three whole cycles, the heater was on and off repeatedly.
For the half-cycle, the heater was on for some time and then removed from the pothole pre-

heating procedure. The heating-cooling cycle procedure was also described in section 4.1.4.

Overall, the results show higher temperatures in the faces of the pothole excavation than inside
the slabs. This happened because the temperatures in the excavation increase due to radiation,
whereas, the percentage of the heater radiative energy that reaches the slab and is absorbed by
it will increase the temperature of the asphalt mixture inside the slab. The absorptivity of
asphalt mixture depends on the colour of the mixture, as light colour asphalt surfaces have
higher reflectance (Kyriakodis and Santamouris, 2018), and the surface roughness (Stephens
and Cody,1977). Hassn et al. (2016) showed that asphalt pavements with high percentage of
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air voids, like the slabs in this study, have higher reflectance than pavements with lower
percentage of air voids. This happens because the illumination surfaces and angles are higher
for high air void content mixtures (Stephens and Cody,1977). Once the heater energy is
absorbed by the asphalt, the increase of mixture temperature inside the slabs depends on initial
slab temperature and heat transfer mainly due to conduction which is dependent on the thermal

properties of the mixture.

4.4.2.1 Slabs with 45 mm deep pothole excavation

The heating effects of dynamic heating are shown in Figures 4.10 and 4.11. It is observed that
temperatures in the pothole excavation and inside the slab were increased non-uniformly. The
temperature increase rate inside the slab was higher for the first 10 minutes of heating than
between 10 minutes and 30 minutes of heating. This happened because thermal conductivity
decreases as mixture temperature increases. The effect of temperature in thermal conductivity
of asphalt mixture will be shown in Chapter 5. It has been also previously noted by Chadbourn
etal. (1996) for temperatures between 25 °C and 75 °C and by Pan et al. (2017) for temperatures
between -20 °C and 60 °C. Further, Pan et al. (2017) suggest that the decrease of thermal
conductivity at higher mixture temperatures is mainly affected by the thermal conductivity of
aggregates, as they account for more than 90% of the mixture than the thermal conductivity of
the binder.

Overall, temperatures measured in the mid-bottom of the pothole excavation (T26) exhibited
the highest increase in temperature and reached 140 °C to 160 °C. High temperatures but lower
than T26, mainly in the region of 120 °C to 140 °C, were observed in the mid-top periphery of
the pothole excavation (T32 and T33). There were two reasons that T26 had higher
temperatures than T32 and T33. Firstly, the uneven distribution of temperatures on the heating
element plate as shown in Chapter 3, section 3.2. Secondly, T32 and T33 were located at the
top of the excavation periphery and it seems that the heat loss was higher at those points than
at the bottom of the excavation. This also shows that the effect of the external environment was
higher for T32 and T33 than T26. In addition, the lowest temperatures were observed in the
sides (T28-T31) and the corner (T27) of the pothole excavation. This shows that the heater had
a larger view of the points located in the horizontal faces of the pothole excavation than the
points located in the vertical faces of the excavation. To this extent, temperatures for T28-T31
and T27 ranged from 80 °C to 120 °C.

-81-



Chapter 4 Patch repair pre-heating method using dynamic heating

Overall, temperatures in the pothole excavation were higher for 7.7 kW than for 6.6 kW.
However, no increasing or decreasing trend was observed for temperatures resulting from
heater heat powers in between the 6.6 KW-7.7 kW range. This means that temperatures in the
pothole excavation may either increase or decrease without depending on the heater heat power
between the heat power range noted above Similar reaction was also observed when excavation
temperatures were compared (a) between 130 mm and 230 mm heater offsets for stationary
and moving heater for each heater operating heat power and (b) between stationary and moving
heater for 130 mm and 230 mm heater offsets for each heater operating heat power.

Heat inside the slabs was transferred from top to bottom. Temperatures tend to increase during
the heating-cooling cycles but had a lowering trend from the top to the bottom of the slabs. The
latter is mainly attributed to the slow heat transfer due to low thermal conductivity and
volumetric specific heat capacity of the asphalt mixture of this study. Overall, thermocouples
T1 and T5 located closer to the top surface of the slabs captured temperatures between 40 °C
and 80 °C. Below T1 and T5, temperatures for T2-T4, T6 and T7 ranged from 20 °C to 70 °C.
A similar pattern of temperature increase between temperatures in pothole excavation and
inside the slabs was observed for the three different durations of dynamic heating with heater

being either stationary or in motion.
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Figure 4.10 Temperature profile in 45 mm deep pothole excavation and stationary

heater
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Figure 4.11 Temperature profile in 45 mm deep pothole excavation and moving heater
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4.4.2.2 Slabs with 75 mm deep pothole excavation

The temperature profile under dynamic heating is shown in Figures 4.12 and 4.13. Similarly,
with the 45 mm deep pothole excavation, temperatures inside the slab were lower than in the
excavations as a result of the thermal properties of the mixture. Temperatures inside the slabs
also showed a lowering trend from top to bottom. The effect of dynamic heating in the
temperatures of the excavation faces was larger for 230 mm heater offset than 130 mm offset.
This happened for all heat powers with the stationary heater above the excavation and for heat
powers between 6.7 KW and 7.5 kW for the moving heater. However, the temperature was at
similar levels in the pothole excavation for moving heater with 6.6 kW and 7.7 kW and 230
mm heater offset. The overall temperature distribution in the 75 mm deep pothole excavation
was more uniform than in the 45 mm deep pothole excavation for the stationary heater. T39
located in one of the vertical faces of the excavation was the only thermocouple that had lower
temperatures than the rest of the excavation. This may have happened because the
thermocouple moved or was mistakenly covered by a wire of the steel mesh that was holding

the thermocouples in place during the thermal tests.

From Figure 4.13, it is also observed that for the moving heater thermocouple T41 had
significantly lower temperatures than T40 although both thermocouples were located at the top
of the excavation. This happened because the heater was moving across the excavation and
perpendicular to the long sides of the pothole where T41 was located in the middle of it. The
air circulation due to the moving heater seems to have significantly affected and cooled down

the temperatures of T41 compared to T40.

Reflecting the above, between 10 minutes and 30 minutes heating for the stationary heater at
130 mm offset, temperatures for T34-T38 were 94 °C — 130 °C; for T39 were 76 °C — 91 °C;
for T40 were 143 °C — 150 °C; and for T41 were 106 °C — 136 °C. Meanwhile, at a heater offset
of 230 mm, temperatures for T34-T38 were 103 °C — 164 °C; for T39 were 89 °C — 129 °C; for
T40 were 135 °C - 146 °C; and for T41 were 90 °C — 134 °C (Figure 4.12). For the moving
heater at 130 mm offset temperatures for T34-T38 were 84 °C — 117 °C; for T39 were 51 °C —
74 °C; for T40 were 146 °C — 158 °C; and for T41 were 94 °C — 127 °C. Meanwhile, at a heater
offset of 230 mm, temperatures for T34-T38 were 96 °C — 140 °C; for T39 were 83 °C — 110
°C; for T40 were 140 °C — 156 °C; and for T41 were 90 °C — 137 °C (Figure 4.13).
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Stationary heater - 6.6 kW heat power
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Figure 4.12 Temperature profile in 75 mm deep pothole excavation and stationary

heater
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Figure 4.13 Temperature profile in 75 mm deep pothole excavation and moving heater




Chapter 4 Patch repair pre-heating method using dynamic heating

For internal slab temperatures, for both the stationary heater and heater in motion at 130 mm
offset, temperatures were fluctuating from 30 °C to 70°C for T8. This sensor was located closer
to the top surface of the slab. Below T8, temperatures ranged between 25 °C and 50 °C (T9-
T11 and T14-T16). Similar temperatures to T8 were captured from thermocouple T12 located
below the bottom surface of the pothole excavation. For 230 mm offset, the temperature profile
inside the slab did not change significantly. Specifically, T8 captured temperatures between 50
°C and 90 °C and temperatures for T9-T11 and T14-T16 ranged from 25 °C to 75°C and 20 °C
to 55 °C respectively. T12 measured temperatures between 40 °C and 75 °C. T13 showed
temperatures between 50 °C and 110 °C (Figures 4.12 and 4.13).

4.4.2.3 Slabs with 100 mm deep pothole excavation

The heating effects of dynamic heating are shown in Figures 4.14 and 4.15. Higher
temperatures were seen between the excavation and inside the slab. Temperatures inside the
slab were higher in the upper part of the slab and lower near the bottom of the slab. Both
temperature trends were seen for the 45 mm and 75 mm deep excavations. However,
temperatures measured in the 100 mm deep excavation were even more uniform than the 45
mm and 75 mm deep excavations. This may have happened because the deeper the excavation,
the smaller the effect of the surrounding environment in the cooling of the temperatures in the
excavation. Overall, temperatures for thermocouples T42 to T46 located within the excavation
ranged between 80 °C and 110 °C. The lowest temperatures in the excavation were seen for
T47. For this sensor, for the stationary heater and heater in motion at 130 mm offset,
temperatures were from 50 °C to 65 °C. For 230 mm offset, temperatures ranged from 65 °C
to 85 °C. The highest temperatures were observed in the top of the excavation. These
temperatures were captured by T48 and T49 and ranged between 110 °C and 160 °C. The effect
of cooling at T48 due to the heater moving across the excavation was mainly observed at heater
heat powers between 6.7 kW and 7.7 kW,

Inside the slab mixture, the temperature for points closer to the top surface of the slab ranged
from 30 °C to 70 °C (T17) and from 45 °C to 85 °C (T22). At lower depths, temperatures were
between 20 °C and 55 °C. These temperatures were measured by T18-T20 and T23-T25 and
were affected by the thermal properties of the mixture as already discussed. Finally,
temperatures between 30 °C and 55 °C were captured from thermocouple T21 located below

the bottom surface of the pothole excavation.
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Stationary heater - 6.6 kW heat power
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Figure 4.14 Temperature profile in 100 mm deep pothole excavation and stationary
heater
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Figure 4.15 Temperature profile in 200 mm deep pothole excavation and moving heater
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Chapter 4 Patch repair pre-heating method using dynamic heating

4.4.2.4 Optimum dynamic heating methods for 45 mm, 75 mm and 100 mm deep pothole
excavations
For each temperature sampling point, the effect of heater power, offset and state above the
excavations was analysed. This is discussed in sections 5.2.1 to 5.2.3. The optimum methods
were chosen after finding the method that offered the highest increase of temperature per
thermocouple, performed with a lower number of heating-cooling cycles, and low heat power
was used for the heating part of the cycles. To find the method with the described
characteristics, only the temperatures inside the slabs were examined for approximately 10
minutes of heating. The temperatures in the pothole excavation were not considered because
the results showed that same temperature levels were achieved with each heating-cooling cycle.

However, more heating time was needed to warm up the mixture of the slabs.

Further, the temperatures inside the slab were studied for 10 minutes of heating because the
results showed that the temperature increase rate was higher for the first 10 minutes of heating
than between 10 minutes and 30 minutes of heating. Secondly, because for pre-heating above
10 minutes of heating time, it was noticed that the faces of the pothole excavation became too
loose showing evidence of overheating the asphalt although no smoking of bitumen was
observed. If this happens in a field patch repair then the construction team would probably need

to remove much more asphalt mixture into the sound pavement than should be necessary.

Initially, the five best heating methods were chosen among the twenty thermal tests conducted
per pothole excavation. Figures 4.16, 4.17 and 4.18 present the selected five methods. In these
figures, the temperature increase per thermocouple location is compared against each method.
Then, the optimum pre-heating method for 45 mm, 75 mm and 100 mm deep excavation was
determined and shown in Figure 4.19, after eliminating the heating methods that did not meet

the criteria discussed in the previous paragraph.
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10 min heating - stationary heater at an offset 130 mm

10 min heating - stationary heater at an offset 230 mm

Patch repair pre-heating method using dynamic heating

200 200
180 . 180 =
2160 b £ 160 x
; 140 X E 140
2120 4 £
=100 2100
@ o
Z 80 £ 80 . .
£ 0 X X g 60 X
£ 40 s Py £ 40 . L
2 20 ¥ £ 20 3

0 0

T1&TS T2&T6 T3 & T7 T4 T1&TS T2&T6 T3 & T7 T4

Thermocouple No
6.7 kW heat power - 4.5 cycles
% 7.5 kW heat power - 3.5 cycles

® 6.6 kW heat power - 3.5 cycles
+ 7.1 kW heat power - 4.5 cycles
* 7.7 kW heat power - 4.5 cycles

10 min heating - heater in motion at an offset 130 mm

® 6.6 kW heat power - 3.5 cycles
+ 7.1 kW heat power - 3.5 cycles

Thermocouple No

% 7.7 kW heat power - 3.5 cycles

10 min heating - heater in motion at an offset 230 mm

6.7 kW heat power - 3.5 cycles
% 7.5 kW heat power - 3.5 cycles

200 200
180 ° 180 -
£ 160 X £ 160
g 110 g 140
g 120 g 120 3
£ 100 £ 100 >
o
ER:) . . £ 80
£ 60 x £ 60 i
153 153
g 40 % 2 £ 40 &
£ 20 2 £ 20 2
0 0
T1&Ts T2&T6 T3 & T7 T4 TI&TS T2 &T6 T3&T7 T4

Thermocouple No

6.7 kW heat power - 4.5 cycles
7.5 kW heat power - 4.5 cycles

® 6.6 kW heat power - 5.5 cycles
+ 7.1 kW heat power - 3.5 cycles
% 7.7 kW heat power - 4.5 cycles

® 6.6 kW heat power - 3.5 cycles
¢ 7.1 kW heat power - 3.5 cycles

Thermocouple No

% 7.7 kW heat power - 3.5 cycles

6.7 kW heat power - 3.5 cycles
% 7.5 kW heat power - 3.5 cycles

Figure 4.16 Temperature increase percentage per thermocouple for approximately 10

minutes heating in 45 mm deep pothole excavation
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Figure 4.17 Temperature increase percentage per thermocouple for approximately 10

minutes heating in 75 mm deep pothole excavation
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The time frames of heating-cooling cycles for optimum dynamic heating methods for all
excavations are presented in Figure 4.20. For 45 mm and 100 mm deep pothole excavations,
optimum heating methods with stationary heater and heater in motion are suggested. However,
to avoid heating a large area around a pothole excavation with an area of 305 x 165 mm?, the
stationary heater is preferable. In this study, for the thermal tests with the moving heater, it was
much more difficult to control the heated area around the pothole excavation because of the

heater settings with regard to heater moving distance in its steel frame of 1.55 m x 1.60 m.
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Figure 4.20 Heating — cooling cycle times for optimum dynamic heating methods for 45

mm, 75 mm and 100 mm deep pothole excavations
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4.5 Summary

This chapter experimentally investigated the temperature profile in asphalt slabs and various
depths of pothole excavations during dynamic infrared heat application. Temperatures were
studied for various slab-heater configurations. These were 130 mm and 230 mm heater offsets
and operating heat powers from 6.6 kW to 7.7 kW for stationary and moving heaters. For each
temperature sampling point, the effect of heater power, offset and state above the excavations
was analysed. Air voids content and thermal properties of the asphalt mixture were also
determined and used to explain temperature profiles in the pothole excavations and inside the
slabs when dynamic infrared heat was applied. The chapter ended by finding the optimum
infrared pre-heating methods for 45 mm, 75 mm and 100 mm deep pothole excavations. The
next chapter studies the effect of temperature, aggregate size, mixture composition and mixture
ageing on the thermal properties of three different hot asphalt mixtures. This was done to
further understand what effect the thermal properties may have in asphalt heat flow under

infrared heat and to calibrate the finite element simulations of Chapter 7.
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Chapter 5

Thermal properties of asphalt mixtures

In this chapter, thermal properties of specimens constructed with 20 mm DBM,
asphalt concrete (AC) 14 and AC 6 asphalt mixtures are presented. Density and
air voids of the compacted specimens are also shown. Thermal conductivity was
measured in the laboratory for non-aged, short-term aged and long-term aged
asphalt mixtures at three different temperatures 19 (x1) °C, 65 (£5) °C and 80 (5)
°C. Specific heat capacity and thermal diffusivity were calculated from equations
derived from the literature. Heat penetration depth was also calculated and shows
the heat from the thermal conductivity instrument heat source that dissipates into
the asphalt specimens. The results were analysed to determine the effect of air voids
content, transient line source (TLS) method, temperature and aggregate size in
thermal conductivity and the effect of ageing on the thermal properties of the
asphalt mixtures studied. The results of density, thermal conductivity and specific
heat capacity presented in this chapter were used to calibrate the simulation
models to be described in Chapter 7. The chapter aims to address the fourth

objective of the research.

5.1 Experiments

5.1.1 Materials and experimental program

Three dense graded asphalt mixtures were studied called 20 mm DBM, AC 14 and AC 6
covering mixtures that are normally used for binder and surface courses in asphalt pavement.
The mixtures comprised of granite coarse and fine aggregate and limestone filler. The binder
used was 100/150 penetration grade bitumen. The same aggregate, filler and binder were used
for specimens of Chapter 4, section 4.1.1 and those to be described in Chapter 6. The design of
the mixture and the binder content comply with BS EN 13108, part 1 (British Standards
Institution, 2016b). According to this standard, the binder content for 20 mm DBM, AC 14 and
AC 6 asphalt mixtures should be 4.6%, 5.1% and 5.2% respectively. However, to construct
specimens with air voids close to 5%, different sets of filler and binder contents were performed
for trial samples. The filler content in the trial mixtures was changed at 5 gr increments and
ranged from 145 gr to 160 gr for 20 mm DBM asphalt mixture, from 195 gr to 207 gr for AC
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14 asphalt mixture and from 190 gr to 210 gr for AC 6 asphalt mixture. The binder content in
the trial mixtures was changed at 0.5% increments and ranged from 53 gr to 67 gr for 20 mm
DBM asphalt mixture, from 59 gr to 71 gr for AC 14 asphalt mixture and from 77 gr to 82 gr
for AC 6 asphalt mixture. The final gradation and gradation curves of the mixtures resulting

from the trials are shown in Tables 5.1-5.3 and Figure 5.1 respectively.

Table 5.1 20 mm size DBM in accordance with BS EN 13108, part 1 (British Standards
Institution, 2016b) for 1035 gr of total aggregate

passing selected

Sieve size: mm

315 100 100
20 99-100 99.51
10 61-63 63.14
6.3 47 48.59

2 27-33 30.92
0.250 11-15 14.29
0.063 6 6.12

Pan 0 0

Table 5.2 AC 14 in accordance with BS EN 13108, part 1 (British Standards Institution,
2016b) for 1035 gr of total aggregate

Sieve size: mm | % by mass passing | % passing selected
20 100 100
14 100 100
10 77-83 80.36
6.3 52-58 55.82
2 25-31 28.65
1 14-26 20.23
0.063 6 5.50
Pan 0 0

Table 5.3 AC 6 in accordance with BS EN 13108, part 1 (British Standards Institution,
2016b) for 1035 gr of total aggregate

10 100 100
6.3 98 98
2 42-56 49
1 24-46 35
0.250 11-19 19.32
0.063 4-8 7.73
Pan 0 0
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Table 5.4 shows the executed experimental program and the materials used for the study. Forty-
five cylindrical specimens were built in total, fifteen per asphalt mixture type comprising five
non-aged, five short-term aged and five long-term aged specimens. All specimens were used
to measure thermal conductivity (k) in the laboratory at three different temperatures 19 (1)
°C, 65 (5) °C and 80 (%5) °C.

Pass perentage: %

20 mm DBM |
-B-AC-14
——-AC-6

0.01 0.1 1 10 100
Sieve size: mm

Figure 5.1 Composition of slab asphalt mixture

Table 5.4 Materials and experimental program

19 (+1)°C | 65 (+5) °C | 80 (#5) °C

C1-C5 Non-aged v v v
C6-C10 20 mm DBM | Short-term aged v v v
C11-C15 Long-term aged v v v
C16-C20 Non-aged N4 N4 v
C21-C25 AC 14 Short-term aged v 4 v
C26-C30 Long-term aged v v v
C31-C35 Non-aged v 4 v
C36-C40 AC 6 Short-term aged v 4 v
C41-C45 Long-term aged v v v

5.1.2 Preparation of test specimens

5.1.2.1 Non-aged asphalt mixtures

Figure 5.2 shows the steps for specimen preparation. Prior to sieving (Figure 5.2(a)), the
aggregates were dried for 24 hours at 110 (£5) °C in a ventilated oven. The preparation of the
aggregate, filler and binder prior to mixing, the asphalt mixing and the procedure followed to

control the mix temperature conform with BS EN 12697, part 35 (British Standards Institution,
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2016a). The preparation of the Marshall compaction hammer and the mould prior to
compacting the specimens and the number of blows per specimen side for compacting the
specimen conform to BS EN 12697, part 30 (British Standards Institution, 2012). Fifty
compaction blows were chosen for this study per specimen side.

e UL 7V
BIENNNNYYTT7 7777 -
L

(d)

Foot and
impact
hammer

Asphalt 'Sccon.d ‘
filter disk

mixture

Figure 5.2 Preperation of test specimens: (a) sieving (example for 20 mm DBM
mixture); (b) heating of aggregates and filler for 3 hours at 110 (+5) °C to a ventilated

oven; (c) heating of binder and mixer bawl for 3 hours and 1 hour respectively at 140
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(£5) °C to a ventilated oven prior to asphalt mixing; (d) heating of foot and impact
hammer and mould for 10 minutes at 140 (£3) °C to a ventilated oven prior to mixture
compaction; (e) the last 4 minutes of step (d) mixing of asphalt was done at 140 (£3) °C;
(f) pre-heated mould put onto the compaction pedestal and a thin disk was put on the
mould base prior to filling; (g) filling with asphalt mixture which was evenly distributed
with a heated spatula and the surface leveled; (h) cover of mixture with a second filter
disc; (i) compaction with the pre-heated foot and impact hammer of Marshall
compactor; (j) extruding of specimen from the mould with an extruding device after 3

hours of cooling

A trial specimen for each asphalt mixture type was first prepared prior to making the batches
for all specimens. The compacted specimen diameters and heights were 101.3 (0.2) mm and
62.0 (£0.7) mm respectively. The amount of asphalt mixture for a specimen was 1,100 gr. The
mixture for each specimen was prepared separately and compacted immediately after mixing.
The mixture temperature prior to compaction was 110 (x5) °C which differs from the one
suggested in BS EN 12697, part 35 (British Standards Institution, 2016a). The temperature was
monitored using an infrared camera (Flir, 2018). At the end of compaction, the specimens were
allowed to cool down for 3 hours and then they were de-moulded with the extruding device
shown in Figure 5.2(j). The specimens were stored in a hermetically closed container at 19 (+1)
°C (Figure 5.3) until testing.

Figure 5.3 Specimen storing after extracting them from their moulds

5.1.2.2 Short-term aged asphalt mixtures
Short-term aged asphalt mixtures were prepared as described in section 5.1.2.1 but prior to

compaction and immediately after mixing, the loose mixture was placed in a pan, evenly spread
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out and put for 4 hours at 135 (£3) °C to a ventilated oven (Figure 5.4) to achieve short-term
ageing. The mixture was stirred every 60 minutes to maintain uniform conditioning. The
described method of short-term ageing asphalt mixtures complies with AASHTO R30
(American Association of State Highway and Transportation Officials, 2006). The mixtures
were compacted immediately after conditioning. The compaction method, cooling time after
compaction, extraction from the mould and storing of specimens after extraction was done as

described in the previous section.

Figure 5.4 Conditioning of loose mixture for 4 hours at 135 (x3) °C to a ventilated oven

for short-term ageing

5.1.2.3 Long-term aged asphalt mixtures

The specimens for this section were prepared as described in section 5.1.2.1. After the
specimens were extracted from the moulds, they were stored for 16 hours in a hermetically
closed container at 19 (x1) °C (Figure 5.3). Then, they were covered with a steel mesh and put
for conditioning for 5 days at 85 (+3) °C into a ventilated oven for long-term ageing (Figure
5.5). The steel mesh was used to protect the specimens from expanding during conditioning.
At the end of conditioning, the oven was turned off and the specimens were allowed to cool at
room temperature for 16 hours. The described method of long-term ageing asphalt mixtures
complies with AASHTO R30 (American Association of State Highway and Transportation
Officials, 2006). In the end, the specimens were removed from the oven and stored inside the

hermetically closed container shown in Figure 5.3.
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Specimen

Figure 5.5 Conditioning of compacted specimen for 5 days at 85 (£3) °C to a ventilated

oven for long-term ageing

5.2 Air voids content

The air voids content of the compacted cylindrical specimens was calculated as described in
Chapter 4, section 4.3. This was done after cooling the specimens for 16 (x1) hours at 19 (+1)
°C after their extraction from the compaction mould (American Association of State Highway
and Transportation Officials, 2006).

