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Abstract 

It has been reported that estimated pavement lifecycles have been reduced by 50-60 % in Ontario 

over the last 25 years (Auditor General of Ontario, 2016). This raises issues of concern with respect 

to durability and performance among others. This document aims to comparatively study the 

effects of physical and chemical aging on the performance of extracted and recovered loose-mix 

and core mix samples from some provincial and municipal contracts in Ontario. 

 

In this study, four loose-mix (plant-aged) and eight core-mix (field-aged, 4 - 5 years) samples were 

cautiously extracted and recovered using dichloromethane and standard rotary evaporation in a 

moderate to high vacuum, nitrogen atmosphere and final bath temperature of 160 °C for one hour. 

The binders recovered from the loose-mix samples were taken through laboratory aging using the 

standard Superpave® pressure aging vessel method and all the samples were evaluated for their 

performance using conventional Superpave® methods such as Dynamic Shear Rheometer (DSR) 

and Bending Beam Rheometer (BBR) and the improved Ministry of Transportation of Ontario 

methods (LS-308 Extended Bending Beam Rheometer (eBBR) and LS-299 Double-Edge Notched 

Tension (DENT) test). Chemical test methods like Fourier Transform Infra-red (FTIR) 

spectroscopy and X-ray Fluorescence (XRF) analysis were used to determine the presence of 

carbonyls, sulfoxides, zinc and molybdenum which result from chemical oxidation and the 

addition of recycled engine oil bottoms (REOB). 

 

The significant amount of zinc and molybdenum found in all the samples could be a result of 

addition of REOB, which is known to accelerate the process of physical and chemical aging. All 

the binders recovered from the loose-mix samples showed better performance based on their 

performance grading using the dynamic shear rheometer, extended bending beam rheometer and 

double-edge notched tension test at low, intermediate and high temperatures. Their durability is 

however suspect since they contained significant amounts of zinc, molybdenum, carbonyls and 

sulfoxides known to be ‘aging accelerators’. All the field-aged (4-5 yrs.) samples but one showed 

poor performance at low, intermediate and high temperature which is explained by the 

comparatively higher amount of zinc, molybdenum, carbonyls and sulfoxides found in them. 
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The extended bending beam rheometer (eBBR) method was seen as a more efficient quality control 

indicator since some of the samples which passed the regular bending beam rheometer method 

failed the extended bending beam rheometer test based on the grade losses. 
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Chapter 1 

Introduction 

1.1 Overview 

One of the main priorities of every government is to build and maintain durable road 

infrastructure. However, a major issue of concern is the amount of expenditure that goes 

into maintenance and rehabilitation of existing road networks due to various degrees of 

damage after a short period of construction. A major factor contributing to premature 

deterioration of asphalt pavement is physical and chemical aging of the asphalt cement that 

is employed as the binder to hold the aggregates together. Hence, an understanding of how 

these phenomena occur and how they can be evaluated qualitatively and quantitatively is a 

way to go if a very durable asphalt pavement is expected to be constructed. 

 

Asphalt aging is a physical phenomenon that leads to failure of asphalt pavement due to 

loss of rheological and chemical properties of the asphalt binder that is used to prepare the 

asphalt mixture after it has been exposed to conditions like temperature, ultraviolet 

radiation, atmospheric oxygen and repeated loading. The mechanism involved in the aging 

process helps to classify it as chemical or physical aging. Both processes lead to gradual 

hardening of the asphalt binder causing it to relax stresses more slowly. 

  

Chemical aging results in a change in the composition of asphalt binder due to processes 

like oxidation, cyclization and aromatization that takes place when the binder is exposed 

to heat, air or moisture. Oxidized asphalt binder retains stress for a long period of time 

especially at low temperatures under repeated loading. This causes the asphalt pavement 

to develop cracks at high temperatures because the binder is unable to relax the applied 

stress as quickly as possible. Oxidative hardening of asphalt is closely linked to the failure 

properties of the asphalt cement and has a rippling consequence on the durability of the 

asphalt pavement. 
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Physical aging on the other hand has varying scope depending on the literature been 

considered but generally results in stiffening of the asphalt due to free-volume collapse, 

asphaltene aggregation, and wax crystallization in the asphalt over a relatively short period 

of time [1]. This process generates a more brittle asphalt cement which has poor stress 

relaxation properties and leads to cracks on asphalt pavement when repeated load is 

applied. 

 

Many roads in Ontario and other parts of North America have been observed to undergo 

several pavement distresses, many of them rather severe after each winter season. This 

situation causes a lot of discomfort to commuters both physically and economically since 

the poor nature of the roads leads to