5.3 Asphalt thermal properties and heat penetration depth

5.3.1 Thermal conductivity (k)

Thermal conductivity was measured with the transient line source (TLS) instrument presented
in Chapter 4, section 4.2.1. These measurements were conducted after the air voids of the
specimens were determined. Therefore, prior to measuring thermal conductivity, the specimens
were dried at 40 °C to constant mass in a ventilated oven. This was adopted after Islam and
Tarefder (2014) study and it took approximately 24 hours to complete. After drying, the
specimens were allowed to cool in a room at 19 (x1) °C for 24 hours. After cooling, thermal

conductivity was measured.

As described in Chapter 4, section 4.2.1 to measure thermal conductivity, first a hole 4 mm (D)
x 50 mm (H) was drilled in the middle of the specimen. Second, the hole was cleaned from
excess powder with compressed air. Lastly, the needle was covered with thermal paste called
Arctic Alumina (Overlockers, 2018) and inserted completely into the specimen. In addition,
the specimens were covered with an insulating sheet which was held in place with a steel mesh

to ensure no loss of heat during the measurements. However, the manufacturing company of
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the TLS equipment assured that the insulating sheet was not needed. This could probably be
justified by the results of the heat penetration depth to be shown in section 5.4 which
demonstrate that the heat applied by the TLS penetrates the mixture does not reach the

boundaries of the specimen outer diameter.

Figure 5.6(a) and 5.6(b) show the test set-up for measuring thermal conductivity at 19 (£1) °C
and at 65 (£5) °C and 80 (5) °C respectively. For the tests shown in Figure 5.6(b), the
specimens were put for 24 hours in a ventilated oven at 65 (+5) °C. Then, thermal conductivity
was measured inside the oven. After this, the specimens were let for another 24 hours in the

oven at 80 (x5) °C and thermal conductivity measured at the end of conditioning.

5.3.2 Thermal diffusivity (a) and specific heat capacity (cp)
Thermal diffusivity (a) and specific heat capacity (cr) were calculated using Eq. 2.1 and Eq.
2.2 respectively described in Chapter 2, section 2.8.

———

TLS needle Specimen

Steel mesh and
insulating sheet

@)

TLS controller

Cable connecting TLS
controller with needle

Specimen

(b)

Figure 5.6 Measurement of thermal conductivity (k) at: (a) 19 (x1) °C; (b) 65 (¥5) °C

and 80 (x5) °C (temperatures achieved with a ventilated oven)
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5.3.3 Heat penetration depth (d)

Heat penetration depth was calculated using Eq. 5.1 (British Standards Institution, 2015b). It
measures the depth a heat wave travels inside the asphalt mixture in the direction of heat flow.
In this study, the calculation of the heat penetration depth helps in understanding the volume

of mixture that participates and may affect the measurements of thermal conductivity.

d = K,/ attot (5.1)

where d = heat penetration depth, mm; k = 2, temperature recording sensitivity constant of the
TLS method used in this study; a = thermal diffusivity, (mm?/s); ti: = 150 seconds, total time

of TLS to measure thermal conductivity.

5.4 Results and discussion

Tables 5.5-5.7 show density, air voids, thermal conductivity, calculated specific heat capacity,
thermal diffusivity and heat penetration depth for all the asphalt mixtures studied. For each
specimen, thermal conductivity was measured three times. Thus, the results show the average

of the three readings. Appendix D presents all thermal conductivity readings.

Table 5.5 Main parameters of the 20 mm DBM asphalt mixture specimens studied

Heat
penetration
depth
(mm)

Air voids L Specific heat Thermal
Thermal conductivity . e
content (W/m K) capacity diffusivity
(%) (Jrkg K) (x107) (m?/s)

Density

(kg/m?)

Non-aged asphalt mixture

25°C 19°C | 65°C | 80°C 19°C
Cl 2,297 4.98 1455 | 1.062 | 0.873 883.96 7.17 20.74
C2 2,296 4.99 1.330 | 1.183 | 0.853 884.17 6.55 19.82
C3 2,290 5.25 1.906 | 1.464 | 1.053 884.64 9.41 23.76
C4 2,289 5.28 1.727 | 1.161 | 0.922 884.04 8.53 22.63
C5 2,280 5.55 1.907 | 1.142 | 0.928 885.29 9.45 23.81

Short-term aged asphalt mixture

25°C 19°C | 65°C | 80°C 19°C
C6 2,287 5.30 1.624 | 0.915 | 0.753 884.94 8.02 21.94
C7 2,287 5.35 1.697 | 0.997 | 0.884 884.46 8.39 22.44
C8 2,285 5.48 1411 | 0.699 | 0.631 884.03 6.99 20.47
C9 2,274 5.83 1.920 | 0.927 | 0.753 884.95 9.54 23.92
C10 2,266 6.08 1.788 | 0.808 | 0.611 886.06 8.90 23.11

Long-term aged asphalt mixture

25°C 19°C | 65°C | 80°C 19°C
C11 2,297 4.99 1.761 | 1.016 | 0.595 884.07 8.67 22.81
C12 2,289 5.23 1.561 | 0.831 | 0.365 884.73 7.71 21.50
C13 2,280 5.57 1.564 | 0.829 | 0.517 885.19 7.87 21.73
C14 2,265 6.17 1.626 | 0.822 | 0.436 885.40 8.11 22.05
C15 2,261 6.37 1.582 | 0.873 | 0.392 884.99 7.90 21.78
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Table 5.6 Main parameters of the AC 14 asphalt mixture specimens studied

. . . Heat
Density Air voids Thermal conductivity Speuﬂc_heat T_her_m?" penetration
(kg/m?) content (W/m K) capacity dlfngSIVItzy depth
(%) (J/kg K) (x10°") (m?/s) (mm)
Non-aged asphalt mixture

25°C 19°C | 65°C | 80°C 19°C
C16 2,320 4.67 1.427 | 1.339 | 0.996 885.32 6.95 20.42
C17 2,318 4.73 1.409 | 1.287 | 0.821 885.56 6.86 20.29
C18 2,317 4.75 1.748 | 1.284 | 0.944 886.06 8.51 22.60
C19 2,301 5.37 1.135 | 0.699 | 0.559 886.40 5.56 18.27
C20 2,295 5.65 1.184 | 1.041 | 0.835 886.27 5.82 18.69

Short-term aged asphalt mixture

25°C 19°C | 65°C | 80°C 19°C
C21 2,316 4.80 1.971 | 1.074 | 0.865 886.20 9.61 24.01
C22 2,311 5.04 1.820 | 1.121 | 0.914 885.60 8.89 23.10
C23 2,298 5.40 1.751 | 1.076 | 0.898 887.59 8.58 22.69
C24 2,293 5.65 1.871 | 0.875 | 0.975 887.31 9.20 23.49
C25 2,287 6.01 1.886 | 0.812 | 0.722 885.88 9.31 23.64

Long-term aged asphalt mixture

25°C 19°C | 65°C | 80°C 19°C
C26 2,294 5.76 1.681 | 1.055 | 0.829 885.38 8.28 22.29
c27 2,287 5.94 1.857 | 1.175 | 0.816 886.36 9.16 23.44
Cc28 2,284 6.09 1.738 | 1.041 | 0.858 886.34 8.59 22.70
C29 2,282 6.18 1.832 | 0.985 | 0.703 886.15 9.06 23.32
C30 2,278 6.43 1.970 | 1.140 | 0.840 885.14 9.77 24.21

Table 5.7 Main parameters of the AC 6 asphalt mixture specimens studied

Heat
penetration
depth
(mm)

Air voids L Specific heat Thermal
Thermal conductivity . ep
content (W/m K) capacity diffusivity
(%) (Jrkg K) (x107) (m?/s)

Density

(kg/m?)

Non-aged asphalt mixture

25°C 19°C | 65°C | 80°C 19°C
C31 2,272 4.55 1472 | 1.241 | 1.033 872.68 7.42 21.11
C32 2,270 461 1.346 | 1.121 | 0.896 872.79 6.79 20.19
C33 2,265 4.78 1.351 | 1.111 | 0.836 873.17 6.83 20.24
C34 | 2,263 5.04 1.625 | 1.296 | 0.963 871.70 8.24 22.23
C35 2,256 5.22 1.503 | 1.255 | 0.937 872.85 7.63 21.40

Short-term aged asphalt mixture

25°C 19°C | 65°C | 80°C 19°C
C36 2,279 4.20 1.670 | 0.779 | 0.855 873.31 8.39 22.44
C37 2,270 4.40 1.883 | 1.061 | 0.826 874.57 9.48 23.85
C38 2,257 5.09 1.741 | 0.744 | 0.732 873.42 8.83 23.02
C39 2,254 5.09 1.664 | 0.788 | 0.816 874.52 8.44 22.51
C40 2,248 5.42 1.741 | 0.798 | 0.817 873.74 8.86 23.06

Long-term aged asphalt mixture

25°C 19°C | 65°C | 80°C 19°C
Cc41 2,265 4.77 1.521 | 0.901 | 0.629 873.30 7.69 21.48
C42 2,265 4.81 1.673 | 0.981 | 0.712 873.04 8.46 22.53
C43 2,262 4.92 1.587 | 0.963 | 0.720 873.14 8.04 21.96
C44 | 2,249 5.39 1.731 | 1.037 | 0.729 873.60 8.81 22.99
C45 2,240 5.73 1.631 | 0.929 | 0.680 873.94 8.33 22.36
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The results show thermal conductivity measured at three different temperatures. However, the
calculations of the other parameters demonstrated in Tables 5.5-5.7 were done based on values
measured at 25 (£1) °C in the case of density and air voids content and at 19 (x1) °C in the
case of specific heat capacity, thermal diffusivity and heat penetration depth.

5.4.1 Density and air voids content

The air voids content obtained for all specimens ranged from 4.98% to 6.37% for 20 mm DBM,
from 4.67% to 6.43% for AC 14 and from 4.20% to 5.73% for AC 6 asphalt mixture. However,
the target air voids content was 5%. The variation of air voids from the target air voids content
happened because when using an impact compactor it is difficult to prepare the samples with a
specific air voids content. An impact compactor is a static compression method of compaction
that needs high pressures to apply to the mix to achieve the required density. The method lacks
a kneading action to re-orientate the aggregates and fails to optimize the distribution of
aggregates, binder and air voids content (Hartman, Gilchrist and Walsh, 2001). This affected
the density of the mixture which for this study for all specimens ranged from 2,261 kg/m?to
2,297 kg/m?® for 20 mm DBM, from 2,278 kg/m®to 2,320 kg/m? for AC 14 and from 2,240
kg/m3to 2,279 kg/m?® for AC 6 asphalt mixture.

5.4.2 Effect of air voids content and TLS method in thermal conductivity (k)

As is seen from the results in Tables 5.5-5.7, thermal conductivity measured at 19 °C for 20
mm DBM asphalt mixture ranged: from 1.33 W/m K to 1.907 W/m K for non-aged specimens;
from 1.411 W/m K to 1.788 W/m K for short-term aged specimens; and from 1.561 W/m K to
1.761 W/m K for long term-aged specimens. At the same test temperature, thermal conductivity
of specimens constructed with AC 14 mixture ranged: from 1.135 W/m K to 1.748 W/m K for
non-aged specimens; from 1.751 W/m K to 1.971 W/m K for short-term aged specimens; and
from 1.681 W/m K to 1.970 W/m K for long-term aged specimens. For specimens with AC 6
mixture, thermal conductivity ranged: from 1.346 W/m K to 1.625 W/m K for non-aged
specimens; from 1.664 W/m K to 1.883 W/m K for short-term aged specimens; and from 1.521
W/m K to 1.731 W/m K for long-term aged specimens.

The results showed that thermal conductivity did not depend on the level of air voids in the
mixture. This means that thermal conductivity did not follow an increasing or decreasing trend
when air voids were increasing or decreasing too. This probably shows that the variation of air
voids found in this study is too small to signify a directed change in thermal conductivity. For
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example, Hassn et al. (2016) and Mirzanamadi, Johansson and Grammatikos (2018) found that
for a large variation of air voids content (from 5.0% to 25.3% for the study of Hassn et al.
(2016) and from 2.0% to 10.0% for the study of Mirzanamadi, Johansson and Grammatikos
(2018)) thermal conductivity decreases when air voids increase. Hassn et al. (2016) used 20
mm maximum limestone aggregate size and 60/40 penetration grade bitumen, whereas,
Mirzanamadi, Johansson and Grammatikos (2018) used three types of asphalt mixture named
ABT11, ABS11 and AG22 which are classified as dense graded mixtures with 11 mm and 22
mm maximum aggregate sizes respectively. Further, the authors used 70/100 penetration grade
bitumen for ABT11and ABS11 and 100/150 penetration grade bitumen for AG22.

Nevertheless, excluding a direct effect of air voids in thermal conductivity, there is still a
variation in the thermal conductivity of specimens for each asphalt mixture type and
conditioning. This happened because, as previously noted, compaction with an impact
compactor affects the uniformity of air voids in the mix. This means that the area used by the
TLS instrument to measure thermal conductivity may have different distribution of air voids,
aggregate, filler and binder. The amount of exposure of these parameters also after drilling a
hole in the middle of the specimens to measure thermal conductivity and their properties will

affect thermal conductivity.

Thus, when thermal conductivity is measured with the TLS (or else the needle method) only a
part of the sample is used. This can be seen by the heat penetration depth results shown in
Tables 5.5-5.7 which for 20 mm DBM, AC 14 and AC 6 mixtures ranged from 19.82 mm to
23.92 mm, from 18.27 mm to 24.21 mm and from 20.19 mm to 23.85 mm respectively. The
specimens of this study consisted of coarse and fine granite with an average thermal
conductivity of 2.68 W/m K (this is affected by the porosity of the stone water content, local
characteristics, sampling dependence and mineralogical composition with granite depending
considerably on its quartz and albite content, Eppelbaum, Kutasov and Pilchin, 2014),
limestone filler of 2.92 W/m K (Pan et al., 2017), binder without additives of 0.39 W/m K (Pan
etal., 2014), air of 0.025 W/m K (Eppelbaum, Kutasov and Pilchin, 2014) and water of 0.565-
0.615 W/m K (depending on the test temperature).

The thermal contact between the needle and asphalt mixture surface may also affect thermal
conductivity measurements. This contact may be disturbed by entrapped air or remains of
granite and limestone dust from the drilling of the hole in the sample. It can also be affected by
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the non-uniformity of heat that moves away from the needle during the thermal conductivity

measurement.

5.4.3 Effect of temperature in thermal conductivity (k)

For all asphalt mixtures studied, thermal conductivity was considerably decreased between test
temperatures 19 °C and 80 °C (Figures 5.8-5.9). The average decrements of thermal
conductivity between those test temperatures are shown in Figure 5.7 and for 20 mm DBM
mixture were 43.7% (non-aged mix), 56.7% (short-term aged mix), 71.6% (long-term aged
mix); for AC 14 mixture were 39.6% (non-aged mix), 52.8% (short-term aged mix), 55.3%
(long-term aged mix); and for AC 6 mixture were 36.0% (non-aged mix), 53.4% (short-term
aged mix), 57.4% (long-term aged mix). The results also show that the effect of temperature in
thermal conductivity was larger for aged asphalt mixtures and for specimens designed with

large aggregate size, those with 20 mm DBM mixture.

The evolution of thermal conductivity of asphalt at temperatures from 19 °C to 80 °C does not
depend on the thermal conductivity of asphalt binder at high temperatures but on the thermal
properties and proportion of aggregate and filler that account for more than 90% of asphalt. A
previous study conducted by Pan et al. (2017) for AH-70 (penetration 73 dmm), AH-90
(penetration 87 dmm) and SBS modified asphalt binder (penetration 48.1 dmm) showed a
minimal reduction of thermal conductivity of binder for temperatures between -20 °C and 60
°C of 8.9%, 7.1% and 7.5% respectively. Magsood, Gul and Anis-ur-Rehman (2004) in their
study about thermal properties of granite showed that thermal conductivity decreased with
temperature increase (from -20 °C to 60 °C). The authors note that the effect of aggregates in
thermal conductivity depends on the chemical composition, density, porosity and specific
gravity of aggregate. The decreasing trend of thermal conductivity of asphalt mixtures with the
rise in temperature has been also reported by Chadbourn et al. (1996). The authors studied
asphalt mixtures of dense graded (DG) and 15.9 mm maximum size (SMA) granite and river
gravel mixed with 120/150 penetration grade binder. For DG with 1970 kg/m? density, thermal
conductivity decreased from approximately 1.5 W/m K to 1.2 W/m K for test temperatures
from 25 °C to 75 °C. For SMA with 1880 kg/m?®, thermal conductivity decreased from
approximately 2.5 W/m K to 2.2 W/m K for test temperatures from 25 °C to 75 °C.
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Figure 5.7 Average decrements of thermal conductivity for 20 mm DBM, AC 14 and AC
6 between 19 °C and 80 °C test temperatures
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Figure 5.8 Effect of temperature in thermal conductivity of 20 mm DBM asphalt
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5.4.4 Effect of aggregate size in thermal conductivity (k)

The effect of aggregate size on thermal conductivity of the three asphalt mixtures was also
studied. The results are shown in Figures 5.11-5.13 and result from the measurements presented
in Tables 5.5-5.7. As is observed from the figures, for all mixtures, there is a higher difference
of thermal conductivity between 20 mm DBM and AC 14 than between 20 mm DBM and AC

6 for all ageing conditions and test temperatures studied. For example, for non-aged mixtures
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(Figure 5.11), at 19 °C, thermal conductivity between 20 mm DBM and AC 14 changes by
18.65% and between 20 mm DBM and AC 6 thermal conductivity changes by 13.19%. For
short-term aged mixtures (Figure 5.12), at 19 °C, thermal conductivity between 20 mm DBM
and AC 14 changes by 9.70% and between 20 mm DBM and AC 6 thermal conductivity
changes by 3.03%. Further, for long-term aged mixtures (Figure 5.13), at 19 °C, thermal
conductivity between 20 mm DBM and AC 14 changes by 11.47% and between 20 mm DBM
and AC 6 thermal conductivity changes by 0.62%. It seems that between 20 mm DBM and AC
6 the heat from the needle of the TLS is conducted in a similar way. This means that for AC 6
mixtures, the closer contacts of small aggregates improve heat conduction during the
measurement of thermal conductivity. However, no specific conclusion could be made as to
why thermal conductivity between 20 mm DBM and AC 14 had the highest difference for all
ageing conditions and test temperatures. Therefore, further work is suggested in this matter as

well as in the overall effect of aggregate size in thermal conductivity.

The results also showed that between 20 mm DBM and AC 14 or AC 6 aged mixtures, thermal
conductivity changed the most for measurements done at 80 °C test temperature. For example,
for short-term aged mixtures (Figure 5.12), between 20 mm DBM and AC 14, thermal
conductivity at 19 °C changed by 9.70% whereas at 80 °C thermal conductivity changed by
18.61%. For the same ageing conditions, between 20 mm DBM and AC 6, thermal conductivity
at 19 °C changed by 3.03% whereas at 80 °C thermal conductivity changed by 10.81%. For
long-term aged mixtures (Figure 5.13), between 20 mm DBM and AC 14, thermal conductivity
at 19 °C changed by 11.47% whereas at 80 °C thermal conductivity changed by 54.80%. For
the same ageing conditions, between 20 mm DBM and AC 6, thermal conductivity at 19 °C
changed by 0.62% whereas at 80 °C thermal conductivity changed by 40.35%. However, it is
not apparent if this change happens due to ageing or due to the effect of temperature in thermal
conductivity. Nevertheless, in section 5.4.3 above it was observed that temperature
dramatically affects thermal conductivity. Meanwhile, section 5.4.4 below shows that ageing
doesn’t necessarily change thermal conductivity if the effect of air voids, method of

measurement, and thermal properties of binder into it are excluded.
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5.4.5 Effect of ageing in thermal conductivity (k), specific heat capacity (cp) and thermal
diffusivity (a)

The increase of the proportion of the colloid and asphaltene and the decrease of the proportion
of saturates and aromatics of binder due to ageing changes the thermal properties of asphalt
mixture. However, the effect of ageing in thermal properties of aggregate and filler is minimal
(Pan et al., 2017). Therefore, the effect of ageing on thermal conductivity of 20 mm DBM, AC
14 and AC 6 asphalt mixtures is expected to be minimal. The results are demonstrated in Tables
5.5-5.7.

The results demonstrate that for 20 mm DBM mixture the differences in thermal conductivity,
specific heat capacity and thermal diffusivity at 19 °C were less than 3% between non-aged
specimens and short-term or long-term aged specimens. The lowest difference, less than 0.1%,
was observed for specific heat capacity between the different ageing conditions. For the same
mix, thermal conductivity measured at 65 °C decreased by 27.7% between non-aged and short-
term aged specimens and by 27.3% between non-aged and long-term aged specimens. For
measurements done at 80 °C, thermal conductivity decreased by 21.5% between non-aged and

short-term aged specimens and by 50.2% between non-aged and long-term aged specimens.
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For specimens with AC 14 and AC 6 asphalt mixtures the figure for most thermal parameters
changed differently from that of 20 mm DBM asphalt mixture. However, the differences in
specific heat capacity remained lower than 0.2% between non-aged specimens and short-term

or long-term aged specimens.

For AC 14 mixture specimens and measurements done at 19 °C, the differences in thermal
conductivity and thermal diffusivity were from 30% to 35% between non-aged specimens and
shot-term or long-term aged specimens. For thermal conductivity measured at 65 °C, the
differences were 12.2% between non-aged and short-term aged specimens and 4.5% between
non-aged and long-term aged specimens. For thermal conductivity measured at 80 °C, the
differences were less than 5.5% between non-aged specimens and short-term aged or long-term
aged specimens.

For AC 6 mixture specimens and measurements done at 19 °C, the differences in thermal
conductivity and thermal diffusivity were 19.2% between non-aged and short-term aged
specimens and from 11% to 12% between non-aged and long-term aged specimens. For
thermal conductivity measured at 65 °C, the differences were 30.8% and 20.1% between non-
aged specimens and short-term aged and long-term aged specimens respectively. For thermal
conductivity measured at 80 °C, the differences were 13.3% and 25.6% between non-aged

specimens and short-term aged and long-term aged specimens respectively.

5.5 Summary

The effect of mixture air voids content, temperature and ageing in thermal properties of 20 mm
DBM, AC 14 and AC 6 asphalt mixtures were experimentally investigated in this chapter.
Thermal conductivity was measured with the TLS method, also discussed for the experimental
work of Chapter 4, and the effects of this method in thermal conductivity measurements were
also examined. The next chapter presents experimental work that has utilized the experimental
infrared heater presented in Chapter 3 and the optimum dynamic heating method for shallow
pothole excavation described in Chapter 4 to perform non-heated and infrared heated pothole

repairs and characterise the thermal influence in those repairs.
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Temperature distribution at the interfaces of shallow patch

repairs

The performance of HMA patch repairs is greatly reduced by repair edge
disintegration. This is caused by low interface temperatures which result in poor
repair bonding between fill material and old pavement. The advantage of
controlled pre-heating of excavated asphalt surface prior to patch repair, referred
as “dynamic repair”, is presented in this chapter. The heating effects are compared
against traditional non-heated HMA repair, referred as “static repair”’. In Chapter
4, the application of dynamic infrared heating was investigated for 45 mm, 75 mm
and 100 mm deep pothole excavations. This chapter concentrates on measuring
repair interface temperatures for 45 mm deep repairs and not for 75 mm and 100
mm deep repairs. This was done to limit the parameters that may affect the
temperatures in patch repairs such as the depth of the repair. This is also the
reason that the area of the pothole excavations was kept the same for Chapter 4,
this chapter and the following Chapters 7 and 8.

Reflecting the above, twenty-four patch repairs, 45 mm in depth, comprising twelve
static and twelve dynamic repairs heated for 10 minutes 15 seconds and 21 minutes
49 seconds respectively have been investigated. Controlled pre-heating methods
used in this chapter were the optimum dynamic pre-heating methods found in
Chapter 4 and section 4.4.2.4 for 45 mm deep pothole excavation. Temperatures
were measured during the pouring and compaction of the fill mix at eleven
locations in the repair interfaces. Physical and thermal properties of the asphalt
mixtures were also investigated for calibration purposes of the repair simulation
models to be presented in Chapter 7. The chapter aims to address the third

objective of the research.
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6.1 Experiments

6.1.1 Experimental program

Table 6.1 shows the executed experimental program. Twelve slabs named as S13-S22 were
built, and twenty-four potholes were repaired: twelve static repairs and twelve dynamic repairs.
In dynamic repairs, the pothole excavation was pre-heated for 10 minutes 15 seconds and 21
minutes 49 seconds for different repairs using the experimental infrared heater described in
Chapter 3. In Chapter 4, section 4.4.2.4 it was recommended to use optimum pre-heating times
of 10 minutes 15 seconds and of 21 minutes 49 seconds. However, by studying an extended
heating time it ensures a comprehensive investigation of infrared heat application in patch
repair. The tests were conducted in order to develop an accurate temperature distribution profile
at the interfaces of static and dynamic repairs. Six repetitions were performed for measurement
of temperatures at mid-depth points in the vertical interfaces of static repairs. For the same type
of repairs, six repetitions were also performed for measurement of temperatures at points
located at the bottom corners of the repair and at the middle of the bottom repair interface,
Whereas, for a similar scope of tests, for the dynamic repairs, three repetitions were done per
pre-heating time (Table 6.1).

Table 6.1 Experimental program

Pothole A -
Pothole static
size Scope of test Slab no. repairs
S13 v V4
= Measurement of Si4 v v
£ temperatures at the S15 v v
L corners and S16 v N4
X vertical repair interfaces S17 v v
S
S S18 V4 V4
o
© S19 v v
g Measurement of 520 v v
S temperatures at the S21 v v
1] corners and bottom repair S22 v v
“ interfaces 523 % %
S24 v V4

6.1.2 Materials
The slabs of this chapter were constructed with the same 20 mm DBM asphalt mixture
presented in Chapter 4, section 4.1.1. The simulated potholes were repaired with 6 mm dense

graded mixture (AC 6) described in Chapter 5, section 5.1.1. Therefore, the slabs and repairs

-116 -



Chapter 6 Temperature distribution at the interfaces of shallow patch repairs

comprised of granite coarse and fine aggregate and limestone filler. The bitumen used was
100/150 penetration grade bitumen. The gradation curves of the mixtures were also shown in

the previously noted respective chapters and sections for each mixture.

6.1.3 Preparation of HMA and construction of HMA slabs

The slabs were built upside down with twelve asphalt batches of 7.6 kg each and compacted in
two lifts of approximately 50 mm deep using a vibratory plate compactor in accordance with
Standard Code of Practice, New Roads and Street Works Act 1991, Specification for the
Reinstatement of Openings in Highways (Department of Transportation, 2010). The
preparation of asphalt mixture for the slabs and the bonding of the slab lifts were similarly done

as described in Chapter 4, section 4.1.2.

The construction of the slab’s first and second lift is shown in Figures 6.1 and 6.2 respectively.
The size of the slabs was 695 (£5) mm x 695 (£5) mm x 100 (£5) mm. Two pothole excavations
were designed per slab. The size of the excavations was 305 (£2) mm x 165 (£2) mm x 45 (x2)
mm. They were created by putting two steel pothole moulds inside the slab mould prior to
filling it with asphalt mixture. The pothole moulds are marked as A and B in Figure 6.1(a) and
indicate potholes for static and dynamic repairs respectively. The pothole moulds were
removed from the slab using the infrared heater after 19 hours of the construction of the slab

as described in Chapter 4, section 4.1.2.

During the construction of the slabs, aluminium tubes of 4 mm in diameter (Metals4u, 2018)
were put at varying locations inside the slabs. The tubes were used later to accommodate
thermocouples for measurement of interface temperatures during the pothole repair operations.
To measure temperatures in locations along the vertical repair interfaces, the tubes were put in
between the asphalt batches of the first lift of the slab (Figure 6.1(b)). This was performed for
slabs S13-S18 of Table 6.1. Their positions were targeted to be in the middle of the respective
interfaces, whereas, to measure temperatures at the bottom of the repair, the tubes were placed
at the top of the compacted first lift of the slab (Figure 6.3). This was performed for slabs S19-
S24 of Table 6.1.
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Figure 6.1 Construction of first lift of slabs S13-S18 with embedded aluminium tubes to
accommodate thermocouples for measurement of temperatures at the vertical faces of
the pothole repairs: (a) moulds set up; (b) 6 aluminium tubes per pothole above 3
asphalt batches of first lift; (c) following 3 batches poured; (d) compaction of 6 batches;
(e) compacted first lift

6.1.4 Static pothole repairs

Twelve static repairs were performed for this set of tests. Real-time temperatures were captured
using eleven T-type thermocouples of 0.5 °C accuracy (Omega, 2016d), four located at the
corners, four at the vertical repair interfaces and three at the bottom of the repair (Figure 6.4).
The thermocouples were inserted in the aluminium tubes (shown in Figures 6.1(b) and 6.3)
prior to commencing the repair of the potholes. Temperatures were measured during the
pouring and the compaction of the fill mix. The ambient temperature was 20 (£3) °C and the

starting temperature of the slabs, prior to patching, ranged from 17 °C to 26 °C.
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Figure 6.2 Construction of second lift of slabs S13-S18: (a) pre-heating of compacted
first lift shown in Figure 6.1(e); (b) final 6 asphalt batches poured; (c) compaction of 6
batches; (d) compacted second lift; (e), (f) and (g) constructed slab turned upside down

after 19 h of construction for demoulding; (h) final slab ready for pothole repair

Figure 6.3 Aluminium tubes on the compacted first lift of slabs S19-S22 for

measurement of temperatures at the bottom of the pothole repairs
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Figure 6.4 Thermocouples in static and dynamic repairs completed for pothole A and B
respectively: (a) slab and coordinate system for Table 6.2; (b) thermocouples T1-T6 for
measurement of temperatures in the vertical interfaces of the pothole repairs; (c)

thermocouples T7-T11 for measurement of temperatures in the bottom of the pothole

repairs; (d) thermocouple routes from pothole excavations to data loggers
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To capture the temperatures at the vertical repair interfaces and corners, only the end of the
thermocouples was exposed in the pothole excavation (thermocouples T1-T6, Figure 6.4(b)),
whereas, to capture the temperatures at the bottom of the repair, the thermocouples were
extended in the pothole excavation by 85 mm (thermocouples T7-T11, Figure 6.4(c)). Six
repetitions were executed for each temperature point measurement. The post-compaction
coordinates of the tubes and thus the corresponding thermocouple locations during the thermal
tests are given in Table 6.2. In this table, the sign “+” for each location indicates the inclusive
range of temperature point measurements between slabs S13-S18 or slabs S19-S22. The
coordinate system for the thermocouple locations is shown in Figure 6.4(a) and 6.4(d) and in
Figure 6.5. The origin of the coordinate system is put on the top left corner of the slab. The x-
axis and z-axis are set to be the length (695 mm) and width (695 mm) of the slab respectively,
whereas the y-axis is put along the depth of the slab (100 mm). Appendix E, Table E.1 shows

the locations of the thermocouples per slab for slabs S13-S22 from which Table 6.2 results.
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Figure 6.5 Sketch of the coordinate system for thermocouple locations given in Tables
6.2 and 6.3

The construction process of the static pothole repair is shown in Figure 6.7 and was done as

follows. Tack coat was applied in the pothole cavity 14 minutes prior to pothole filling to

simulate tack coat application of real time pothole repair. Then, hot mix asphalt was poured

-121 -



Chapter 6 Temperature distribution at the interfaces of shallow patch repairs

and evenly laid out. The mix was compacted for 6 minutes using a vibratory plate compactor.
For the tack coat, a thin layer and rapid setting solution of bitumen in solvent was used. The
temperatures of the fill mixes were monitored using an infrared camera Flir C2 (Flir, 2018).
These temperatures are presented in Figure 6.6. The figure shows also mixture temperatures
for dynamic repairs to be discussed in the next section. Temperatures for slabs S13 and S14

not reported in Figure 6.6 are due to error of the infrared camera during the measurements.

Table 6.2 Post-compaction thermocouple locations in the pothole excavation of static
repairs in accordance with the origin of the coordinate system shown in Figure 6.4(a) and
6.4(d)

Coordinates (mm

Thermocouple no. S13-S18 S19-S24
X 200.0 (1.0 -
T1 y 28.5 (3.5 -
z 177.5 (£2.5) -
X 205.0 (5.0 -
T2 y 25.5 (#4.5) -
z 90.0 (+1.0) -
X 307.5 (¥2.5) -
T3 y 29.5 (+3.5) -
z 90.0 (£1.0) -
X 405.0 (£5.0) -
T4 y 28.5 (+2.5) -
z 90.0 (+1.0) -
X 505.0 (1.0) -
T5 y 26.5 (+3.5) -
z 90.0 (+1.0) -
X 505.0 (£1.0) -
T6 y 25.0 (£2.0) -
z 175.5 (+4.5) -
X - 200.0 (1.0
T7 y - 28.5 (¢3.5)
z - 90.0 (+1.0)
X - 247.5 (7.5)
T8 y - 28.5 (¥3.5)
z - 175.0 (¥1.0)
X - 332.5 (x22.5)
T9 y - 28.5 (¢3.5)
z - 175.0 (+1.0)
X - 456.5 (£6.5)
T10 y - 28.5 (¥3.5)
z - 175.0 (x1.0)
X - 505.0 (x1.0)
T11 y - 28.5 (¢3.5)
z - 90.0 (+1.0)
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Figure 6.6 Pre- and post-compaction temperatures of pothole fill mixtures for static

repair (repair A) and dynamic repair (repair B)

Figure 6.7 Static pothole repair: (a) tack coat application at all faces of the pothole
excavation; (b) hot mix asphalt poured after 14 minutes of tack coat application; (c)
compaction of fill mix for 6 minutes; (d) final repair (sides 1, 2 and 3 are the same sides

with those shown in Figure 6.4)
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6.1.5 Dynamic pothole repairs using the experimental infrared heater

Twelve dynamic repairs were constructed. The dynamic heating of the repairs was done using
the optimum pre-heating method found in Chapter 4, section 4.4.2.4. According to this method,
dynamic heating is applied in heating-cooling cycles with the infrared heater operating
stationary above the pothole excavation with 6.6 KW heat power. The six repairs completed in
slabs S13-S15 and S19-S21 were pre-heated for 10 minutes 15 seconds. The other six repairs
completed in slabs S16-S18 and S22-S24 were pre-heated for 21 minutes 49 seconds. The

duration of each heating and cooling time is shown in Figure 6.8.

End of 10 min 15 5 Endof 21 min 49 s
heating - cooling cycles heating - cooling cycles
- 101 = 2= 473 d6 s 0= 68 44 2
Heating ——7 = M — — — —
| | Chele 21 1 1 Cycled 1 | I 1Cyecled |
| r = r I i |
Cydle1 1 | I oibyele 3 | I 1Cycles 1 | [
(. (e ™1 I
I I 1 I I
leing___,g?s: 124s) oaags ) | 1e6s ), 191s | 1975 !
Dwvnamic heating time span
B in slabs 513-515 & 519-521 Dynamic heating fime span o
in slabs 516-518 & 522524
0 200 400 600 800 1000 1200

Time (s)

Figure 6.8 Dynamic heating cycle times for 10 minutes 15 seconds and 21 minutes and

49 seconds heating times

The interface temperatures were captured using the same T-type thermocouples as in the static
repairs. This is shown in Figure 6.4. The preparation of the thermocouples, the ambient
temperature during the repairs and the slab temperatures prior to repair were the same with the
static repairs previously described. The ambient and slab temperatures were the same because
the static and dynamic repairs for each slab were performed the same day. In addition, the post-
compaction coordinates of the tubes and thus the corresponding thermocouple locations for
dynamic repairs are given in Table 6.3. The origin of the coordinate system is the same with
that of the static repairs shown in Figure 6.4(a), 6.4(d) and Figure 6.5. Appendix E, Table E.2
shows the locations of the thermocouples per slab for slabs S13-S24 from which Table 6.3

results.
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Table 6.3 Post-compaction thermocouple locations in the pothole excavation of dynamic

repairs in accordance with the origin of the coordinate system shown in Figure 6.4(a) and
6.4(d)

Coordinates (mm

Thermocouple no. S13-S18 S19-S24

X 505.0 (+1.0)
T1 y 25.5 (+6.5) -
z 519.0(+4.0) -
X 505.0 (+1.0) -
T2 y 275 (+2.5) -
z 605.0 (+1.0) -
X 402.5 (£2.5) -
T3 y 33.0 (+4.0) -
z 605.0 (+1.0) -
X 302.5 (+7.5) -
T4 y 28.5 (+3.5) -
z 605.0 (+1.0) -
X 200.0 (+1.0) -
T5 y 275 (+71.5) -
z 605.0 (+1.0) -
X 200.0 (+1.0) -
T6 y 24.5 (+5.5) -
z 517.0 (+3.0) -
X - 505.0 (+1.0)
T7 y - 45.0 (+1.0)
z - 605.0 (+1.0)
X - 452.5 (+7.5)
T8 y - 45.0 (+1.0)
z - 520.0 (+1.0)
X - 350.0 (+5.0)
T9 y - 45.0 (+1.0)
z - 520.0 (+1.0)
X - 250.0 (5.0)
T10 y - 45.0 (+1.0)
z - 520.0 (x1.0)
X - 200.0 (+1.0)
T11 y - 45.0 (+1.0)
z - 605.0 (+1.0)

The construction process of the dynamic pothole repairs is shown in Figure 6.9 and was done
as follows. The infrared heater was put above the pothole excavation at an offset of 230 mm.
Then, dynamic heating was applied. Immediately after pre-heating, the fill material was poured
into the pothole excavation and compacted for 6 minutes. No tack coat was used during these
repairs. The mixture temperatures are shown in Figure 6.6. The temperatures captured in the
pothole excavation at the end of the two different time spans of dynamic heating were shown

in Chapter 4, section 4.4.2.1, Figure 4.10 (the figure refers to results for 45 mm deep pothole
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excavation, stationary heater, 6.6 KW heat power for heating for approximately 10 minutes and

20 minutes pre-heating).

— Experimental \

— mﬁarcd heater =

Figure 6.9 Dynamic pothole repair: (a) dynamic heating application; (b) hot mix asphalt
poured immediately after pre-heating; (c) compaction of fill mix for 6 minutes; (d) final

repair (sides 4, 5 and 6 are the same sides with those shown in Figure 6.4)

6.2 Asphalt thermal properties

6.2.1 Thermal conductivity (k)

Thermal conductivity of the slabs was measured 48 hours after their construction. Thermal
conductivity of the repairs was measured 24 hours after their completion. Results were
collected at six points throughout the asphalt slab and at two points per pothole repair (Figure
6.10). The measurements were conducted in the laboratory with air temperature at
approximately 20 (£2) °C and slab temperature at approximately 17.5 (x2.5) °C. Thermal
conductivity was measured with the TLS method described in Chapter 4, section 4.2.1.
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6.2.2 Thermal diffusivity (a) and specific heat capacity (cp)
Thermal diffusivity (a) and specific heat capacity (cp) were calculated using Eq. 2.1 and Eq.
2.2 respectively described in Chapter 2, section 2.8.

»

TLS needle )‘m-; £
. inserted i

into asphalt 5 A

10 holes of 4 mm (D) x 50 mm (H)
for k£ measurement

Figure 6.10 Measurement of thermal conductivity in slabs and pothole repairs

6.3 Air voids content

The air voids content of the compacted slabs and repairs were calculated as described in
Chapter 4, section 4.3. For this chapter, slabs S13-S18 and their static and dynamic repairs
were cored to determine the bulk specific gravity, maximum theoretical specific gravity and
air voids content in the total mix. Nine cores were obtained per slab and three cores per pothole
repair as shown in Figure 6.11. Slabs S19-S24 could not be cored to determine air voids content
of slab and repairs. This was decided due to extensive cutting done on these slabs to examine

the shear strength at the vertical repair interfaces to be described in Chapter 8.
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Figure 6.11 Locations of cores in slabs S13-S18 and their repairs

6.4 Results and discussion

6.4.1 Air voids content

Figure 6.12 presents the air voids content of the compacted slabs S13-S18 and of the static and
dynamic pothole repairs built in them. The figure shows values from the average of nine cores
per slab for all slabs and three cores per repair for all executed repairs. The number of cores
depended only on how many cores could be taken from the constructed slabs and repairs.

Appendix F presents the air voids of all cores taken from slabs S13-S18 and their corresponding
repairs.

16
15
14 *
1 { ¢ i
\0
<11 o
210 ® Air voids content % of slabs $13-S18
Q . . . .
‘g‘ 9 A Air voids content % of static repairs
2 g X Air voids content % of dynamic repairs
=
=
= 4 % i A
3
2
1
0 T T T T T
13 14 15 16 17 18

Slab no.

Figure 6.12 Average air voids content of slabs S13-S18 and their corresponding repairs

(the error bars show the standard deviation (SD) of each value)
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The results show that the air voids content of the slabs ranged from 12.43 % to 13.28 % showing
no significant variation. Standard deviations (SD’s) of mixture air voids are presented in Figure
6.12. The SD of slab air voids content was found equal to 0.33%, 1.72%, 0.80%, 0.81%, 0.70%
and 0.64% for slabs S13, S14, S15, S16, S17 and S18 respectively. Lower air voids contents
were observed for the executed repairs. Air voids in static repairs (2.91% - 6.70%) showed
higher variation than in dynamic repairs (3.56% - 5.86%) although pre-compaction mix
temperatures for static and dynamic repairs were measured to be at similar levels (97.8 °C and
100.6 °C in average respectively) and compaction time was also the same for all repairs. The
SDs of the air voids content of the six static repairs built in slabs S13-S18 were found equal to
0.78%, 1.00%, 0.18%, 0.50%, 0.42% and 0.86%. The SDs of the air voids content of the six
dynamic repairs built in slabs S13-S18 were found equal to 0.97%, 0.20%, 0.79%, 0.72%,
0.16% and 0.35%. Finally, as mentioned also in Chapter 4, section 4.4.1, the effect of pothole
pre-heating on the air voids of slabs and dynamic repairs was not investigated in this study and
will be included in the recommendations for future research in Chapter 9 since the issue was
acknowledged by Norambuena-Contreras and Garcia (2016) in their study of the effect of

microwave and induction heating in asphalt mixture air voids.

6.4.2 Thermal conductivity (k), specific heat capacity (cp) and thermal diffusivity (a)

Figure 6.13 presents the thermal conductivities of slabs and their constituent repairs. The figure
shows in (a) thermal conductivities from the average of six measurements per slab and two
measurements per repair and in (b) and (c) specific heat capacities and thermal diffusivities
respectively from the average of nine calculated values per slab and three values per repair.
Appendix F presents in detail the thermophysical properties for all slabs. Specific heat capacity
was found only for slabs S13-S18 and their repairs since it was calculated as the sum of the
heat capacities of the asphalt constituent parts multiplied by their weight in the mixture per
core for all nine cores taken per slab and the three cores taken per repair. Similarly, thermal
diffusivity was found only for slabs S13-S18 and their repairs since it was calculated as the
ratio of thermal conductivity over the volumetric heat capacity.
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Figure 6.13 (a) Thermal conductivity (k); (b) specific heat capacity (cr) and (c) thermal
diffusivity (a) of slabs and repairs (the error bars in the sub-figures show the SD of each

value)
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As can be seen from Figure 6.13(a), thermal conductivity is significantly affected by the air
voids of the asphalt mixture. This comparison is mainly done for slabs S13-S18 for which air
voids of slabs and repairs were measured. Thus, asphalt slabs with high air voids from 12.43%
to 13.28% had thermal conductivity ranging from 0.876 W/m K to 1.060 W/m K, whereas,
static repairs with air voids from 2.91% to 6.70% had thermal conductivity ranging from 1.442
W/m K to 1.635 W/m K and dynamic repairs with air voids from 3.56% to 5.86% had thermal
conductivity ranging from 1.565 W/m K to 1.671 W/m K.

For slabs S19-S24, although air voids were not measured for both slab and repair mixtures,
thermal conductivity of the slab mixture was lower than that of the repairs as happened with
slabs S13-S18 and their repairs. Thermal conductivity of slabs was found to range from 1.021
W/m K to 1.141 W/m K, of static repairs ranged from 1.460 W/m K to 1.704 W/m K and of
dynamic repairs ranged from 1.485 W/m K to 1.711 W/m K.

Overall, no specific increasing or decreasing trend was found when comparing thermal
conductivity with air voids content between slabs, static repairs and dynamic repairs separately.
This may have happened because the range of air voids is too small to show a specific
relationship between air voids and thermal conductivity. Therefore, since thermal conductivity
was measured with the needle method (TLS) (explained in Chapter 4, section 4.2), it may have
been mainly affected by the distribution of mineral materials around the drilled hole, the

cleanliness of the hole and the thermal contact between the asphalt mixture and the needle.

The results of specific heat capacity of slabs and repairs are shown in Figure 6.13(b). The
calculations of specific heat capacity showed no variation between the test slabs. This applies
also to the specific heat capacities of the static and dynamic repairs. However, comparing
specific heat capacities of repairs and slabs, it was found that repairs exhibit a specific heat
capacity of 899.46 J/kg K, which is higher than the specific heat capacity of slabs 865.44 J/kg
K. This shows that asphalt mixtures with lower air voids content, such as the repair mixture,
have higher specific heat capacity than asphalt mixtures with higher air voids content, such as

that of slab mixture.

Thermal diffusivity of slabs S13-S18 and their repairs are shown in Figure 6.13(c). Thermal
diffusivities of repairs were found to be higher than those of the slabs. However, no significant

variation was seen between thermal diffusivities of static and dynamic repairs. The thermal
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diffusivity of slabs ranged from 4.73 (x 10") m?/s to 5.68 (x 107) m?/s. For the static and
dynamic repairs, thermal diffusivities ranged from 7.00 (x 10°") m?/s to 7.95 (x 10") m?/s and
from 7.65 (x 10") m?/s to 7.88 (x 10”7) m?/s respectively. Therefore, overall asphalt mixtures
with low air voids content demonstrated high thermal conductivity, low specific heat capacity
and low thermal diffusivity. Similar results are reported by Chadbourn et al. (1996), Luca and
Mrawira, (2005); Hassn et al. (2016); Zhang and Wang (2017); and Mirzanamadi, Johansson,
and Grammatikos (2018).

Finally, since thermal conductivity, specific heat capacity and thermal diffusivity results
presented in Figure 6.13 were obtained from a set of data values presented in Appendix F,
standard deviation was also calculated and included in Figure 6.13. The SDs of thermal
conductivity of slabs S13-S24 were found to range from 0.07 W/m K to 0.19 W/m K and the
SDs of specific heat capacity of slabs ranged from 0.21 (x10°") m?/s to 0.7 (x10°) m?/s. Further,
the SDs of specific heat capacity of static repairs built in slabs S13-S18 ranged from 0.03 (x10
"y m?/s to 0.64 (x10°") m?/s. The SDs of specific heat capacity of dynamic repairs built in slabs
S13-S18 ranged from 0.1 (x107") m?/s to 0.47 (x10™) m?/s. No SDs were calculated for thermal
conductivity of the repairs because only two measurements for this thermal property were
possible to collect from the repairs. The resulted deviations are considered acceptable for a

non-homogeneous material like asphalt.

6.4.3 Temperatures at the repair interfaces of static and dynamic repairs

The temperatures recorded at the repair interfaces are presented in Figures 6.14 and 6.15. The
results present temperature profile over time and are divided into eleven graphs; one graph per
thermocouple with positions given in Tables 6.2 and 6.3. For each thermocouple, the
temperatures at the interfaces of static repairs are reported together with temperatures for
dynamic repairs. Signal noise of thermocouples captured during the tests is also presented. This
was observed mainly during the compaction of dynamic repairs and for thermocouples located
in corners and vertical sides of the repairs. The disturbance of the thermocouples is attributed
mainly to the softening of the asphalt during pothole pre-heating and secondary to the aggregate

reorientation and forces applied during compaction.
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Figure 6.14 Temperature over time at mid-depth points at the corners and vertical

interfaces of static and dynamic repairs during mix pouring and compaction
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Figure 6.15 Temperature over time at points at the bottom-corner and mid-
bottom interface of static and dynamic repairs during mix pouring and

compaction

Between static and dynamic repairs with 10 minutes 15 seconds and 21 minutes 46 seconds
pre-heating time, post-compaction temperatures in the vertical interfaces averaged 33.35 °C,
57.11 °C and 69.85 °C respectively (see T1, T3, T4 and T6 in Figure 6.14), whereas, at the
bottom of the repair (See T8-T10 in Figure 6.15) temperatures averaged 62.89 °C for static

- 134 -



Chapter 6 Temperature distribution at the interfaces of shallow patch repairs

repairs, 81.04 °C for dynamic repairs with 10 minutes 15 seconds pre-heating time and 85.26

°C for dynamic repairs with 21 minutes 46 seconds pre-heating time.

The lowest temperatures were observed at the corners of all executed repairs. Points located at
the bottom corner of the repairs (T7 and T11 in Figure 6.15) averaged 22.57 °C for static
repairs, 30.91 °C for dynamic repairs with 10 minutes 15 seconds pre-heating time and 48.06
°C for dynamic repairs with 21 minutes 46 seconds pre-heating time. There was a small increase
in corner temperatures at higher points along the vertical side of the repairs, increasing from
bottom to top. An average temperature 27.61 °C was measured for static repairs, 46.41 °C for
dynamic repairs with 10 minutes 15 seconds pre-heating time and 58.86 °C for dynamic repairs

with 21 minutes 46 seconds pre-heating time.

As was seen from the results, temperatures measured at points located at the vertical repair
interfaces of the static repairs were lower than that of dynamic repairs. This happened because
of the following. When two solid bodies of different temperatures are in thermal contact,
energy is transferred from the hotter to the cooler body. At the interface of these bodies, there
is a temperature drop which is caused by surface roughness and non-flatness. In areas where
there is a contact between the two surfaces, heat is transferred by conduction. In the void spaces
of this interface, heat is transferred by convection and radiation (Figure 6.16). Thus, the actual
contact area is significantly smaller than the apparent contact area. This contact limitation at

the interface creates a thermal contact resistance (Janna, 1999).

Heat flow lines at
the repair interface

Slab

Figure 6.16 Heat flow at the repair interface
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Thus, the thermal contact resistance in asphalt repair is the resistance to heat flow through the
pothole repair interface due to limited interface contacts. The thermal interface resistance will
happen in both cases of non-heated and pre-heated pothole repairs. However, the magnitude of
the thermal resistance between non-heated and pre-heated repairs may differ because the

characteristics of the two surfaces in contact of the repairs may differ as explained below.

The inverse of thermal contact resistance is thermal contact conductance. Thermal contact
conductance can be calculated by the ratio of the conductivity of the material over its thickness
and it is expressed in W/m? K. The higher the thermal conductance, the lower the thermal
resistance at the interface. Thermal conductance is influenced by the characteristics of the two
surfaces in contact (such as surface deformation, surface cleanliness, surface roughness,
waviness and flatness (Gilmore, 2002), the contact pressure between the two bodies and any
conducting fluid (fluids or gases) in the voids spaces of the bodies’ interface (Cooper, Mikic

and Yovanovich, 1969).

As was seen in the literature review chapter, in non-heated repairs such as the case of static
repairs built it this study, low density interfaces are created due to cold underlying layer
pavement during placement of hot-fill material (Thom, 2008). However, in pre-heated repairs
such as the case of dynamic repairs investigated in this study, the air voids at the repair
interfaces are decreased due to the pre-heating taking place prior to filling of the pothole
excavation with the hot-fill material. Although this was not evaluated in this study, past studies
discussed in the literature review chapter (Chapter 2, section 2.7) and conducted by Huang et
al. (2010) and Williams (2011) confirm this.

Therefore, between static and dynamic repairs, higher air voids at the interface of static repairs
means less contact areas exist between the slab and the fill material and the repair interface
temperatures are lower than in dynamic repairs as shown from the experimental results (Figures
6.14 and 6.15). The opposite happens in dynamic repairs where due to pre-heating, the air voids

decrease, the contact areas increase and the repair interface temperatures increase too.

The results also showed that temperatures at the bottom of the repair for both static and dynamic
repairs were higher than temperatures at the vertical sides of the repair. This is expected to have
happened because when compaction force is applied during the repair, the pressure at the
vertical interfaces of the repair is expected to be less than at the bottom of the repair. This
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increases the thermal resistance at the vertical interfaces which consequently affects the

temperatures and creates cooler vertical repair boundaries than the bottom of the repair.

Interpreting the above mechanism in the interaction of in-situ cold old surface pavement and
hot asphalt fill mixture, depending on how much pre-heating of the cold surface is done it is
expected that the contact areas of the repair interface to change. Thus, depending on the heating
time, the temperature of the cold surface is increased, the contact areas are also increased and
better heat transfer occurs at the repair interface. Thus, during cold months more heating will
probably be better for higher heat transfer but less heating will probably be needed for summer

months to achieve similar levels of heat transfer at the repair interface.

The results indicate that controlled pre-heating of the cold surface is fundamental so maximum
heat transfer can happen. Increasing heat transfer due to conduction at the repair interface
means higher repair bonding is achieved which is proven in the assessment of the repairs in
Chapter 8.

6.5 Summary

This chapter experimentally investigated the temperatures at the boundaries of static and
dynamic repairs. Non-heated potholes were repaired using a conventional repair method
whereas the experimental infrared heater presented in Chapter 3, section 3.1 with capability of
precisely controlling heat application, was used to pre-heat pothole excavations of dynamic
repairs prior to filling and compaction. Temperatures were measured during the laying and
compaction of the fill mixes at eleven locations of the repair interfaces, using extractable
thermocouples. Air voids content and thermal properties of the asphalt mixtures were also
determined. The chapter ended by quantifying the repair interface temperatures in static and
dynamic repairs and by defining the parameters that create a cool boundary in static repairs but
much higher boundary temperatures in dynamic repairs. These parameters include air voids
levels and contact areas at the repair interfaces which create a thermal contact resistance at the
interface. However, the distribution of air voids at the repair interfaces was not investigated in
this study. They were assumed higher for static repairs and lower for dynamic repairs following
the existing literature. The next chapter simulates the repair interface temperatures using the

above assumption by defining thermal contact conductance.
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Chapter 7

Finite Element simulation of transient heat distribution in

shallow patch repairs

As discussed in the literature review (Chapter 2), sufficiently high temperatures at
repair interfaces in hot mix asphalt (HMA) pothole repair are necessary to achieve
durable bonding of the repair mix to the surrounding host pavement. Current hot
mix repair methods tend to suffer from inadequate net interface heating because
the combined effect of placing hot mix in an ambient temperature pothole gives
inadequate net temperature levels. The outcome of this is low durability and limited
life. In contrast, the outcomes of placing hot mix in a strategically pre-heated
excavation is high failure stress capacity on interface boundaries and substantially

increased working life.

In this Thesis, Chapter 4 discussed the investigation of a precisely controlled
infrared pre-heating method for shallow and deep pothole excavations and
presented optimum pre-heating methods for the potholes. In Chapter 6, the
optimum pre-heating method was used in the repair activity of shallow potholes to
evaluate the temperatures at the interfaces of non-heated and infrared heated
repairs. Heat transfer Finite Element models have been run for this chapter for the
cases of (i) HMA placed in an ambient temperature pothole (experimentally
investigated in Chapter 6, section 6.1.4) (ii) the heated pothole excavation
(experimentally investigated in Chapter 4) and (iii) HMA placed in the pre-heated

pothole excavation (experimentally investigated in Chapter 6, section 6.1.5).

The reported models were necessary because (a) there is currently no such
simulation that investigates heat flow in asphalt pothole repairs that could help to
overcome the issue of cool repair boundary; (b) the models could be used in the
future for calibrating infrared heaters and help to optimise the heaters’ use in

asphalt repair under a variety of environmental conditions, repair conditions,
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repair geometry and asphalt properties; (c) the initial development of the static
repair model followed by the dynamically heated pothole excavation model helped

in building and concluding the dynamically heated repair model.

The air-pavement-heater system model comprises a host pavement with two
pothole repairs or one empty pothole excavation in the case of the second thermal
model and an infrared heating element plate. For calibration purpose,
experimental work from Chapter 3 and 5 was used. The air-pavement-heater
system set-up follows the optimum pothole pre-heating method determined in
Chapter 6. The thermal models were validated with experimental work presented

in Chapters 4 and 6. The chapter aims to address the fifth objective of the research.

7.1 The presented models

Static and dynamic repair models and a dynamically heated pothole excavation model are
presented in this chapter. The models simulate temperature distribution in the repair interfaces
and on the faces of a pothole excavation under the application of dynamic heating. These
simulations were developed using ANSY'S software. A preliminary version of the dynamically
heated pothole excavation is published in author’s paper Byzyka, Rahman and Chamberlain
(2017a) but has since undergone significant alterations and improvements. This is why only
the final version of this model is presented in this chapter. The discussed improvements were
used to integrate all models. Specifically, the thermal and physical properties of the asphalt
mixtures were measured in the laboratory as shown in Chapters 4-6 and were used to calibrate
the models. The thermal contact in the repair activities was simulated using thermal contact
conductance (TCC) discussed in Chapter 6, section 6.4.3 and to be calculated in the following
sections of this chapter. In addition, the presented models were validated by a total of thirty-
seven temperature point measurements. These measurements were described in Chapter 4,
section 4.4.2.1 and Chapter 6, section 6.4.3.

7.2 Simulated materials

Three geometries were designed for the simulations: a host asphalt pavement, a pothole fill and
a heating element plate of the experimental infrared heater presented in Chapter 3, section 3.1.
The simulated asphalt mixtures were 20 mm Dense Bitumen Macadam (DBM) and 6 mm dense

graded asphalt (AC 6) for the host pavement and repairs respectively discussed in Chapter 6.
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The simulated mixture of the infrared heating element plate was Fecralloy. The properties of

all simulated materials are shown in the respective models’ sections.

7.3 Static repair model

7.3.1 Model generation

The static repair models for simulating temperatures at the vertical and bottom repair interfaces
represent the repair for pothole A of slabs S13 and S19 respectively shown in the experiments
of Chapter 6, section 6.1.4. Therefore, each model comprises a host pavement 695 mm x 695
mm x 100 mm with two pothole excavations 305 mm x 165 mm x 45 mm and a pothole fill of
similar dimensions with the pothole excavation (Figure 7.1). The geometry of the pavement
represents the two top layers of a multi-layered asphalt pavement named as surface and binder
courses. This two-layered asphalt pavement was idealized in the simulation as a homogeneous,

continuous and semi-infinite in the horizontal and vertical directions.

Static repair

Repair interface Empty excavation

Section A-A

Section B-B

Figure 7.1 Static repair three-dimensional geometrical modelling (SF = surface, Rl =
repair interface)
7.3.2 Material properties
Densities of the host pavement and repair geometries were set at 2150 kg/m?® and 2230 kg/m?3

respectively. Specific heat capacities of the host pavement and repair geometries were set at
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865.44 J/kg K and 899.46 J/kg K respectively. The same values were used for both static repair
models. Thermal conductivity of the host pavement was initially set at 1.040 W/m K and 1.090
W/m K. These values were measured in the laboratory for slabs S13 and S19 respectively and
shown in Chapter 6, section 6.4.2. However, during the convergence study to be described in
section 7.3.4 below it was found that defining thermal conductivity at different temperatures
helps to more accurately simulate the repair. Therefore, thermal conductivity measurements at
three different temperatures of a 20 mm DBM mixture presented in Chapter 5, section 5.4 were
used to calibrate this model. Thus, thermal conductivity of the pavement was changed to 1.330
W/m K (at 19 °C), 1.183 W/m K (at 65 °C) and 0.853 W/m K (at 85 °C) and of the repair to
1.503 W/m K (at 19 °C), 1.255 W/m K (at 65 °C) and 0.937 W/m K (at 85 °C).

7.3.3 Formation of thermal analysis

Steady-state thermal analysis was used to apply body temperatures and initial air temperature
followed by transient thermal analysis to simulate the thermal relationship between the
pavement and the pothole repair. Heat energy and radiation exchange between the air and the
pavement in the simulation model were defined by applying convection at surfaces SF1-SF7

and radiation at surfaces SF1 and SF2 respectively (Figure 7.1).

The heat conduction at the bonded repair interfaces (R11-R15 (Figure 7.1)) was defined by the
TCC. TCC is the reciprocal of thermal contact resistance (TCR) and therefore, determines the
resistance to pavement/repair thermal conduction per unit area at the repair interface
(Thompson and Thompson, 2007). TCC in the repair activity is influenced by many factors
such as contact pressure, interface temperature, heat flow direction, surface oxidation,
compaction load cycling, surface cleanliness, surface roughness, surface contact spots and
interstitial zones (Somé, Delaunay and Gaudefroy, 2013; Dou et al., 2016; Frekers et al., 2017).
Therefore, TCC plays a significant role in simulating the heat flow and bonding in the repair

interfaces.

In this study, the TCC for the vertical repair interfaces was calculated as explained by Straube
(2000-2003) for an enclosure assembly. Firstly, the TCC of each asphalt layer of the pavement-
repair assembly was calculated using Eq. 7.1. Then, the TCR of each layer was calculated using
Eq. 7.2. After this, the sum of the individual TCR’s was found and used in Eq. 7.3 to calculate
the individual TCC of the four repair interfaces (R11-R14) of the assembly.
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TCC =X (7.1)

t

where TCC is expressed in W/m? K; k = thermal conductivity, W/m K; t = thickness, m.

1

TCR = — (7.2)
1

TCC = — (7.3)

In addition, the TCC for the bottom repair interface was not calculated but altered until the
simulated interlayer temperatures showed no change. This was done because during the
compaction of the pothole repair it is expected that the contact pressure at the bottom of the
repair will be higher than at the sides of the repair. High contact pressure at the interface, means
high contact conductance but low contact resistance. Table 7.1 shows the individual TCC of
the repair interfaces for all cases of the convergence study presented in the following section.
Table 7.2 and Figure 7.2 present the thicknesses used in the calculation of the TCC.

Table 7.1 TCC of the pavement-repair assembly at the repair interfaces
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R11 1.330 1.503 6.82 4.93 0.15 0.20 0.35 2.86
R12 1.330 1.503 14.78 9.11 0.07 0.11 0.18 5.64
R13 1.330 1.503 6.82 4.93 0.15 0.20 0.35 2.86
R14 1.330 1.503 7.19 9.11 0.14 0.11 0.25 4.02

Table 7.2 Thicknesses used in the calculation of TCC in Table 7.1
No. Thickness (t) (m) |

1 0.195
t 0.090
{3 0.195
{4 0.185
ts 0.305
ts 0.165
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Host pavement

Static repair

Figure 7.2 Demonstration of thicknesses (t)

7.3.4 Convergence study

To ensure a representative model, a mesh convergence test was performed. Six different cases
were run, all shown in Table 7.3. The convergence study was combined with testing also the
most appropriate values of thermal conductivity. Except for case 1 for which no TCC values
were applied at the repair interfaces, for cases 2-6 the TCC assembly values from Table 7.1
were used. This was done to explore the influence of TCC in the simulated repair temperatures.
Further, for cases 1-3, thermal conductivities measured at room temperature and shown in
Chapter 6, section 6.4.2 were used. However, for cases 4-6, thermal conductivities measured
at three different temperatures and shown in Chapter 5, section 5.4 were used. This was done
to understand if thermal conductivity influences the simulation results. It should be noted that
only the thermal conductivity from the results of Chapter 5 was adopted for the models. The
air voids, densities and specific heat capacities of the samples simulated in this section were
kept the same as those found in Chapter 6, sections 6.4.1 and 6.4.2.

In addition, for cases 1-5, convection was applied at surfaces SF1-SF7 and radiation was
applied at surfaces SF1 and SF2 as described in section 7.3.3. No radiation was used for these
cases at the repair interfaces (R11-R15 (Figure 7.1)). However, for case 6, convection and
radiation were applied at the same surfaces as cases 1-5 but radiation was also applied at the
repair interfaces. This was done because there was a temperature difference between the
pavement and the hot pothole fill material and heat exchange by radiation may occur across
the air voids in the repair interfaces. This phenomenon is also noted by Frekers et al. (2017).
During the convergence tests the simulated temperatures were compared with the measured
temperatures until close correlation was achieved. The final simulation case concluded from

the convergence study was case 6.
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Table 7.3 Cases for convergence study
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7.3.5 Final simulation parameters

The final parameters of the simulations are presented in Table 7.4. The air and pavement
temperatures and pre-compaction mixture temperatures were those measured in the laboratory
when completing static repairs in slabs S13 and S19 shown in Chapter 6, section 6.1.4, Figure
6.6. The convection film coefficient was imported from ANSYS software and represent the
simplified case of stagnant air. This was done because the model represents experimental work
completed in the laboratory where there was no significant movement of air. The TCC shown
in Table 7.4 was discussed in the previous section. The final mesh elements for the models is
134,487 in number. The simulations were run for 480 seconds and 445 seconds of heat transfer.
This was the time taken in the laboratory to place the asphalt mixture in the pothole excavation,

evenly spreading and compacting it.
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Table 7.4 Static repair model final parameters

Model for prediction of
temperatures at the vertical

Model for prediction of
temperatures at the bottom

Parameters . :
repair interface for repair

repair interfaces for repair

made in S13

made in S19

Air temperature 215°C 20.05°C
Pavement temperature prior to repair | 25.54 °C 20.48 °C
Pre-compaction repair mix 99.73 °C 95.70 °C
temperature

Density of pavement geometry 2150 kg/m® 2150 kg/m?®

Thermal conductivity of pavement
geometry

19°C: 1.330 W/m K
65 °C: 1.183 W/m K
80 °C: 0.853 W/m K

19°C: 1.330 W/m K
65 °C: 1.183 W/m K
80 °C: 0.853 W/m K

Specific heat capacity of pavement
geometry

Density of repair geometry

865.44 J/kg K 865.44 J/kg K

2230 kg/m?®

19°C: 1.625 W/im K
65 °C: 1.296 W/m K
80 °C: 0.963 W/m K

899.46 J/kg K

2230 kg/m?

19 °C: 1.506 W/m K
65 °C: 1.255 W/m K
80 °C: 0.937 W/im K

899.46 J/kg K

Thermal conductivity of repair
geometry

Specific heat capacity of repair
geometry

Convection film coefficient at
surfaces SF1-SF7

Asphalt emissivity (Hermansson,
2001)

Air-pavement-repair heat flow

5 W/m? 5 W/m?

0.9 0.9

Convection applied at SF1-SF7. Radiation applied at SF1 and
SF2 (Figure 7.1)

Radiation applied at RI1-RI15 (Figure 7.1)

RI1: 2.86 W/m? K; RI2: 5.64 W/m? K; R13: 2.86 W/m? K; RI4:

Pavement repair heat flow

TCC 4.02 W/m? K; RI5: 300 W/m? K

Mesh Tetrahedrons with midside elements nodes
Total elements no. 134,487 134,487
Analysis time 480 seconds 445 seconds

7.4 Dynamically heated pothole excavation
This simulation model represents slab S3 of Chapter 4 and the optimum dynamic heating

method for a 45 mm deep pothole excavation also described in Chapter 4, section 4.4.2.4.

7.4.1 Model generation

The model consists of a host pavement 695 mm x 695 mm x 100 mm with a pothole excavation
305 mm x 165 mm x 45 mm and a heating element plate 455 mm x 165 mm x 10 mm (Figure
7.3). According to the optimum pre-heating method, the heater is stationary above the pothole

excavation at 230 mm offset, heat is applied in heating-cooling cycles and the heater operates
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with 6.6 kW heating power for the heating part of the cycles. This dynamic heating is applied

for 615 seconds.

To simulate the operation of the heater, the heating element plate geometry was designed with
twelve bonded three-dimensional sections (Figure 7.3). Temperatures measured in the
laboratory from each section and shown in Chapter 3, section 3.2 were input at the bottom
surface of the heater simulation geometries. The heating element plate of the actual heater is a
continuous plate. However, the division of it in the simulation model helped to better correlate
the temperature non-linearity and unevenness between the twelve sections when operating at
6.6 KW heat power.

7.4.2 Material properties

Density and specific heat capacity of the pavement were set at 2170 kg/m® and 865.44 J/kg K.
Thermal conductivity of the host pavement was initially set at 1.002 W/m K. All given values
were measured in the laboratory for slab S3. However, as discussed in section 7.3.2 above, to
develop a more accurate model, the initial thermal conductivity of the pavement was changed
to 1.330 W/m K (at 19 °C), 1.183 W/m K (at 65 °C) and 0.853 W/m K (at 85 °C). The change
of thermal conductivities is shown in the different cases of convergence test of section 7.4.4
below. Density, thermal conductivity and specific heat capacity of the heater element plate
were set at 7220 kg/m?, 16 W/m K (at 20 °C) and 460 J/kg K respectively (Resistalloy, 2016).

7.4.3 Formation of thermal analysis

Steady-state and transient analysis was used to build this model with convected air temperature
22.3 °C applied at surfaces SF8-SF13. To simulate the application of infrared heat from the
heater to the pothole excavation, radiation was applied at the faces of the excavation, the
pavement top surface and on the heating element plate bottom faces. Convection at air
temperatures of 120 °C, 160 °C and 180 °C were applied at the bottom of the pothole excavation
(SF18) and at faces SF15-SF17 and SF14-SF16, respectively (Figure 7.3). This was done to
provide close correlation between simulated and measured temperatures under infrared heat
and was concluded from the convergence study described in the section below. The main issue
is that the vertical faces of the excavation are not as exposed to the heater plate as the bottom
face. This means that the temperatures calculated by the simulation in the vertical faces may
be lower than the measured temperatures in the laboratory executed repairs. This may happen
because the surface to surface radiation algorithm of ANSY'S software incorporates view factor
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calculations, which will take into account how much radiative heat can be transmitted to the
surfaces defined within an enclosure. Further, in practice, due to the presence of convection, it
is likely that the vertical surfaces of the pothole will be heated due to their proximity to the
base of the excavation and the heat being convected from that surface. This was not taken into

consideration automatically by the software.

Heating element
plate 12 sections

m
Section 1 1650
Section 12
\@

100 mm

3D view
455 mm

H=10 mm

230 mm

§k16 SF17 SF14

~—-SF13

Section A-A

Figure 7.3 Three-dimensional geometrical modeling (SF = surface, RI = repair
interface)

7.4.4 Convergence study

Five different cases were run, all shown in Table 7.5. These cases were run to understand the
influence of the parameters shown in the table on the simulated excavation temperatures when
infrared heat is applied and find good correlation between measured and simulated
temperatures. The simulations were run for 615 seconds according to the optimum laboratory
heating method. Initially, a mesh sizing of 15 mm was used for both pavement and plate
geometries. For this case (case 1), only thermal conductivity measured at 19.51 °C was used
and convection applied at 22.3 °C air temperature. The same parameters were kept for case 2
except thermal conductivity which ranged from 1.330 W/m K to 0.853 W/m K for temperatures
from 19 °C to 80 °C. For case 3, the mesh sizes of the excavation and heating element plate
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faces were added in the simulation in comparison with cases 1 and 2 and set at 6 mm and 8 mm
respectively. Cases 4 and 5 were based on case 3 with the added values of different air

temperatures for convection applied at the pothole excavation faces.

Table 7.5 Cases for convergence study

Parameters
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The final simulation case concluded from the convergence study was case 5. For this case for
the mesh, a finer element size was adopted for the faces of the pothole excavation in the
pavement geometry and on the heating element plate bottom faces. The final mesh elements

are 52,967 in number.

7.4.5 Final simulation parameters

The final parameters of the simulation are presented in Table 7.6. The air and pavement
temperatures were those measured in the laboratory when testing a 45 mm deep pothole
excavation under the application of infrared heat for slab S3 shown in Chapter 4. Similarly

with the static repair model, the convection film coefficient was imported from ANSYS
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software and represent the simplified case of stagnant air. The properties of the pavement and

heater plate emerge from the previous sections.

Table 7.6 Model parameters for dynamically heated pothole excavation

Air temperature 22.3°C
Pavement temperature prior to heating 19.86 °C
Heatln'g e_Iement plate temperature prior to heater 18.89 °C
operation:

Density of pavement geometry 2150 kg/m?®

19°C: 1.330 W/im K
Thermal conductivity of pavement geometry 65 °C: 1.183 W/m K
80 °C: 0.853 W/m K
Specific heat capacity of pavement geometry 865.44 J/kg K
Density of heating element plate® 7220 kg/m?®

Thermal conductivity of heating element plate* | 20 °C: 16

Specific heat capacity of heating element plate* | 460 J/kg K

Convection film coefficient at SF8-SF18 5 W/m?
Asphalt emissivity (Hermansson, 2001) 0.9
Heating element plate emissivity® 0.9

Convection at 22.3 °C applied at SF8-SF13.
Radiation applied at SF8

Convection at 120 °C applied at SF18
Convection at 160 °C applied at SF15 and SF17
Convection at 180 °C applied at SF14 and SF16
Radiation applied at SF14-SF18

Air-pavement-heater heat flow

Pothole excavation heat flow

Mesh Tetrahedrons with midside elements nodes
Total elements no. 52,967

Analysis time 615 seconds

Note:

2 From Resistalloy (2016).
® The emissivity of the heating element plate was provided by the Heat Design equipment Inc
company after personal communication with the manager of the company.

7.5 Dynamic repair model

This model was built combining the static repair and the dynamically heated pothole excavation
models (Figure 7.4). Therefore, the design of the geometries, the position of the heater above
the pavement, the material properties and the simulation model parameters are identical. The
difference is in the repair mixture temperature and simulation time. The simulation built to
validate temperatures at the vertical repair interfaces was run for a total of 1095 seconds (615
seconds pre-heating of pothole excavation + 480 seconds dynamic repair simulation time). The
simulation built to validate temperatures at the bottom repair interface was run for 1054
seconds (615 seconds pre-heating of pothole excavation + 439 seconds dynamic repair
simulation time). In the simulations, the elements of the dynamic pothole repair geometry were

set to an extremely soft stiffness for 615 seconds to allow excavation pre-heating time to
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happen without any interaction with the repair geometry. The stiffness was then restored at the
end of the heating time for 480 seconds or 439 seconds depending on the simulation run at the
time. The initial temperatures of the repair mixtures for these simulations were set at 107 °C
and 98.3 °C respectively. The final mesh elements are 432,382 in number.

Heating
element plate

Static repair

"Dynamic repair

Host pavement

Figure 7.4 Dynamic repair three-dimensional geometrical modelling

7.6 Results

7.6.1 Static repair model

Figure 7.5 shows temperature profile over time at eleven sampling points at the interfaces of a
45 mm deep static repair. Simulated temperatures are compared against temperatures measured
in laboratory experiments. Thermocouples T1-T6 show temperatures in the vertical sides mid-
depth of the repair for a simulated and experimental repair time of 480 seconds. Thermocouples
T7-T11 show temperatures at the corners and bottom of the repair for a simulated and
experimental repair time of 445 seconds. The exact positions of the thermocouples were shown
previously. The data used to validate the static repair model were taken from one laboratory
repair work for each thermocouple group although six repetitions were performed in the
laboratory for each temperature sampling point. However, this was done because in the
experimental study it was concluded that temperatures were similarly increased for repairs
constructed when air and host pavement temperatures ranged from 17 °C to 22 °C and from 17
°C to 26 °C respectively. The same air and pavement temperatures were used in the simulation.

The results showed that for T1-T6 there was in average 94.53%, 95.52%, 95.62%, 91.83%,
95.52% and 95.07% agreement respectively between measured and simulated temperatures.

The highest temperature difference was observed at T7 and T11 located at two corners at the
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bottom of the repair. In these locations, 67.50% and 75.97% agreement were seen between
simulated and test data. The prediction of temperatures improved for T8-T10 located at mid-
bottom areas of the repair interface where simulated temperatures agreed in average with the
test temperatures by 86.51%, 86.23% and 83.00% respectively. For the first 10 seconds of
simulating time, for thermocouple positions T8-T10 temperatures increased rapidly from
approximately 21 °C to 55 °C, whereas, at the same locations, temperatures measured in the
laboratory increased from approximately 20 °C to 27 °C. Theoretically the analysis is correct
but due to thermal contact resistance at the repair interface, the laboratory measurements stand
as accurate. For this reason, no correlation of data is included in Figure 7.5 for T8-T10 for the

first 10 s of simulation time.
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Figure 7.5 Comparison of simulated and measured temperatures at the interfaces of static repair (Ti = thermocouple number as per

tal thermocouple numbering of Chapter 6, Table 6.2)
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7.6.2 Dynamically heated pothole excavation model

The results and validation of this model are presented in Figures 7.6 and 7.7. In these figures,
the characterisation and locations of the thermocouples follow that of the experimental work.
In Figure 7.6, estimated temperatures at eight locations in the pothole excavation are compared
against laboratory measurements. Considering the three-dimensional view of the model in
Figure 7.3, T26 and T27 are located at the mid-bottom and bottom-corner of the cavity
respectively. Thermocouples T28-T31 are located at the middle of each vertical excavation
face and T32, T33 are located at mid-top points of the cavity. In Figure 7.7, seven more
sampling points are presented. They were used to validate simulated temperatures at points
located inside and across the depth of the host pavement at a distance from the excavation long

and short faces 20 (£5) mm and 30 (£13) mm respectively.

Simulated temperatures at T26 and T28-T33 reached an average agreement with the measured
temperatures 83.29%, 86.51%, 77.53%, 87.71%, 75.85%, 81.93% and 80.52% respectively.
Lower correlation was observed for T27 with simulated temperatures matching test data on
average by only 59.63%. The figure improves for temperatures predicted at locations inside the
host pavement during the dynamic heating of the pothole excavation. Specifically, on average,
at T1, T3-T7 a correlation 89.59%, 97.15%, 88.40%, 91.45%, 99.15% and 91.88% respectively
was observed. The lowest agreement (69.60%) between simulation and experimental work was
seen at T2.

7.6.3 Dynamic repair model

This model simulates temperatures over time at the interfaces of a 45 mm deep repair that has
been dynamically heated prior to fill and compaction. The results are shown in Figure 7.8.
Thermocouples T1-T6 show temperatures at the vertical sides mid-depth of the repair for a
simulated and experimental repair time of 1095 seconds. Thermocouples T7-T11 show
temperatures at the corners and bottom of the repair for a simulated and experimental repair
time of 1054 seconds. There is a low correlation between simulated and measured temperatures
for this model when compared with the static repair model since the simulated temperatures at
the repair interfaces are to a degree affected by the temperatures achieved during the pre-
heating of the excavation. Therefore, for T1-T6 for the first 30 seconds of repair time, there
was an overall average agreement 40.77%. This figure increased for repair time between 40
seconds and 480 seconds and was equal to 64.92%. However, bottom temperatures T8-T10
had a high correlation 95.70%, 91.36% and 94.34%. The model fails to accurately simulate
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bottom corner temperatures where for T7 and T11 an agreement 34.65% and 44.96%

respectively were seen.
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Figure 7.6 Comparison of simulated and measured temperatures at the faces of
dynamically heated pothole excavation (Ti = thermocouple number as per experimental

thermocouple numbering of Chapter 4, Table 4.5)
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Figure 7.7 Comparison of simulated and measured temperatures inside the host
pavement of dynamically heated pothole excavation (Ti = thermocouple number as per

experimental thermocouple numbering of Chapter 4, Table 4.3)

- 155 -



Finite Element simulation of transient heat

Chapter 7

distribution in shallow patch repairs

Temperature difference (%)

Temperature difference (%)

(=) [=] (=) o) < (=
22 8 83 F 8 o 4 22 8 83 F 8 o 4
T S E— 08% R S M- 08%
g r oSy 2 rosy
BE - ozr BEZ - ey
i E L 06E -l b OGE
Ll [ 09€ LRl [ 09€
[ ] g 1] FOEE
L ooE = Lo0E T
- F0LT B o FOLT B
= Fore B & FoFzT =
F oIt FOIT
F 081 F 081
Y oSt
0TI FOTI
r 06 r 06
r 09 09
r0g roe
T T T T T 0 7 T T T T 4]
(=) (=] (=3 f=3 (=1 (=1 (=] S [ (=1 f= < f=1 (=]
(Do) admesdwa], (Do) aimendws],
Temperature difference (%) Temperature difference (%) Temperature difference (%)
S8gg88 <8 28 g8 o8& S8gg88.8
Ly 08 — . , \ 08% L 08%
oo g Losy - Fosy - o g Lost
EEE Loy g3 FoTy 2 E g Hozy
- - 06€ g% & - 06€ 7g E Foog
g 2 A - T E A L noe 5 E A -
| L oo T | (e z |11 L 00€
) FOLT § FOLT & = F0LT
= Lope B - L ore
FoIT ro1c F 01T
F 081 r 081 F 081
FOST rost FOST
Al roct FozTl
r 06 r 06 F 06
r 09 F 09 F09
F0€ F o€ F0g
T T T T T 0 = T T T T 0 T T T T T 0
(= [w] o (=] (=) (=) (=) (=] (=1 (=1 f=3 < (=1 (=] (=] (=) (=] (=1 = (=] (=]
(Do) 2anyeaaduwa], (Do) 2ameaduwng, (Do) 2amesdwn],
Temperature difference (%) Temperature difference (%) Temperature difference (%)
588898 o F S22gs8 o8 S8828¢88 o7
R S 0% Ly 08/% R S M- 08/%
9 L L 9 |-
- ot e g
]
22 & L o6E - 06€ R - 06€
ie s Lotk 3 RS oge
I F00E g +oog 2 I - 00€
~ FOLT E © ro g S FOLT
= tove & & Fobz 5 & FobT
Folc FO1T r 01T
- 081 gt 08I - 081
F0s1 o Erosl Fos1
ozl E = wm\om— FozTl
r o6 g & Aroe r 06
09 2 @ 09 r 09
F0g - 0€ r0g
— L VA N— _ _ 0 e S
(=] [=] = < < (= (=] o o 0 O Q0 O C o o o o <o <o (=1 (=1 = (=3 (=1
(Do) 2amesdua], (Do) @anjedwR], (Do) aamesddwa],
Temperature difference (%) Temperature difference (%o) Temperature difference (%)
§82382R8 - 8 8§ 2838 - 8 822888 o 8
T Mww S e e mmw e mmw
= r = r = r
BE - ocr BEL L oer BEE - oey
8% E - 06€ g% g - 06 52 E Fosg
£ aq L oog 5 EQ L oog £ EAQ L 0og
= w8 [ oge 2w 8 [ oge b= S [ ogs
| - oo 2 | - oog 2 I - 00g
- HOLT 8 vy LOLT 8 o oLz
= FOVPT B & FOvz = B rO¥T
F 01T FO1T F0I1T
- 081 F 081 F 081
FOST FOST FOST
Foct ozl ozl
r 06 r o6 r 06
F 09 F 09 r09
r0€ r0g F0g
T { T T T 0 T T T T T 0 T T T T T 0
(=) [=] [= < =1 (=1 (=1 (= (= (=1 f=3 < (=1 (=] (=] (=] (=1 (=1 = (=3 (=)

(Do) 2amesnduwny,

(Do) oamesadws],

(Do) oamerodwa],

Time (s)

Time (s)

Time (s)

Figure 7.8 Comparison of simulated and measured temperatures at the interfaces of dynamic repair (Ti = thermocouple number as per

experimental thermocouple numbering of Chapter 6, Table 6.2)
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7.7 Summary

In this chapter, a 45 mm deep static repair, dynamically heated pothole excavation and dynamic
repair were simulated and individually validated with experimental work driven from Chapters
4 and 6 for the dynamically heated pothole excavation and pothole repair simulations
respectively. The validation of the excavation was done at temperature sampling points located
at all surfaces and two corners of it. Meanwhile, the validation of the repair models was mainly
concentrated at the interfaces of the actual repair where low in temperature interfaces during
the fill and compaction of the pothole mixture affect the bonding of the repair with the old
pavement and therefore the repair life duration. The next chapter presents the experimental
validation of the strength and rutting resistance of static and dynamically heated pothole repairs

that were extensively studied in this chapter and Chapter 6.
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The advantage of controlled pre-heating in dynamic repair against static repair is
presented in this chapter. Shear bond tests and immersion wheel tracking tests
were performed to asses the quality of both types of repair. The twelve slabs
described in Chapter 6 were cored and used to perform the shear bond tests.
However, six new slabs with static and dynamic repairs were built for the wheel
tracking tests. Therefore, the description of materials and construction of slabs and
pothole repairs included in this chapter refer only to test samples for wheel

tracking tests. The chapter aims to address the sixth objective of the research.

8.1 Materials and experimental methods

8.1.1 Experimental program

The experimental program and test parameters are presented in Table 8.1. Eighteen slabs were
used to investigate repair interface bonding and rutting performance of static and dynamic
repairs. For shear bond tests, the twelve slabs described in Chapter 6 were used. Therefore, two
dynamic heating times (10 minutes 15 seconds and 21 minutes 49 seconds) were tested for the
dynamic repairs. The shear bond tests were performed at 20 (£3) °C. For wheel tracking tests,
six new slabs were built. Two pothole excavations were designed per slab for simultaneous
testing of static and dynamic repairs. Dynamic repairs with 10 minutes 15 seconds pre-heating
time were only tested. The wheel tracking tests were performed at two testing temperatures 25
(1) °Cand 4 (£1) °C.

8.1.2 Materials

The same materials as Chapters 4 and 6 were used to build the slabs and repairs for wheel
tracking tests. The slabs were built with 20 mm DBM comprising coarse and fine granite
aggregate and limestone filler. The bitumen used was 100/150 pen. The pothole excavations
were repaired with 6 mm dense graded mixture (AC 6). The gradation curves of the slab and
repair mixtures were shown in Chapter 4, section 4.1.1 and Chapter 5, section 5.1.1

respectively.
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Table 8.1 Experimental program

Pothole A: static repair at
ANAE AR YA YA SR YA A YA NA YA Y A YA NANENANAY room temperature
Pothole B: dynamic
repair with 10 min 15 s
heating time at room
temperature 20 (x3) °C
Pothole B: dynamic
repair with 21 min 49 s
heating time at room
repair interfaces at 20

Pothole size: mm

Shear bond test in vertical

Shear bond test in bottom
SNIENIENIENIENIENE repair interfaces at 20

temperature 20 (x3) °C

Wheel track test at
Wheel track test at

Slab size: mm

S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30

NENEN

<]«

NENEN

305 x 165 x 45

695 x 695 x 100

NENEN
NENENENENEN

NENEN

AN AN RN AN AN

SNENEN

8.1.3 Preparation of HMA and construction of HMA slabs

The preparation of asphalt mixture and the construction of the slabs were done as described in
Chapter 6, section 6.1.3. The size of the slabs was 695 (x5) mm x 695 (£5) mm x 100 (£5) mm
and of the two pothole excavations was 305 (£2) mm x 165 (£2) mm x 45 (£2) mm. The first
difference between the slabs for shear bond tests and those for wheel tracking tests was the
arrangement of the pothole excavations within the slab. The pothole excavations for the wheel
track tests were arranged so a repair interface fell directly below the wheel load path. This is
shown in Figure 8.1. The second difference was that no aluminium tubes were included in the
construction of the slabs. The aluminium tubes were not necessary because temperatures were
not measured during the repairs since the temperature profile at the repair interfaces was
already established by the tests described in Chapter 6. Further, the author wanted to avoid

creating gaps inside the slabs that may affect the results of the wheel tracking tests.
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Figure 8.1 Slabs for wheel tracking tests: (a) moulds; (b) constructed slab with pothole
moulds; (e) demoulded slab; (f) repaired slab and demonstration of wheel load path at

the repair interface

8.1.4 Static pothole repairs

Static repairs were completed as shown in Chapter 6, section 6.1.4. Pre- and post-compaction
repair mixture temperatures are shown in Figure 8.2.

8.1.5 Dynamic pothole repairs

Dynamic repairs were completed as shown in Chapter 6, section 6.1.5. Pre- and post-
compaction repair mixture temperatures are shown in Figure 8.2.
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Figure 8.2 Pre- and post-compaction temperatures of pothole fill mixtures for static and

dynamic repairs in slabs S25-S30

8.1.6 Air voids content of slabs and repairs

The air voids content for slabs and repairs used for shear bond tests was presented in Chapter
6, sections 6.3 and 6.4.1. It was not possible to measure air voids content for test samples
constructed for wheel tracking tests. However, a similar level of air voids was expected to have
been achieved for these samples due to the consistent construction method for slabs and repairs
followed by the author. The consistency in measured air voids of samples for shear bond tests

also supports this assumption.

8.1.7 Shear bond tests (SBT’s)

Shear bond tests (SBT’s) were performed to evaluate the bonding at the interfaces of both static
and dynamic repairs built in slabs S13-S24. To determine the bonding at the bottom interface
of the repairs, the repairs of slabs S13-S18 were cored as shown in Figure 8.3. For vertical
repair interfaces, the slabs were first cut by a wet saw into smaller blocks and then cored. The
coring direction was perpendicular to the repair interface. A notch was created in the cores to
concentrate loading on the repair interface (Figure 8.4). At the end of coring and after
conditioning test cores at a room temperature 20 (x3) °C for 24 hours, they were sheared to

failure.

Background information on the SBT was given in the literature review chapter (Chapter 2) in
section 2.10.1. For this study, the SBT’s were conducted using an Instron hydraulic machine

together with a shearing rig specifically designed for this study (Figure 8.5). The design of the
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shearing rig was done in accordance with Raposeiras et al. (2013) for a 70 mm diameter
extracted core. The shear displacement rate was 20 mm/min following Obaidi, Gomez-Meijide,
and Garcia (2017). The gap between the shearing platens was 5 mm and the tests were
conducted at a room temperature 20 (£3) °C. The maximum shear stress was calculated using
Eq. 2.11 in Chapter 2, section 2.10.1.
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Figure 8.3 Coring of slabs S13-S18 to obtain test cores for SBT’s of bottom repair
interface: (a) marking; (b) coring; (c) coring locations; (d) test cores
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Figure 8.4 Coring of slabs S19-S24 to obtain test cores for SBT’s of vertical repair interfaces: (a) marking; (b) cutting of slabs to blocks;

(c) cutting of blocks to smaller blocks; (d) coring of small blocks; (e) test cores
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Figure 8.5 SBT apparatus designed for this study

8.1.8 Wheel tracking tests (WTT’s)

Figure 8.6 shows the test samples for wheel tracking tests. The tests at 25 (1) °C were
conducted using a Hamburg wheel tracking device in accordance with AASHTO T324
(American Association of State Highway and Transportation Officials, 2004) with test tank
and moulds specifically designed for this study. Tests performed at 4 (1) °C are non- standard,
nevertheless, a similar procedure was followed. The 4 (1) °C temperature was controlled with
a K1 chiller integrated with the wheel tracking device. Static and dynamic repairs were
simultaneously tested. 20,000 cycles were applied to each repair, as shown in Figure 8.7.
Rutting depth was measured at 4 mm spacing along 96 mm of repair interface. The tests were

conducted 24 hours after the completion of the repairs.
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Figure 8.6 Samples for wheel tracking test: (a) initial slab; (b) sample blocks ready for
wheel tracking tests (slab cut with a wet saw cut)
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Figure 8.7 Simulation of wheel load at the interface of static and dynamic repairs: (a)

samples; (b) wheel loading

8.2 Results and discussion

8.2.1 SBT’s

Figure 8.8 shows the average interface shear strength for static (A samples) and dynamic (B
samples) repair methods with 10 minutes 15 seconds and 21 minutes 49 seconds heating
duration. Appendix G shows the shear strength of all test cores. Eighteen test cores were used
to investigate the shear strength at the bottom repair interface of static repairs. A set of nine
cores were tested for both heating durations of dynamic repairs. Thirty-six cores were used to
investigate the shear strength on the vertical repair interfaces of static repairs and eighteen cores
per heating time for similar testing of dynamic repairs. All testing produced failure on the

bonding interface. Four cores taken from the vertical interface of static repairs failed as soon
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as they were put on the shearing rig. These failures are included in Figure 8.8. Four further

tests were aborted due to equipment failure.
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Figure 8.8 Interface shear strength for static (A) and dynamic (B) pothole repairs

(sample characterisation (A1-A9 and B1-B9) is given in Figures 8.4 and 8.5, the error

bars show the standard deviation (SD) of each value)

The first observation from the results is that the interface shear strengths with the dynamic

repair method were significantly higher those from the static method repairs. The shear strength

at the bottom repair interfaces of dynamic repairs was consistent, in the 0.499 MPa and 0.579

MPa range, averaging, 78.2% higher than static repairs. This happened because, for dynamic

repairs, there was a reduction in bitumen viscosity with continuing heating. Lower viscosity

means less resistance of asphalt to flow, higher interlocking between the aggregates of the host

pavement and the fill mixture and adequate adhesion between repair interfaces. This justifies
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also the fact that slightly higher bond strength was received for test samples A2 and B2 cored
in the middle of the repairs where temperatures during preheating and repair were the highest.
Between 10 minutes 15 seconds and 21 minutes 49 seconds heating durations there was no
significant additional heating influence on shear bond strength on the bottom interface, in spite
of the natural reduction in bitumen viscosity. This happened because the bottom face of the
excavation was confined by the whole asphalt mixture of the slab during heating and repair

compaction.

However, the effect of asphalt low viscosity during heating is apparent at the vertical faces of
the excavation. These faces are not supported during heating and are free to move as soon as
bitumen has softened, and compaction of the fill mixture started. Thus, the shear strength of
test samples B4 and B5 heated for 21 minutes 49 seconds was 0.392 MPa and 0.416 MPa
respectively higher than samples prepared with 10 minutes 15 seconds dynamic heating time.
For test samples B6-B9 an average strength difference of only 0.185 MPa was observed. The
reason that the shear strength differed between the test cores of the vertical faces of dynamic
repairs was the different temperatures achieved in pothole preheating. Previous investigation,
presented in Chapter 4, section 4.4.2.1, into similar dynamically heated asphalt excavations
shows that, at the end of preheating, at the mid-bottom of the excavation surface, temperatures
typically range from 140 °C to 160 °C, with the lower temperatures on the vertical faces, in the
80 °C to 120 °C range.

Further, the strength at the vertical repair interfaces with dynamic repair was higher than that
of static repair methods. In general, the strength of test samples extracted from 10 minutes 15
seconds dynamic repairs was 68.4% higher than that of the test samples of static repairs. The
strength of 21 minutes 49 seconds dynamically heated repairs more than doubled that of static

repairs.

Considering the shear strength results gained for the vertical interfaces of the excavation, it
seems that there is a higher influence of temperature on the strength of the interface. However,
during the two heating durations of the pothole excavation, it was observed that the sides
became increasingly loose after approximately 21 minutes of heating showing evidence of
overheating the asphalt and heating of a larger area than expected. This is not obvious for the
bottom interface since the slab is confined in its mould when the heating is applied. Besides,
21 minutes of heating would be expected to increase overall repair time which is less desirable
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as reported by Wilson and Romine (2001). In addition, the interface strength of dynamic
pothole repairs at the end of 10 minutes 15 seconds of heating was even higher than repairs

completed with induction heating presented in Obaidi, Gomez-Meijide, and Garcia (2017).

8.2.2 WTT’s

Figure 8.9 shows the permanent deformation of static and dynamic repairs at the repair vertical
interface for 25 (£1) °C and at 4 (+1) °C test temperatures. Figure 8.10 presents the average
rutting profile of these repairs along the vertical repair interface. Appendix H shows the rutting
profile for all repairs individually. Six slabs were prepared for wheel tracking tests. Sets of
three static and three dynamic repairs were tested for both testing temperatures. During the
tests it was observed that the profile of the tested surfaces was non-uniform. This was captured
from the wheel tracking machine at the first four passes with asphalt surface profile levels
fluctuating between £ 1.4 mm and = 1.7 mm for all tests. This fluctuation has been
correspondingly added or subtracted from the final rutting depth in the presented results. It can
be observed that for the rutting test at 25 °C, dynamic repairs outperformed static repairs. The
average rutting depth of dynamic repairs was 10.36 mm (with SD equal to 1.54 mm) whereas
for static repairs was 14.82 mm (with SD equal to 3.73 mm). A high level of deformation was
observed for the static repair constructed in slab S26. On this occasion, the rutting depth was
18.66 mm. In general, the rutting depth of static repairs was not as consistent as that of dynamic
repairs. Further, no stripping was observed for all tested repairs (Figures 8.11 and 8.12) and no
significant rutting for all repairs tested at 4 °C (Figure 8.10b).
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Figure 8.9 Rutting depth at (a) 25 °C and (b) 4 °C after 20.000 cycles
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Figure 8.11 Rutting deformation profile versus number of passes at 25 °C testing

temperature for (a) static repairs and (b) dynamic repairs of slabs S25, S26 and S27

- 169 -



Chapter 8 Performance evaluation of shallow patch repairs

0 5000 10000 15000 20000 0 5000 10000 15000 20000
4 4
5 Number of passes % Number of passes
0 0 [
£ -2
E g
< 5 = -6
? =
g -8 g -8
£-10 @10
Z.12 .12
~ ~
T4 —-$28 14 528
-16 $29 -16 55
-18 = -18
Test at 4 °C $30 Test at 4 °C —S30
20 -20
(@) (b)

Figure 8.12 Rutting deformation profile versus number of passes at 4 °C testing

temperature for (a) static repairs and (b) dynamic repairs of slabs S28, S29 and S30

8.3 Summary

This chapter experimentally investigated the interface shear strength and rutting resistance of
a method to repair potholes via dynamic infrared heating. The dynamic repairs were also
compared against static repairs via similar testing. The pre-heating method for the dynamic
repairs was concluded from the experimental work presented in Chapter 4. It was then used to
understand the heating effects at the repair interfaces in Chapter 6 and finally assessed via
SBT’s and WTT’s in this chapter. The next chapter presents the conclusions from this work
and Chapters 3-8. It also includes recommendations for further research.
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Chapter 9

Conclusions and recommendations

9.1 Conclusions

9.1.1 Experimental infrared heating equipment

The conclusions of this section relate to Chapter 3. The chapter presents the patented
experimental infrared heater used in the experimental work of this Thesis. The heater offers the
ability to pre-heat a pothole excavation in a controlled manner, prior to repair filling and
compaction, for longer lasting pothole repairs. The study focused on the initial development
and understanding of the heater operation and heating process in a laboratory controlled

environment. The following conclusions were made:

o An infrared thermometer and an insulated thermocouple probe were used to measure
temperatures on the heating element plate. Both equipments produced reliable and
similar temperature measurements. For 80% and 100% gas supplies the infrared
thermometer in comparison with the probe captured a higher concentration of
temperatures in the middle area of the plate. However, the probe outlined in detail
overall plate temperature distributions and showed information such as plate ignition
time, temperature stabilization time and temperature distribution non-uniformities.

o The results from the plate temperature measurements with the probe showed that the
plate ignites after 23 seconds to 28 seconds and temperatures on the plate stabilize for
all gas levels after approximately 1 minute 40 seconds. The average temperatures after
this duration of time for 20%, 40%, 60%, 80% and 100% gas feed rates were 873.60
°C, 875.67 °C, 894.72 °C, 910.38 °C and 916.82 °C respectively.

o The experiments with the heater plate operating in heating-cooling cycles (named
dynamic operation), showed that temperatures reached similar levels for all gas
supplies. The temperature repetitions on the heating part of the cycles showed a
difference between 1.9% and 4% for the heater gas feed rates studied. On the cooling

part of the cycles, temperatures reached a difference of 2% to 9.6% for 20% to 60%
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and 100% gas feed rates. However, for 80% operating gas level a difference of 16.85%
was observed during the cooling part of the cycles.

Surface heating experiments on an insulated sheet showed that there was a higher
concentration of temperatures in the middle areas of the surface over which infrared
heat was applied. These temperatures were higher for higher levels of gas feed rates.
For example, during 300 seconds of plate operating time and at 20% gas feed rate,
temperatures in the middle were at approximately 100 °C. Whereas, for 100% gas feed
rate, the middle temperatures reached 135 °C. Even though these temperatures may
not be similar when infrared heat is applied to an asphalt surface, the results offer an
initial understanding of the heat pattern produced and control over asphalt pre-heating
process.

The heat powers that correspond to 20%, 40%, 60%, 80% and 100% gas feed rates
are 6.6 kW, 6.7 kW, 7.1 kW, 7.5 kW and 7.7 KW respectively. These were calculated
using the Stefan Boltzmann Law formula.

A cover around the heating element plate was found to restrain the effect of air
movement during heater operation and further support control of asphalt pre-heating

performance.

9.1.2 Patch repair pre-heating method using dynamic heating

The conclusions of this section relate to Chapter 4. In this chapter, the application of infrared

heat in heating-cooling cycles (named dynamic heating) was investigated in shallow and deep

pothole excavations of asphalt slabs. The study was conducted for different height and heater

gas feed rate configurations. The main conclusions drawn from the research are the following:

Temperatures under dynamic infrared heating in 45 mm, 75 mm and 100 mm deep
pothole excavations and their host pavement were non — uniformly distributed.

There was a higher concentration of temperatures in the pothole excavation than inside
the host pavement. This happened because temperatures in the excavations increase due
to radiation, whereas, the temperature profile inside the host pavement depends on the
thermal properties of the asphalt mixture.

Temperatures inside the host pavement increased more for the first 10 minutes of
heating than for heating between 10 minutes and 30 minutes.
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Dynamically heating a pothole excavation ensures heating up of its external surfaces
and internal asphalt mixture of host pavement without burning or overheating the
asphalt. For this reason and to keep patching time to a minimum, 10 minutes — 12
minutes dynamic heating time is better.

It is suggested that 45 mm deep pothole excavation is dynamically heated for
approximately 10 minutes with (a) 6.6 kW heat power and stationary heater above the
pothole excavation at an offset from the asphalt surface of 230 mm and (b) 7.5 kW heat
power and heater in motion at an offset of 130 mm. Method (b) is preferred for pothole
areas bigger than 305 x 165 mm?.

It is suggested that a 75 mm deep pothole excavation is dynamically heated for
approximately 10 minutes with 7.1 kW heat power at an offset of 230 mm.

It is suggested that a 100 mm deep pothole excavation is dynamically heated for
approximately 10 min with (a) 6.6 kW heat power and stationary heater at an offset of
230 mm and (b) 7.5 kW heat power and heater in motion at an offset of 130 mm. Method
(b) is preferred for pothole areas bigger than 305 x 165 mm?.

Dynamically heating the pothole excavation is intended to improve interface pothole
repair bonding and therefore repair durability over time. The suggested optimum
heating may be implemented in asphalt patch repairs prior to any pothole filling and
compaction and after the failed asphalt is removed and the cavity is cleaned from debris

and water.

9.1.3 Thermal properties of asphalt mixtures

The conclusions of this section relate to Chapter 5. In this chapter, the thermal properties of 20

mm dense bitumen macadam (DBM), asphalt concrete (AC) 14 and AC 6 asphalt mixtures

were investigated in the laboratory at three different test temperatures 19 (£1) °C, 65 (5) °C

and 80 (5) °C. Thermal conductivity was measured with the transient line source (TLS)

method for non-aged, short-term aged and long-term aged asphalt mixtures. Specific heat

capacity and thermal diffusivity were calculated using formulae from the literature. The

penetration of heat into the asphalt specimens during the measurements of thermal conductivity

was also determined. The results were examined in terms of the (i) thermal conductivity method

of measurement; (ii) effect of temperature in thermal conductivity; (iii) effect of ageing in

thermal properties; (iv) effect of aggregate. The following was concluded:
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e The variation of air voids (from approximately 4% to 6.5%) in compacted asphalt
specimens was not found to considerably affect thermal conductivity measurements of
this study.

e The results showed that thermal conductivity is affected by the volume of asphalt used
by the TLS to find thermal conductivity (this can be estimated by the heat penetration
depth) and the thermal contact between the needle and the asphalt surface. To increase
the thermal contact, thermal paste should be applied to the needle prior to testing and
the hole where the needle is inserted should be cleaned from dust and be of the right
diameter.

e The most significant factor that affected thermal conductivity was temperature.
Thermal conductivity considerably decreased for all asphalt mixtures at high test
temperatures (from 65 °C to 80 °C). This showed that when thermally analysing asphalt
mixtures either experimentally or via finite element modelling, the effect of thermal
conductivity of asphalt mixture should be taken into consideration.

e The effect of ageing in thermal conductivity and thermal diffusivity varied between the
asphalt mixtures studied in the chapter. For 20 mm DBM specimens, thermal
conductivity between non-aged and aged specimens remained at similar levels at 19 °C
test temperature. However, at 65 °C test temperature, thermal conductivity decreased
by approximately 27.5%. At 80 °C, it decreased by almost 50% between non-aged and
long-term aged specimens. For the same mixture conditioning at 19 °C, thermal
diffusivity increased when thermal conductivity was increasing.

e For AC 14 and AC 6 asphalt mixture specimens, no increasing or decreasing trend was
observed for thermal conductivity between non-aged and aged specimens and for test
temperatures between 19 °C and 80 °C. For AC 14 mixture, thermal diffusivity
increased in average by 34.2% between non-aged and aged specimens. For AC 6
mixture, thermal diffusivity increased by 19.2% between non-aged and short-term aged
specimens and by 12% between non-aged and long-term aged specimens.

e The effect of ageing on specific heat capacity was not significant and remained almost
unchanged for all asphalt mixtures and ageing conditions.

e The conducted study was not conclusive in the effect of aggregate size on thermal

conductivity.
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9.1.4 Temperature distribution in the interfaces of shallow patch repairs

The conclusions of this section relate to Chapter 6. In this chapter, temperatures at the interfaces
of static and dynamic repairs were investigated in the laboratory using extractable
thermocouples. Temperatures were measured during the pouring of the fill mixture into the

excavated potholes and compaction. The following conclusions were made:

o Temperatures at the interfaces of hot mix asphalt pothole repairs were non-uniformly
distributed.

o The lowest temperatures were received in vertical interfaces and corners of the repairs.
This was evident mainly in static repairs.

o Same amount of temperature increase was observed in repair interfaces with initial air
and slab temperatures 17 °C - 22 °C and 17 °C - 26 °C respectively.

o Dynamic heating did not considerably increase temperatures in the corners of the
repair. However, this figure was improved in vertical interfaces along the length and
width of the repairs.

o Comparing dynamically heated repairs of 10 minutes 15 seconds and 21 minutes 49
seconds with static repairs, showed average corner temperatures increases 10.85 °C -
24.45 °C and 29.51 °C - 36.73 °C respectively, with accompanying increases in
vertical interface temperatures 34.97 °C and 46.41 °C respectively.

o The low temperature vertical interfaces of static repairs were attributed to high thermal
contact resistance in contrast with the bottom of the repair.

o The thermal contact resistance seemed to decrease in dynamic repairs. This is due to

higher actual contact spots in the repair interface and lower air voids.

9.1.5 Finite Element simulation of transient heat distribution in shallow patch repairs

The conclusions of this section relate to Chapter 7. Three simulation models were presented in
this chapter. The pothole repair models and the heated excavation model were a representation
of experimental work conducted by the author and described in Chapters 6 and 4 respectively.
All models were validated and calibrated by experimental work presented in the Thesis. The

following was concluded:
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The results from the validations of the models are promising and good correlation was
found for most investigated temperature sampling points located at the repair interfaces,
faces of the empty pothole excavations and inside the host pavement.

The lowest agreement between measured and simulated temperatures was seen in the
dynamic repair model mainly at the vertical faces of the repair. This happened due to
the impact in the simulated temperatures from the dynamically heated pothole
excavation where the lowest agreement between measured and simulated temperatures
was also seen at the vertical faces of the excavation.

It was found that thermal contact conductance plays an important role in simulating
heat flow at the repair interface and that view factor significantly affects simulation of
temperatures at faces subjected to radiation. Thermal contact conductance is the
reciprocal of thermal contact resistance and its effect on the repair interface
temperatures was also underlined in Chapter 6 and the conclusions of this chapter

discussed in the previous section.

9.1.6 Performance evaluation of shallow patch repairs

The conclusions of this section relate to Chapter 8. In this chapter, static and dynamic repairs

were validated in terms of interface strength and resistance to permanent deformation. The

interface strength of dynamic repairs was evaluated for 10 minutes 15 seconds and 21 minutes

49 seconds pre-heating times, whereas, the dynamic repair interface resistance to rutting was

assessed only for 10 minutes 15 seconds pre-heating time. The following conclusions were

drawn from the research:

Dynamically heating a pothole excavation increases pothole repair interface bonding.
The longer the pre-heating time, the higher the repair bonding strength with the old
pavement. This happened due to higher interlocking between the aggregates of the
host pavement and the hot fill mixture.

The shear strength of the bottom interface of dynamic repairs was found to be 78.2%
higher than static repairs. Between 10 minutes 15 seconds and 21 minutes 49 seconds
heating durations there was no significant additional heating influence on shear bond
strength on the bottom repair interface.

The shear strength of the vertical interfaces of dynamic repairs with 10 minutes 15

seconds pre-heating time was 68.4% higher than of the test samples of static repairs.
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The strength of 21 minutes 49 seconds dynamically heated repairs more than doubled
that of static repairs.

o Reflecting the above, to achieve higher interface bonding for dynamic repairs, an
approximate heating time of 10 min was found to be sufficient. This avoids
overheating the asphalt and heating a larger area of mixture than expected or needed.

o The rutting resistance of dynamic repairs at the repair interface was higher than that
of static repairs. The average rutting depth of dynamic repairs was 10.36 mm whereas
for static repairs it was 14.82 mm.

o It has been concluded that pre-heating a pothole excavation with infrared heat prior

to filling and compaction increases repair durability.

Reflecting the conclusions from the study as a whole, the research has worked towards
understanding the operation of infrared heat in asphalt pavement repair; how to implement
infrared technology in pothole repairs; evaluated and simulated infrared heated pothole repairs
and the ability of infrared technology in pothole repair bonding. Therefore, the study has
established a solid foundation for building up in the future an integrated guideline of repairs
from the excavation of pavement distress to its repair with infrared heat. This is shown in Figure

9.1 and further recommendations are given in the next section.
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Figure 9.1 Integrated asphalt pavement repair
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9.2 Recommendations

Below are recommendations for further study:

e In the present study, the experimental infrared heater was tested and used for pothole
repairs completed at room temperature. Further research is recommended to evaluate
the performance of the heater at low environment temperatures in order to expand the
use of it for winter pothole repairs. Further, a new version of the heater is recommended
with increased sensor driven control and robustness for exterior experiments.

e Future research must explore the effect of dynamic infrared heating on bitumen losses
and disturbance of air voids in the old pavement when infrared heat is applied. The
effect of thermal properties, asphalt absorptivity and surface roughness on infrared
heated repairs should also be further investigated.

e To improve the thermal models, future work should investigate the effect in the models
of the fluctuation of emissivity and thermal conductivity of the heater plate at different
temperatures. Other parameters to consider are the fluctuation of air temperature
between the heater and the heated excavation and thermal contact conductance in the
case of the repair models. Further expansion of the models is also recommended to
asphalt mixture and environment temperature variability, density and voiding in asphalt
repairs.

e Regarding the assessment of the pothole repairs under the wheel load, more tests are
suggested to find the stripping point and evaluate resistance to moisture damage of
dynamically heated repairs.

e In this study, only 45 mm deep pothole repairs were used to find temperatures at the
repair interfaces and evaluated in terms of repair interface strength and resistance to
failure under the wheel load. It is recommended, that future research should perform
similar experimental work for 75 mm and 100 mm deep pothole excavations for which
the optimum dynamic heating method was found in this study.

e Further research is recommended to assess the durability of completed repairs using
equipment under a range of climatic conditions including cyclic freezing.

e Field trials are also suggested and evaluation of how cost effective the pothole pre-
heating process is compared to the traditional repair methods.

e Further research is also recommended to assess the effect of slopped pothole excavation

faces in repair adhesion.
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Appendix A

Heater heat power detailed calculations
Tables A.1 - A.5 show the calculation of heat power for the five different gas feed rates studied
in Chapter 3.

Table A.1 Heat power calculation for 20% gas feed rate

Sampling | Temperature (T) Stefan-

temperat after 2 min of Emissivity Boltzmann

ure point | heater operating Constant
no. time (K W/m?2 K*
la 1227.13 2.27x10"? 0.9 5.67x10°® 8687.27 8.7
1b 1185.72 1.98x10%12 0.9 5.67x108 7572.68 7.6
1c 1183.91 1.96x10*12 0.9 5.67x108 7526.55 7.5
2a 1180.00 1.94x10%12 0.9 5.67x10® 7427.61 7.4
2b 1182.24 1.95x10%12 0.9 5.67x10°® 7484.17 7.5
2C 1157.68 1.80%x10%12 0.9 5.67x108 6881.37 6.9
3a 1172.72 1.89x10%12 0.9 5.67x108 7246.00 7.2
3b 1162.50 1.83x10"12 0.9 5.67x10°® 6996.69 7.0
3c 1139.45 1.69x10%12 0.9 5.67x10°® 6458.06 6.5
4a 1176.11 1.91x10%12 0.9 5.67x10°® 7330.15 7.3
4b 1158.59 1.80x10"2 0.9 5.67x10°® 6903.03 6.9
4c 1137.14 1.67x10%12 0.9 5.67x10°® 6405.85 6.4
5a 1177.17 1.92x10%12 0.9 5.67x10°® 7356.61 7.4
5b 1151.12 1.76x10%12 0.9 5.67x10°® 6726.72 6.7
5c 1140.69 1.69x10%12 0.9 5.67x10°® 6486.22 6.5
6a 1121.84 1.58x10%12 0.9 5.67x10°® 6067.99 6.1
6b 1151.27 1.76x10%12 0.9 5.67x10°® 6730.23 6.7
6c 1113.14 1.54x10%12 0.9 5.67x10°® 5881.93 5.9
7a 1158.29 1.80x10%12 0.9 5.67x10°8 6895.89 6.9
7b 1127.06 1.61x10%12 0.9 5.67x10°® 6181.72 6.2
7c 1117.60 1.56x10%12 0.9 5.67x10°® 5976.77 6.0
8a 1140.72 1.69%x10%12 0.9 5.67x10°® 6486.90 6.5
8b 1132.10 1.64x10%12 0.9 5.67x10°® 6293.03 6.3
8c 1100.53 1.47x10%12 0.9 5.67x10°® 5619.90 5.6
%a 1145.65 1.72x10%12 0.9 5.67x10°® 6599.77 6.6
9b 1148.22 1.74x10%12 0.9 5.67x10°® 6659.19 6.7
9c 1113.91 1.54x10%12 0.9 5.67x10°® 5898.22 5.9
10a 1134.53 1.66x10%12 0.9 5.67x10°® 6347.24 6.3
10b 1147.77 1.74x10%12 0.9 5.67x10°® 6648.76 6.6
10c 1117.64 1.56x10%12 0.9 5.67x10°® 5977.62 6.0
1la 1160.72 1.82x10%12 0.9 5.67x10°® 6953.94 7.0
11b 1142.31 1.70x10*12 0.9 5.67x10® 6523.14 6.5
11c 1116.53 1.55x10*12 0.9 5.67x10® 5953.91 6.0
12a 1121.77 1.58x10*12 0.9 5.67x10® 6066.47 6.1
12b 1084.23 1.38x10%12 0.9 5.67x10°® 5294.28 5.3
12c 1133.58 1.65x10%12 0.9 5.67x10°® 8687.27 6.3

Average: 6.6
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Table A.2 Heat power calculation for 40%o gas feed rate

Temperature Stefan-

Sampling (T) after 2 Boltzmann | Heat power Heat

temperature | min of heater IMGS) Emissivity Constant (Vli)/) power
point no. operating PP (kW)

time (K) (W/m* K%)

la 1176.82 1.92x10*12 0.9 5.67x10® 7347.86 7.3
1b 1151.96 1.76x10%12 0.9 5.67x10® 6746.38 6.7
1c 1184.84 1.97x10%12 0.9 5.67x10® 7550.22 7.6
2a 1191.96 2.02x10*12 0.9 5.67x10® 7733.35 7.7
2b 1187.84 1.99x10*12 0.9 5.67x10® 7626.98 7.6
2c 1154.70 1.78x10*12 0.9 5.67x10® 6810.79 6.8
3a 1153.49 1.77x10%12 0.9 5.67x10® 6782.29 6.8
3b 1163.68 1.83x10%12 0.9 5.67x10® 7025.14 7.0
3c 1135.37 1.66x10*12 0.9 5.67x10® 6366.06 6.4
4a 1153.00 1.77x10*? 0.9 5.67x10® 6770.77 6.8
4b 1148.60 1.74x10*1? 0.9 5.67x10® 6668.01 6.7
4c 1128.79 1.62x10%12 0.9 5.67x10® 6219.76 6.2
5a 1143.08 1.71x10%12 0.9 5.67x10® 6540.75 6.5
5b 114415 1.71x10*2 0.9 5.67x10® 6565.27 6.6
5c 1132.37 1.64x10*12 0.9 5.67x10® 6299.04 6.3
6a 1157.10 1.79x10%12 0.9 5.67x10® 6867.59 6.9
6b 1140.02 1.69x10%12 0.9 5.67x10® 6470.99 6.5
6c 1166.84 1.85x10+12 0.9 5.67x10® 7101.76 7.1
7a 1147.89 1.74x10*? 0.9 5.67x10® 6651.54 6.7
7b 1143.39 1.71x10*2 0.9 5.67x10® 6547.85 6.5
7c 1126.07 1.61x10%12 0.9 5.67x10® 6160.02 6.2
8a 1154.16 1.77x10%12 0.9 5.67x10® 6798.06 6.8
8b 1159.90 1.81x10*2 0.9 5.67x10® 6934.31 6.9
8c 1118.37 1.56x10*12 0.9 5.67x108 5993.26 6.0
9a 1130.39 1.63x10*12 0.9 5.67x10® 6255.10 6.3
9b 1156.98 1.79x10%12 0.9 5.67x10® 6864.74 6.9
9c 1131.28 1.64x10%12 0.9 5.67x10® 6274.82 6.3
10a 1153.19 1.77x10*2 0.9 5.67x10® 6775.24 6.8
10b 1159.42 1.81x10*2 0.9 5.67x10® 6922.84 6.9
10c 1195.42 2.04x10*12 0.9 5.67x108 7823.53 7.8
1la 1160.57 1.81x10%*12 0.9 5.67x108 6950.34 7.0
11b 1122.93 1.59x10%12 0.9 5.67x108 6091.60 6.1
1lc 1120.60 1.58x10*12 0.9 5.67x10® 6041.20 6.0
12a 1165.27 1.84x10*12 0.9 5.67x10® 7063.62 7.1
12b 1110.25 1.52x10%*12 0.9 5.67x108 5821.09 5.8
12¢ 1126.92 1.61x10%12 0.9 5.67x108 6178.65 6.2
Average: 6.7
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Table A.3 Heat power calculation for 60% gas feed rate

Temperature Stefan-

Sampling (T) after 2 Boltzmann | Heat power Heat

temperature | min of heater IMGS) Emissivity Constant (Vli)/) power
point no. operating PP (kW)

time (K) (W/m* K%)

la 1201.62 2.08x10*12 0.9 5.67x10® 7987.11 8.0
1b 1170.23 1.88x10%12 0.9 5.67x10® 7184.65 7.2
1c 1154.81 1.78x10%12 0.9 5.67x10® 6813.39 6.8
2a 1199.26 2.07x10*2 0.9 5.67x10® 7924.54 7.9
2b 1182.40 1.95x10*12 0.9 5.67x10® 7488.22 7.5
2c 1167.75 1.86x10*12 0.9 5.67x10® 7123.94 7.1
3a 1176.76 1.92x10%12 0.9 5.67x10® 7346.36 7.3
3b 1162.18 1.82x10%12 0.9 5.67x10® 6988.99 7.0
3c 1164.66 1.84x10*1? 0.9 5.67x10® 7048.84 7.0
4a 1189.58 2.00x10%12 0.9 5.67x10® 7671.77 7.7
4b 1172.14 1.89x10*12 0.9 5.67x10® 7231.67 7.2
4c 1175.17 1.91x10%12 0.9 5.67x10® 7306.74 7.3
5a 1203.42 2.10x10%12 0.9 5.67x10® 8035.07 8.0
5h 1151.11 1.76x10*12 0.9 5.67x10® 6726.49 6.7
5¢ 1187.29 1.99x10*12 0.9 5.67x10® 7612.87 7.6
6a 1199.31 2.07x10%12 0.9 5.67x10® 7925.87 7.9
6b 1149.38 1.75x10%12 0.9 5.67x10® 6686.14 6.7
6c 1166.49 1.85x10+12 0.9 5.67x10® 7093.25 7.1
7a 1180.74 1.94x10*1? 0.9 5.67x10® 7446.26 74
7b 1146.28 1.73x10*2 0.9 5.67x10® 6614.30 6.6
7c 1151.53 1.76x10%12 0.9 5.67x10® 6736.31 6.7
8a 1174.25 1.90x10%12 0.9 5.67x10® 7283.89 7.3
8b 1153.16 1.77x10*2 0.9 5.67x10® 6774.53 6.8
8c 1125.19 1.60x10*12 0.9 5.67x10® 6140.79 6.1
9a 1171.24 1.88x10*12 0.9 5.67x10® 7209.49 7.2
9b 1148.47 1.74x10%12 0.9 5.67x10® 6664.99 6.7
9c 1145.16 1.72x10%12 0.9 5.67x10® 6588.49 6.6
10a 1184.68 1.97x10*2 0.9 5.67x10® 7546.14 7.5
10b 1145.87 1.72x10*? 0.9 5.67x10® 6604.84 6.6
10c 1167.58 1.86x10*12 0.9 5.67x108 7119.80 7.1
1la 1175.22 1.91x10%*12 0.9 5.67x108 7307.98 7.3
11b 1133.46 1.65x10*12 0.9 5.67x108 6323.33 6.3
1lc 1171.37 1.88x10*12 0.9 5.67x10® 7212.69 7.2
12a 1186.67 1.98x10*12 0.9 5.67x108 7596.98 7.6
12b 1135.91 1.66x10*12 0.9 5.67x108 6378.18 6.4
12¢ 1184.32 1.97x10*12 0.9 5.67x108 7536.98 7.5
Average: 7.1
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Table A.4 Heat power calculation for 80% gas feed rate

Temperature Stefan-

Sampling (T) after 2 Boltzmann | Heat power Heat

temperature | min of heater IMGS) Emissivity Constant (Vli)/) power
point no. operating PP (kW)

time (K) (W/m* K%)

la 1250.96 2.45x10*12 0.9 5.67x10® 9381.98 9.4
1b 1135.93 1.66x10%12 0.9 5.67x10® 6378.63 6.4
1c 1163.61 1.83x10%12 0.9 5.67x10® 7023.45 7.0
2a 1213.40 2.17x10*2 0.9 5.67x10® 8304.95 8.3
2b 1183.01 1.96x10*12 0.9 5.67x10® 7503.68 7.5
2c 1164.00 1.84x10*12 0.9 5.67x10® 7032.87 7.0
3a 1209.76 2.14x10%12 0.9 5.67x10® 8205.74 8.2
3b 1180.73 1.94x10%12 0.9 5.67x10® 7446.00 7.4
3c 1199.63 2.07x10*2 0.9 5.67x10® 7934.33 7.9
4a 1199.10 2.07x10*2 0.9 5.67x10® 7920.32 7.9
4b 1185.64 1.98x10*1? 0.9 5.67x10® 7570.63 7.6
4c 1184.74 1.97x10%12 0.9 5.67x10® 7547.67 7.5
5a 1175.74 1.91x10%12 0.9 5.67x10® 7320.93 7.3
5h 1202.24 2.09x10*12 0.9 5.67x10® 8003.60 8.0
5c 1193.96 2.03x10%12 0.9 5.67x10® 7785.38 7.8
6a 1162.07 1.82x10%12 0.9 5.67x10® 6986.35 7.0
6b 1195.69 2.04x10%12 0.9 5.67x10® 7830.60 7.8
6c 1198.42 2.06x10%12 0.9 5.67x10® 7902.37 7.9
7a 1170.31 1.88x10*12 0.9 5.67x10® 7186.62 7.2
7b 1168.99 1.87x10*2 0.9 5.67x10® 7154.25 7.2
7c 1202.97 2.09x10%12 0.9 5.67x10® 8023.06 8.0
8a 1188.36 1.99x10%12 0.9 5.67x10® 7640.35 7.6
8h 1163.65 1.83x10*12 0.9 5.67x10® 7024.42 7.0
8c 1172.73 1.89x10*12 0.9 5.67x10® 7246.25 7.2
9a 1178.78 1.93x10*12 0.9 5.67x10® 7396.94 74
9b 1181.79 1.95x10+12 0.9 5.67x10® 7472.78 7.5
9c 1210.42 2.15x10%12 0.9 5.67x10® 8223.66 8.2
10a 1191.72 2.02x10*2 0.9 5.67x10® 7727.12 7.7
10b 1134.67 1.66x10*12 0.9 5.67x10® 6350.37 6.4
10c 1173.18 1.89x10*12 0.9 5.67x108 7257.37 7.3
1la 1168.24 1.86x10*12 0.9 5.67x108 7135.91 7.1
11b 1182.76 1.96x10*12 0.9 5.67x108 7497.34 7.5
1lc 1188.00 1.99x10*12 0.9 5.67x10® 7631.09 7.6
12a 1174.37 1.90x10*12 0.9 5.67x10® 7286.86 7.3
12b 1180.09 1.94x10%12 0.9 5.67x108 7429.87 7.4
12¢ 1188.90 2.00x10%12 0.9 5.67x108 7654.24 7.7
Average: 7.5

-199 -



Appendix A

Table A.5 Heat power calculation for 100% gas feed rate

Temperature Stefan-

Sampling (T) after 2 Boltzmann | Heat power Heat

temperature | min of heater IMGS) Emissivity Constant (Vli)/) power
point no. operating PP (kW)

time (K) (W/m* K%)

la 1121.47 1.58x10*12 0.9 5.67x108 6059.99 6.1
1b 1180.95 1.95x10+12 0.9 5.67x10® 7451.56 7.5
1c 1227.83 2.27x10%12 0.9 5.67x10® 8707.11 8.7
2a 1126.11 1.61x10*2 0.9 5.67x10® 6160.90 6.2
2b 1182.89 1.96x10*12 0.9 5.67x10® 7500.64 7.5
2c 1215.39 2.18x10*2 0.9 5.67x10® 8359.56 8.4
3a 1153.43 1.77x10%12 0.9 5.67x10® 6780.88 6.8
3b 1189.05 2.00x10%12 0.9 5.67x10® 7658.11 7.7
3c 1219.03 2.21x10*2 0.9 5.67x10® 8460.16 8.5
4a 1143.83 1.71x10*2 0.9 5.67x10® 6557.93 6.6
4b 1196.96 2.05x10*12 0.9 5.67x10® 7863.93 7.9
4c 1221.44 2.23x10%12 0.9 5.67x10® 8527.26 8.5
5a 1157.57 1.80x10*12 0.9 5.67x10® 6878.76 6.9
5h 1192.34 2.02x10*2 0.9 5.67x10® 7743.22 7.7
5c 1199.19 2.07x10*12 0.9 5.67x10® 7922.69 7.9
6a 1178.38 1.93x10%12 0.9 5.67x10® 7386.90 7.4
6b 1203.99 2.10x10%12 0.9 5.67x10® 8050.31 8.1
6c 1210.33 2.15x10%12 0.9 5.67x10® 8221.22 8.2
7a 1170.36 1.88x10*12 0.9 5.67x10® 7187.85 7.2
7b 1202.22 2.09x10*12 0.9 5.67x10® 8003.07 8.0
7c 1211.18 2.15x10%12 0.9 5.67x10® 8244.34 8.2
8a 1179.70 1.94x10%12 0.9 5.67x10® 7420.06 7.4
8h 1198.76 2.07x10*2 0.9 5.67x10® 7911.34 7.9
8c 1175.80 1.91x10*2 0.9 5.67x10® 7322.42 7.3
9a 1196.94 2.05x10*12 0.9 5.67x10® 7863.40 7.9
9b 1194.32 2.03x10%12 0.9 5.67x10® 7794.78 7.8
9c 1220.38 2.22x10%12 0.9 5.67x10® 8497.70 8.5
10a 1212.06 2.16x10*2 0.9 5.67x108 8268.32 8.3
10b 1151.80 1.76x10*12 0.9 5.67x10® 6742.63 6.7
10c 1219.57 2.21x10*12 0.9 5.67x108 8475.16 8.5
1la 1182.95 1.96x10%*12 0.9 5.67x108 7502.16 7.5
11b 1187.70 1.99x10*12 0.9 5.67x108 7623.39 7.6
1lc 1196.62 2.05x10%12 0.9 5.67x10® 7855.00 7.9
12a 1189.73 2.00x10%12 0.9 5.67x10® 7675.64 7.7
12b 1192.14 2.02x10%12 0.9 5.67x108 7738.02 7.7
12¢ 1227.32 2.27x10%12 0.9 5.67x108 8692.65 8.7
Average: 7.7
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Construction process of HMA slabs for 75 mm and 100 mm deep pothole excavations
described in Chapter 4

Figures B.1, B.2 and B.3 show the preparation and compaction of the first, second and third
lift respectively of the slabs with 75 mm deep pothole excavation. Seventeen lifts were in total
prepared for this type of slabs and 9 aluminum tubes were embedded between the batches to
accommaodate thermocouples for the thermal tests of Chapter 4. The weight of the batches, the
depth of the lifts, the compacting time, the compaction equipment, the bonding of the lifts and
the demoulding were similarly done as described in section 4.1.2 in Chapter 4.

For the compaction of the first lift, the 45 mm deep pothole mould was used as shown in Figure
B.1. This helped to create the area of the excavation. Then, for the compaction of the second
lift and in order to create the 75 mm deep excavation, the 45 mm deep pothole mould was
replaced by the 75 mm deep pothole mould as shown in Figure B.2(b). The slabs were
demoulded 19 hours after their construction. The pothole moulds were removed using infrared

heat as described in section 4.1.2 in Chapter 4.
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Pothole mould

Pothole mould
Slab mould

4 mm steel sheet to
L\ avoid asphalt sticking
i on the compactor

B plate

Figure B.1 Slab with 75 mm deep pothole excavation and embedded aluminium tubes to
accommodate thermocouples for thermal tests of Chapter 4 — Preparation and
compaction of first lift: (a) moulds set up with 45 mm deep pothole mould to create the
area of the pothole excavation; (b) 3 asphalt batches poured and 2 aluminium tubes put
above the batches; (c) following 3 batches poured; (d) compaction of 6 batches; (e)
compacted first lift

- 202 -



Appendix B

Figure B.2 Slab with 75 mm deep pothole excavation and embedded aluminium tubes to
accommodate thermocouples for thermal tests of Chapter 4 — Preparation and
compaction of second lift: (a) pre-heating of compacted first lift shown in Figure B.1(e);
(b) 45 mm deep pothole mould replaced by the 75 mm deep mould and 2 aluminium
tubes put above the compacted first lift; (c) 3 asphalt batches poured and 2 aluminium
tubes put above the batches; (d) following 3 batches poured; (€) compaction of 6
batches; (f) compacted second lift
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Figure B.3 Slab with 75 mm deep pothole excavation and embedded aluminium tubes to
accommodate thermocouples for thermal tests of Chapter 4 — Preparation and
compaction of third lift: (a) pre-heating of compacted second lift shown in Figure B.2(f);
(b) 2 aluminium tubes above the compacted second lift; (c) 3 asphalt batches poured
and 1 aluminium tube put above the batches; (c) following 2 batches poured and final
aluminium tube put above the batches; (d) compaction of 5 batches; (e) compacted third
lift; (f) constructed slab turned upside down and pothole mould removed after 19 h of

construction
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Figures B.4, B.5 and B.6 show the preparation and compaction of the first, second and third
lift respectively of the slabs with 100 mm deep pothole excavation. Eighteen lifts were in total
prepared for this type of slabs and 9 aluminum tubes were embedded between the batches to
accommodate thermocouples for the thermal tests of Chapter 4. The weight of the batches, the
depth of the lifts, the compacting time, the compaction equipment, the bonding of the lifts and

the demoulding were similarly done as described in section 4.1.2 in Chapter 4.

For the compaction of the first and second lifts, the 45 mm and 75 mm deep pothole moulds
were used respectively as shown in Figures B.4 and B.5. At the end of the compaction of the
second lift, the 75 mm deep pothole mould was replaced by the 100 mm deep pothole mould.
The slabs were demoulded 19 hours after their construction. The pothole moulds were removed

using infrared heat as described in section 4.1.2 in Chapter 4.

_: Pothole mould
Slab mould

M 4 mm steel sheet to

| avoid asphalt sticking
| on the compactor

| plate

(@)

Figure B.4 Slab with 100 mm deep pothole excavation and embedded aluminium tubes
to accommodate thermocouples for thermal tests of Chapter 4 — Preparation and
compaction of first lift: (a) moulds set up with 45 mm deep pothole mould to create the
area of the pothole excavation; (b) 3 asphalt batches poured and 2 aluminium tubes put
above the batches; (c) following 3 batches poured; (d) compaction of 6 batches; (e)

compacted first lift
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Figure B.5 Slab with 100 mm deep pothole excavation and embedded aluminium tubes

to accommodate thermocouples for thermal tests of Chapter 4 — Preparation and
compaction of second lift: (a) pre-heating of compacted first lift shown in Figure B.4(e);
(b) 45 mm deep pothole mould replaced by the 75 mm deep mould and 2 aluminium
tubes put above the compacted first lift; (c) 3 asphalt batches poured and 2 aluminium
tubes put above the batches; (d) following 3 batches poured; (e) compaction of 6
batches; (f) compacted second lift - 75 mm deep pothole mould replaced by the 100 mm

deep mould immediately after the compaction
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Pothole mould
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Figure B.6 Slab with 100 mm deep pothole excavation and embedded aluminium tubes
to accommodate thermocouples for thermal tests of Chapter 4 — Preparation and
compaction of third lift: (a) pre-heating of compacted second lift shown in Figure B.5(f);
(b) 2 aluminium tubes above the compacted second lift; (c) 3 asphalt batches poured
and 1 aluminium tube put above the batches; (c) following 3 batches poured and final
aluminium tube put above the batches; (d) compaction of 6 batches; (¢) compacted third
lift; (f) constructed slab turned upside down and pothole mould removed after 19 h of
construction
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Thermophysical properties of 20 mm DBM slabs described in Chapter 4

Table C.1 Thermophysical properties of asphalt mixture of slab S1 with 45 mm deep

pothole excavation

Core Air voids Thermal S%eC'f'C Thermfil
Core no. diameter content conductivit ea’g diffusivity
y capacity
(mm) (%) (W/m K)
1 72 100 10.38 1.12 865.44 5.85
2 72 100 9.99 0.99 865.44 5.13
3 72 100 10.13 1.03 865.44 5.37
4 72 100 10.38 1.29 865.44 6.73
5 72 55 9.34 1.18 865.44 6.11
Average 10.04 1.12 865.44 5.84

Table C.2 Thermophysical properties of asphalt mixture of slab S2 with 45 mm deep
pothole excavation

Specific Thermal

Thermal
conductivity
(W/m K)

Core Core Air voids
diameter height content
(mm) (mm) (%)

heat diffusivity

Core no. capacity (x107)

(J/kg K) (m?/s)

6 72 100 10.94 0.96 865.44 5.05
7 72 100 10.71 1.25 865.44 6.57
8 72 100 10.47 0.97 865.44 5.05
9 72 100 9.92 1.02 865.44 5.31
10 72 55 11.70 1.06 865.44 5.63

Average 10.51 1.05 865.44 5.52
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Table C.3 Thermophysical properties of asphalt mixture of slab S3 with 45 mm deep

pothole excavation

Specific Thermal

Core Air voids Thermal heat diffusivity
Core no. diameter content conductivity capacity
(mm) C)) (W/m K)
11 72 100 12.11 1.02 865.44 5.42
12 72 100 12.17 1.10 865.44 5.89
13 72 100 12.46 091 865.44 4.87
14 72 100 11.48 0.92 865.44 4.89
15 72 100 11.83 1.10 865.44 5.87
16 72 100 12.13 0.93 865.44 4.96
17 72 100 12.08 0.90 865.44 4.81
18 72 55 11.62 0.93 865.44 4.94
Average 11.99 0.98 865.44 5.20

Table C.4 Thermophysical properties of asphalt mixture of slab S4 with 45 mm deep

pothole excavation

Specific Thermal

Core Core Air voids Thermal heat diffusivity

Core no. diameter height content conductivity . 2

(%) (W/m K) capacity (><120 )

(J/kg K) (m?/s)

19 72 100 11.83 1.11 865.44 5.87
20 72 100 11.26 1.05 865.44 5.54
21 72 100 11.10 1.11 865.44 5.84
22 72 100 10.09 1.08 865.44 5.62
23 72 100 11.36 1.02 865.44 5.37
24 72 100 11.63 1.06 865.44 5.63
25 72 100 11.04 1.16 865.44 6.13
26 72 55 11.14 1.19 865.44 6.28
Average 11.18 1.10 865.44 5.78
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Table C.5 Thermophysical properties of asphalt mixture of slab S5 with 75 mm deep

pothole excavation

Specific Thermal

Core Air voids Thermal heat diffusivity
Core no. diameter content conductivity capacity
(mm) C)) (W/m K)
27 72 140 12.45 1.12 865.44 5.97
28 72 140 12.64 0.97 865.44 5.21
29 72 140 11.53 1.22 865.44 6.45
30 72 140 12.44 1.32 865.44 7.05
31 72 140 12.08 1.22 865.44 6.50
32 72 140 1541 1.33 865.44 7.36
33 72 65 15.00 1.45 865.44 8.01
34 72 65 13.09 1.34 865.44 7.20
Average 13.08 1.24 865.44 6.72

Table C.6 Thermophysical properties of asphalt mixture of slab S6 with 75 mm deep

pothole excavation

Specific Thermal

Core Core Air voids Thermal heat diffusivity

Core no. diameter height content conductivity . 2

(%) (W/m K) capacity (><120 )

(J/kg K) (m?/s)

35 72 140 11.70 1.31 865.44 6.96
36 72 140 12.90 0.84 865.44 452
37 72 140 12.23 0.96 865.44 5.11
38 72 140 11.98 1.00 865.44 5.31
39 72 140 11.22 1.22 865.44 6.42
40 72 140 6.56 1.23 865.44 6.16
41 72 65 14.06 1.27 865.44 6.93
42 72 65 12.55 1.02 865.44 5.46
Average 11.52 1.11 865.44 5.86
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Table C.7 Thermophysical properties of asphalt mixture of slab S7 with 75 mm deep

pothole excavation

Specific Thermal

Core Air voids Thermal heat diffusivity
Core no. diameter content conductivity capacity
(mm) C)) (W/m K)
43 72 140 10.91 0.87 865.44 4.58
44 72 140 12.37 0.88 865.44 4.68
45 72 140 12.09 1.40 865.44 7.48
46 72 140 11.63 1.17 865.44 6.20
47 72 140 12.90 1.40 865.44 7.52
48 72 140 13.22 0.91 865.44 4.90
49 72 65 12.66 0.98 865.44 5.27
50 72 65 11.29 1.10 865.44 5.79
Average 12.25 1.09 865.44 5.80

Table C.8 Thermophysical properties of asphalt mixture of slab S8 with 75 mm deep

pothole excavation

Specific Thermal

Core Core Air voids Thermal heat diffusivity

Core no. diameter height content conductivity . 2

(%) (W/m K) capacity (><120 )

(J/kg K) (m?/s)

51 72 140 9.60 1.13 865.44 5.85
52 72 140 11.23 1.13 865.44 5.94
53 72 140 10.97 1.33 865.44 7.02
54 72 140 11.32 1.31 865.44 6.90
55 72 140 11.62 1.36 865.44 7.19
56 72 140 8.84 1.63 865.44 8.38
57 72 65 12.57 0.83 865.44 447
58 72 65 11.84 1.01 865.44 5.38
Average 10.88 1.22 865.44 6.39
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Table C.9 Thermophysical properties of asphalt mixture of slab S9 with 100 mm deep

pothole excavation

Specific Thermal

Core Air voids Thermal heat diffusivity
Core no. diameter content conductivity capacity
(mm) C)) (W/m K)
59 72 140 9.78 0.98 865.44 5.09
60 72 140 12.36 0.95 865.44 5.09
61 72 140 11.97 0.97 865.44 5.14
62 72 140 11.01 0.99 865.44 5.20
63 72 140 10.09 1.03 865.44 5.37
64 72 140 11.06 0.99 865.44 5.22
65 72 140 9.61 1.05 865.44 5.45
66 72 40 10.02 1.06 865.44 5.52
Average 10.74 1.00 865.44 5.26

Table C.10 Thermophysical properties of asphalt mixture of slab S10 with 100 mm deep

pothole excavation

Specific Thermal

.Core Cpre Air voids Therrr_la_l heat diffusivity

Core no. diameter height content conductivity . 2

(%) (W/m K) capacity (><120 )

(J/kg K) (m?/s)

67 72 140 10.62 1.10 865.44 5.77
68 72 140 10.22 1.18 865.44 6.17
69 72 140 9.41 1.13 865.44 5.82
70 72 140 11.08 1.17 865.44 6.18
71 72 140 11.38 1.19 865.44 6.27
72 72 140 11.82 1.18 865.44 6.25
73 72 140 10.41 1.20 865.44 6.26
74 72 40 11.34 1.12 865.44 5.94
Average 10.79 1.16 865.44 6.08
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Table C.11 Thermophysical properties of asphalt mixture of slab S11 with 100 mm deep

pothole excavation

Specific Thermal

Core Air voids Thermal heat diffusivity
Core no. diameter content conductivity capacity
(mm) C)) (W/m K)
75 72 140 11.19 1.17 865.44 6.16
76 72 140 10.96 1.11 865.44 5.82
77 72 140 10.28 1.29 865.44 6.71
78 72 140 11.15 1.14 865.44 5.99
79 72 140 11.06 1.17 865.44 6.19
80 72 140 10.26 1.13 865.44 5.87
81 72 140 7.50 1.22 865.44 6.19
82 72 40 12.00 1.22 865.44 6.51
Average 11.10 1.18 865.44 6.18

Table C.12 Thermophysical properties of asphalt mixture of slab S12 with 100 mm deep

pothole excavation

Specific Thermal

Core Core Air voids Thermal heat diffusivity

Core no. diameter height content conductivity . 2

(%) (W/m K) capacity (><120 )

(J/kg K) (m?/s)

83 72 140 9.70 1.25 865.44 6.48
84 72 140 10.77 1.28 865.44 6.72
85 72 140 10.13 1.33 865.44 6.92
86 72 140 10.20 1.18 865.44 6.16
87 72 140 10.92 1.23 865.44 6.45
88 72 140 10.29 1.13 865.44 5.88
89 72 140 9.64 1.30 865.44 6.76
90 72 40 10.64 1.06 865.44 5.54
Average 10.47 1.22 865.44 6.36
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Thermal conductivity (k) at 19 (x1) °C, 65 (£5) °C and 80 (5) °C for asphalt mixtures
described in Chapter 5

Table D.1 Thermal conductivity of 20 mm DBM non-aged specimens

Specimen no. | Repetitions |  Thermal conductivity (W/m K)

19 °C 65 °C 80 °C

k1 1.448 1.036 0.869

C1l k2 1.433 1.053 0.875
k3 1.485 1.097 0.876

Average 1.455 1.062 0.873

k1 1.334 1.188 0.854

Cc2 k2 1.324 1.186 0.858
k3 1.331 1.175 0.846

Average 1.330 1.183 0.853

k1 1.938 1.470 1.057

C3 k2 1.878 1.437 1.061
k3 1.903 1.484 1.041

Average 1.906 1.464 1.053

k1 1.742 1.165 0.936

C4 k2 1.730 1.153 0.904
k3 1.710 1.165 0.926

Average 1.727 1.161 0.922

k1 1.889 1.129 0.913

C5 k2 1.915 1.163 0.935
k3 1.916 1.135 0.937

Average 1.907 1.142 0.928
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Table D.2 Thermal conductivity of 20 mm DBM short-term aged specimens

Specimen no. | Repetitions |  Thermal conductivity (W/m K)

19°C 65 °C 80 °C

k1 1.659 0.911 0.583

C6 k2 1.598 0.914 0.728
k3 1.615 0.919 0.698

Average 1.624 0.915 0.753

k1 1.682 0.966 0.811

Cc7 k2 1.693 0.998 0.925
k3 1.716 1.026 0.917

Average 1.697 0.997 0.884

k1 1.404 0.678 0.615

C8 k2 1.384 0.715 0.674
k3 1.445 0.703 0.605

Average 1411 0.699 0.631

k1l 1.956 0.908 0.648

C9 k2 1.936 0.921 0.772
k3 1.868 0.953 0.839

Average 1.920 0.927 0.753

k1 1.756 0.819 0.588

C10 k2 1.816 0.803 0.596
k3 1.793 0.801 0.648

Average 1.788 0.808 0.611

Table D.3 Thermal conductivity of 20 mm DBM long-term aged specimens

Specimen no. | Repetitions |  Thermal conductivity (W/m K)

19°C 65 °C 80 °C

k1l 1.779 1.012 0.571

Cl1 k2 1.756 1.013 0.600
k3 1.747 1.023 0.613

Average 1.761 1.016 0.595

k1 1.565 0.821 0.367

C12 k2 1.551 0.859 0.367
k3 1.566 0.813 0.362

Average 1.561 0.831 0.365

k1 1.538 0.824 0.489

C13 k2 1.565 0.828 0.530
k3 1.589 0.836 0.532

Average 1.564 0.829 0.517

k1 1.624 0.827 0.424

Cl4 k2 1.628 0.820 0.435
k3 1.627 0.820 0.449

Average 1.626 0.822 0.436

k1 1.597 0.854 0.395

C15 k2 1.567 0.869 0.393
k3 1.583 0.897 0.389

Average 1.582 0.873 0.392
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Table D.4 Thermal conductivity of AC-14 non-aged specimens

Specimen no. | Repetitions |  Thermal conductivity (W/m K)

19°C 65 °C 80 °C

k1 1.425 1.315 1.056

C16 k2 1.447 1.356 0.988
k3 1.409 1.347 0.944

Average 1.427 1.339 0.996

k1 1.419 1.262 0.807

C17 k2 1.416 1.311 0.832
k3 1.392 1.287 0.824

Average 1.409 1.287 0.821

k1 1.754 1.265 0.942

C18 k2 1.737 1.265 0.949
k3 1.754 1.321 0.940

Average 1.748 1.284 0.944

k1 1.138 0.712 0.561

C19 k2 1.127 0.675 0.560
k3 1.140 0.709 0.556

Average 1.135 0.699 0.559

k1 1.183 1.034 0.825

C20 k2 1.181 1.063 0.835
k3 1.188 1.025 0.845

Average 1.184 1.041 0.835

Table D.5 Thermal conductivity of AC-14 short-term aged specimens

Specimen no. | Repetitions |  Thermal conductivity (W/m K)

19°C 65 °C 80 °C

k1 1.991 1.026 0.791

c21 k2 1.934 1.098 0.890
k3 1.988 1.099 0.913

Average 1.971 1.074 0.865

k1 1.866 1.079 0.826

C22 k2 1.777 1.119 0.925
k3 1.818 1.166 0.991

Average 1.820 1.121 0.914

k1 1.740 1.017 0.875

C23 k2 1.741 1.091 0.910
k3 1.772 1.120 0.910

Average 1.751 1.076 0.898

k1l 1.866 0.808 1.017

C24 k2 1.871 0.905 0.931
k3 1.875 0.912 0.978

Average 1.871 0.875 0.975

k1 1.896 0.795 0.640

C25 k2 1.885 0.811 0.766
k3 1.878 0.831 0.760

Average 1.886 0.812 0.722
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Table D.6 Thermal conductivity of AC-14 long-term aged specimens

Specimen no. | Repetitions |  Thermal conductivity (W/m K)

19°C 65 °C 80 °C

k1 1.711 1.006 0.822

C26 k2 1.628 1.095 0.839
k3 1.703 1.063 0.826

Average 1.681 1.055 0.829

k1 1.825 1.174 0.770

C27 k2 1.853 1.170 0.805
k3 1.894 1.180 0.872

Average 1.857 1.175 0.816

k1 1.751 1.057 0.874

C28 k2 1.743 1.027 0.869
k3 1.719 1.039 0.832

Average 1.738 1.041 0.858

k1 1.816 0.968 0.685

C29 k2 1.833 0.984 0.705
k3 1.848 1.004 0.718

Average 1.832 0.985 0.703

k1 1.958 1.127 0.776

C30 k2 1.929 1.132 0.873
k3 2.023 1.160 0.872

Average 1.970 1.140 0.840

Table D.7 Thermal conductivity of AC-6 non-aged specimens

Specimen no. | Repetitions |  Thermal conductivity (W/m K)

19°C 65 °C 80 °C

k1l 1.478 1.220 1.008

C31 k2 1.458 1.260 1.018
k3 1.480 1.243 1.074

Average 1.472 1.241 1.033

k1 1.335 1.123 0.890

C32 k2 1.357 1.116 0.905
k3 1.345 1.124 0.892

Average 1.346 1.121 0.896

k1 1.346 1.110 0.838

C33 k2 1.356 1.103 0.842
k3 1.352 1.121 0.829

Average 1.351 1.111 0.836

k1 1.612 1.304 0.931

C34 k2 1.630 1.276 0.957
k3 1.633 1.307 1.002

Average 1.625 1.296 0.963

k1 1.503 1.224 0.923

C35 k2 1.502 1.282 0.925
k3 1.505 1.260 0.962

Average 1.503 1.255 0.937
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Table D.8 Thermal conductivity of AC-6 short-term aged specimens

Specimen no. | Repetitions |  Thermal conductivity (W/m K)

19°C 65 °C 80 °C

k1 1.644 0.733 0.805

C36 k2 1.700 0.786 0.863
k3 1.665 0.817 0.897

Average 1.670 0.779 0.855

k1 1.895 1.030 0.827

C37 k2 1.839 1.041 0.827
k3 1.915 1.112 0.824

Average 1.883 1.061 0.826

k1 1.707 0.686 0.672

C38 k2 1.751 0.765 0.768
k3 1.765 0.780 0.756

Average 1.741 0.744 0.732

k1 1.646 0.755 0.800

C39 k2 1.659 0.802 0.849
k3 1.687 0.807 0.800

Average 1.664 0.788 0.816

k1 1.735 0.758 0.832

C40 k2 1.755 0.818 0.806
k3 1.732 0.817 0.814

Average 1.741 0.798 0.817

Table D.9 Thermal conductivity of AC-6 long-term aged specimens

Specimen no. | Repetitions |  Thermal conductivity (W/m K)

19°C 65 °C 80 °C

k1 1.510 0.882 0.624

C41 k2 1.550 0.894 0.620
k3 1.503 0.927 0.643

Average 1.521 0.901 0.629

k1 1.673 0.905 0.709

C42 k2 1.682 1.038 0.708
k3 1.663 1.000 0.719

Average 1.673 0.981 0.712

k1 1.566 0.942 0.736

C43 k2 1.609 0.985 0.722
k3 1.586 0.963 0.703

Average 1.587 0.963 0.720

k1l 1.684 1.077 0.737

Ca4 k2 1.730 1.016 0.731
k3 1.780 1.018 0.720

Average 1.731 1.037 0.729

k1 1.611 0.923 0.663

C45 k2 1.640 0.913 0.678
k3 1.641 0.952 0.699

Average 1.631 0.929 0.680
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Appendix E

Thermocouple locations per slab for slabs S13-S24 described in Chapter 6

Table E.1 Post-compaction thermocouple locations in the pothole excavation of static

repairs

Pothole A - Thermocouple no.

T1 T2 T3 T4 T5 T6
Coordinates S y | z X |y z X y z X y z X |y | z X y z
(mm)
= S13 200 | 30 | 175|200 | 25 | 90 300 | 31 90 400 |31 | 90 | 505 | 25| 90 ] 505 | 24 | 180
gg S14 200 | 30 | 180 ) 200 | 30 | 90 305 | 30 90 410 | 26| 90 | 505 |23 | 90 | 505 | 27 | 180
EE S15 200 | 27 | 180 ) 200 | 21 | 90 305 | 33 90 410 | 28| 90 | 505 | 25| 90 | 505 | 25 | 178
,E E S16 200 | 25| 175 ] 210 | 26 | 90 305 | 26 90 405 | 29| 90 | 505 |23 |90 |505| 25 | 175
EE S17 200 | 32 | 180 ]| 210 | 28 | 90 300 | 33 90 405 | 32| 90 |505|25| 90 |505| 23 | 171
> S18 200 | 32| 180 ) 200 | 29 | 90 310 | 30 90 408 | 30| 90 | 505 | 30| 90 - - -
T7 T8 T9 T10 T11
. S19 200 | 45| 90 | 245 | 45| 175 ]| 353 | 45 | 175 | 463 | 45| 175 | 505 | 45| 90
s g S20 200 | 45| 90 | 255 | 45 | 175 ]| 355 | 45 | 175 | 460 | 45| 175 | 505 | 45 | 90
2 .f_f S21 200 | 45| 90 | 245 | 45| 175 | 345 | 45 | 175 | 450 | 45| 175 | 505 | 45 | 90
% 2 S22 200 | 45| 90 | 255 | 45| 175 ]| 350 | 45 | 175 | 454 | 45| 175 | 505 | 45 | 90
E = S23 200 | 45| 90 | 250 | 45| 175 ]| 355 | 45 | 175 | 461 | 45| 175 | 505 | 45 | 90
@ S24 200 | 45| 90 | 240 | 45| 175 | 310 | 45 | 175 | 450 | 45| 175 | 505 | 45 | 90

Table E.2 Post-compaction thermocouple locations in the pothole excavation of dynamic

repairs

Pothole B - Thermocouple no.

|
T1 T2 T3 T4 T5 T6
Coord'(nni:]ii X y z X y z X y z X y z X y z X y z
Slab no.
C S13 505 | 30 | 520 | 505 | 25 | 605 | 405 | 36 | 605 310 | 30| 605 | 200 | 35 | 605 | 200 | 30 | 520
'gg S14 505 | 22 | 523 | 505 | 30 | 605 | 400 | 30 | 605 295 | 26| 605 | 200 | 22 | 605 | 200 | 19 | 520
EE S15 505 | 19 | 520 | 505 | 26 | 605 | 400 | 29 | 605 295 | 25| 605 | 200 | 24 | 605 | 200 | 30 | 527
,3 E S16 505 | 25 | 515 | 505 | 25 | 605 | 400 | 27 | 605 300 | 30| 605 | 200 | 26 | 605 | 200 | 25 | 515
E'E S17 505 | 30 | 515 | 505 | 25 | 605 | 405 | 37 | 605 300 | 32| 605 | 200 | 20 | 605 | 200 | 30 | 514
> S18 505 | 32 | 515|505 | 30 | 605 | 403 | 32 | 605 298 | 30 | 605 | 200 | 30 | 605 | 200 | 30 | 520
T7 T8 T9 T10 T11
o S19 505 | 45 | 605 | 505 | 45 | 520 | 355 | 45 | 520 246 | 45| 520 | 200 | 45 | 605
'g @© S20 505 | 45 | 605 | 505 | 45 | 520 | 350 | 45 | 520 245 | 45| 520 | 200 | 45 | 605
e J_E S21 505 | 45 | 605 | 505 | 45 | 520 | 345 | 45 | 520 255 | 45| 520 | 200 | 45 | 605
% E S22 505 | 45 | 595 | 505 | 45 | 520 | 355 | 45 | 520 260 | 45| 520 | 200 | 45 | 595
§ = S23 505 | 45 | 605 | 505 | 45 | 520 | 349 | 45 | 520 250 | 45| 520 | 200 | 45 | 605
S24 505 | 45 | 605 | 505 | 45 | 520 | 350 | 45 | 520 250 | 45| 520 | 200 | 45 | 605
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Thermophysical properties of 20 mm DBM slabs and 6 mm AC repairs described in
Chapter 6

Table F.1 Air voids content, thermal diffusivity (a) and specific heat capacity (cp) of

asphalt mixture of slab S13 and its corresponding repairs

Core diameter | Core height | Air voids Therm?" Specmc_heat
Core no. (mm) (mm) content (%) dlff_l;JSIVIE_y capacity
(x10°") (m?/s) (J/kg K)
Slab
1 72 100 11.98 5.21 865.44
2 72 100 12.92 5.61 865.44
3 72 100 12.42 5.60 865.44
4 72 100 12.70 5.72 865.44
5 72 100 13.04 5.85 865.44
6 72 100 12.43 5.61 865.44
7 72 100 12.89 5.79 865.44
8 72 100 12.45 5.92 865.44
9 72 100 12.60 5.86 865.44
Average 12.61 5.68 865.44
Static repair
16 72 55 6.02 8.42 899.46
17 72 55 6.52 7.77 899.46
18 72 55 7.55 7.15 899.46
Average 6.70 7.78 899.46
Dynamic repair

19 72 55 5.33 7.74 899.46
20 72 55 6.98 7.99 899.46
21 72 55 5.27 7.96 899.46
Average 5.86 7.90 899.46
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Table F.2 Air voids content and thermal diffusivity (a) and specific heat capacity (cp) of

asphalt mixture of slab S14 and its corresponding repairs

Core diameter | Core height |  Air voids d-ll—f?ﬁg?/ily Spf;:;)f;gift\;at
(mm) (mm) content (%) B
Slab

22 72 100 12.57 5.13 865.44
23 72 100 13.59 5.49 865.44
24 72 100 12.94 5.13 865.44
25 72 100 12.88 5.98 865.44
26 72 100 12.33 6.16 865.44
27 72 100 13.11 6.42 865.44
28 72 100 12.70 5.56 865.44
29 72 100 17.66 5.39 865.44
30 72 100 11.72 5.62 865.44

Average 13.28 5.66 865.44

Static repair

37 72 55 4.98 8.33 899.46
38 72 55 3.16 7.50 899.46
39 72 55 4.80 6.94 899.46

Average 431 7.59 899.46

Dynamic repair

40 72 55 4.02 7.63 899.46
41 72 55 3.77 7.72 899.46
42 72 55 4.16 7.86 899.46

Average 3.98 7.74 899.46
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Table F.3 Air voids content and thermal diffusivity (a) and specific heat capacity (cp) of

asphalt mixture of slab S15 and its corresponding repairs

Core diameter | Core height |  Air voids d-ll—f?ﬁg?/ily Spf;:;)f;gift\;at
(mm) (mm) content (%)
Slab

43 72 100 12.74 4.75 865.44
44 72 100 13.25 5.10 865.44
45 72 100 13.55 5.44 865.44
46 72 100 13.22 4.96 865.44
47 72 100 11.27 4.79 865.44
48 72 100 13.25 4.83 865.44
49 72 100 13.63 3.86 865.44
50 72 100 13.84 4.22 865.44
51 72 100 13.91 4.57 865.44

Average 13.18 4.73 865.44

Static repair

58 72 55 2.84 7.44 899.46
59 72 55 2.77 7.40 899.46
60 72 55 3.11 7.38 899.46

Average 291 741 899.46

Dynamic repair

61 72 55 3.76 7.97 899.46
62 72 55 2.69 7.78 899.46
63 72 55 4.23 7.80 899.46

Average 3.56 7.85 899.46
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Table F.4 Air voids content, thermal diffusivity (a) of asphalt mixture and specific heat

capacity (cp) of slab S16 and its corresponding repairs

Core diameter | Core height |  Air voids d-ll—f?ﬁg?/ily Spf;:;)f;gift\;at
(mm) (mm) content (%)
Slab

64 72 100 14.02 6.21 865.44
65 72 100 13.52 6.06 865.44
66 72 100 11.87 5.83 865.44
67 72 100 14.03 4.77 865.44
68 72 100 12.57 4.74 865.44
69 72 100 13.50 4.84 865.44
70 72 100 13.99 4.43 865.44
71 72 100 12.27 4.51 865.44
72 72 100 13.30 4.73 865.44

Average 13.23 5.13 865.44

Static repair

79 72 55 4.99 7.71 899.46
80 72 55 4.22 7.94 899.46
81 72 55 4.04 8.21 899.46

Average 441 7.95 899.46

Dynamic repair

82 72 55 4.66 8.28 899.46
83 72 55 4.32 7.83 899.46
84 72 55 5.70 7.52 899.46

Average 4.89 7.88 899.46
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Table F.5 Air voids content and thermal diffusivity (a) and specific heat capacity (cp) of

asphalt mixture of slab S17 and its corresponding repairs

Core diameter | Core height |  Air voids d-ll—f?ﬁg?/ily Spf;:;)f;gift\;at
(mm) (mm) content (%)
Slab

85 72 100 13.01 4.76 865.44
86 72 100 12.59 5.04 865.44
87 72 100 11.94 5.31 865.44
88 72 100 13.72 5.82 865.44
89 72 100 13.46 6.07 865.44
90 72 100 13.55 6.08 865.44
91 72 100 14.03 5.65 865.44
92 72 100 12.50 5.83 865.44
93 72 100 12.47 6.10 865.44

Average 13.03 5.63 865.44

Static repair

100 72 55 4.96 7.42 899.46
101 72 55 4.15 7.34 899.46
102 72 55 4.77 7.37 899.46

Average 4.63 7.38 899.46

Dynamic repair

103 72 55 4.70 8.11 899.46
104 72 55 5.01 7.66 899.46
105 72 55 4.91 7.18 899.46

Average 4.87 7.65 899.46
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Table F.6 Air voids content and thermal diffusivity (a) and specific heat capacity (cp) of

asphalt mixture of slab S18 and its corresponding repairs

Core diameter | Core height |  Air voids d-ll—f?ﬁg?/ily Spf;:;)f;gift\;at
(mm) (mm) content (%)
Slab

106 72 100 11.71 4.89 865.44
107 72 100 11.24 5.36 865.44
108 72 100 12.99 5.97 865.44
109 72 100 12.46 6.00 865.44
110 72 100 12.42 6.04 865.44
111 72 100 12.61 6.08 865.44
112 72 100 13.04 5.19 865.44
113 72 100 12.23 9.55 865.44
114 72 100 13.22 6.01 865.44

Average 12.43 5.68 865.44

Static repair

121 72 55 4.28 6.99 899.46
122 72 55 3.23 6.93 899.46
123 72 55 4.93 7.07 899.46

Average 4.15 7.00 899.46

Dynamic repair

124 72 55 5.68 7.55 899.46
125 72 55 4.99 7.72 899.46
126 72 55 5.20 7.97 899.46

Average 5.29 7.75 899.46
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Table F.7 Thermal conductivity (k) of asphalt mixture of slab S13 and its corresponding

repairs
Thermal
Point no. | conductivity
W/m K
Slab

1 0.91

2 1.04

3 1.05

4 1.09

5 1.11

6 1.05
Average 1.04

Static repair

7 1.40

8 1.77
Average 1.58

Dynamic repair

10 1.58

11 1.76
Average 1.67

Table F.8 Thermal conductivity (k) of asphalt mixture of slab S14 and its corresponding

repairs
Thermal
Point no. | conductivity
(W/m K)
Slab
12 0.96
13 0.95
14 1.11
15 1.19
16 1.01
17 1.06
Average 1.05
Static repair
18 1.70
19 1.42
Average 1.56
Dynamic repair
20 1.58
21 1.62
Average 1.60
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Table F.9 Thermal conductivity (k) of asphalt mixture of slab S15 and its corresponding

repairs
Thermal
Point no. | conductivity
W/m K
Slab
22 0.89
23 1.00
24 0.92
25 0.90
26 0.71
27 0.84
Average 0.88
Static repair
28 1.55
29 1.54
Average 1.55
Dynamic repair
30 1.65
31 1.61
Average 1.63

Table F.10 Thermal conductivity (k) of asphalt mixture of slab S16 and its corresponding

repairs
Thermal
Point no. | conductivity
(W/m K)
Slab
32 1.14
33 1.10
34 0.88
35 0.89
36 0.81
37 0.88
Average 0.95
Static repair
38 1.58
39 1.69
Average 1.63
Dynamic repair
40 1.70
41 1.52
Average 1.61
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Table F.11 Thermal conductivity (k) of asphalt mixture of slab S17 and its corresponding

repairs
Thermal
Point no. | conductivity
W/m K
Slab
42 0.88
43 1.00
44 1.07
45 1.12
46 1.04
47 1.14
Average 1.04
Static repair
48 1.52
49 1.51
Average 1.51
Dynamic repair
50 1.66
51 1.47
Average 1.56

Table F.12 Thermal conductivity (k) of asphalt mixture of slab S18 and its corresponding

repairs
Thermal
Point no. | conductivity
(W/m K)
Slab
52 0.92
53 1.11
54 1.12
55 1.13
56 0.96
57 1.11
Average 1.06
Static repair
58 1.44
59 1.45
Average 1.44
Dynamic repair
60 1.53
61 1.62
Average 1.58
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Table F.13 Thermal conductivity (k) of asphalt mixture of slab S19 and its corresponding

repairs
Thermal
Point no. | conductivity
W/m K
Slab
62 1.05
63 0.99
64 0.98
65 1.20
66 1.12
67 1.19
Average 1.09
Static repair
68 1.57
69 1.71
Average 1.64
Dynamic repair
70 1.66
71 1.59
Average 1.62

Table F.14 Thermal conductivity (k) of asphalt mixture of slab S20 and its corresponding

repairs
Thermal
Point no. | conductivity
(W/m K)
Slab
72 0.87
73 1.10
74 1.06
75 0.97
76 0.97
77 1.16
Average 1.02
Static repair
78 1.41
79 1.51
Average 1.46
Dynamic repair
80 1.63
81 1.42
Average 1.52
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Table F.15 Thermal conductivity (k) of asphalt mixture of slab S21 and its corresponding

repairs
Thermal
Point no. | conductivity
W/m K
82 1.17
83 1.04
84 1.25
85 0.96
86 1.16
87 1.23
Average 1.13
88 1.42
89 1.51
Average 1.46
90 1.42
91 1.55
Average 1.49

Table F.16 Thermal conductivity (k) of asphalt mixture of slab S22 and its corresponding

repairs
Thermal
Point no. | conductivity
(W/m K)
Slab
92 1.23
93 0.86
94 1.10
95 1.21
96 0.96
97 1.04
Average 1.07
Static repair
98 1.73
99 1.67
Average 1.70
Dynamic repair
100 1.77
101 1.64
Average 1.70
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Table F.17 Thermal conductivity (k) of asphalt mixture of slab S23 and its corresponding

repairs
Thermal
Point no. | conductivity
W/m K
Slab
102 1.32
103 1.18
104 1.03
105 1.12
106 0.85
107 1.34
Average 1.14
Static repair

108 1.65
109 1.56
Average 1.60
Dynamic repair
110 1.65
111 1.64
Average 1.64

Table F.18 Thermal conductivity (k) of asphalt mixture of slab S24 and its corresponding

repairs
Thermal
Point no. | conductivity
(W/m K)
Slab
112 1.32
113 0.99
114 0.93
115 1.24
116 1.01
117 1.34
Average 1.14
Static repair
118 1.56
119 1.68
Average 1.62
Dynamic repair
120 1.75
121 1.68
Average 1.71
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Shear strength tests (SBT’s) results for specimens of Chapter 8
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Figure G.1 Bottom interface shear strength for static (A) and dynamic (B) pothole

repairs with 10 minutes 15 seconds pre-heating time built in slabs S13-S15
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Figure G.2 Bottom interface shear strength for static (A) and dynamic (B) pothole

repairs with 21 minutes 49 seconds pre-heating time built in slabs S16-S18
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S19-S21 Shear strength of vertical repair interfaces
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Figure G.3 Vertical interface shear strength for static (A) and dynamic (B) pothole
repairs with 10 minutes 15 seconds pre-heating time built in slabs S19-S21
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Figure G.4 Vertical interface shear strength for static (A) and dynamic (B) pothole

repairs with 21 minutes 49 seconds pre-heating time built in slabs S22-S24
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Rutting profile of static and dynamic repairs completed in slabs S25-S30 described in
Chapter 8
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Figure H.1 Longitudinal rutting profile in the repair interface at 25 °C after 20.000
cycles for repairs built in slabs S25-S27

-48 40 -32 -24 -16 -8 0 8 16 24 32 40 48

1 1 1 1 1 1 1 1 1 4 1 1 1 1 1 1 1 1 1 1

£

=

5

=i

o0

=

"4
ol ——Pothole A -
s Static repair
sl =—Pothole B -

Test at 4 °C 'ig i Dynamic repair

Distance from the cetre line: mm

Figure H.2 Longitudinal rutting profile in the repair interface at 4 °C after 20.000 cycles
for repairs built in slabs S28-S30
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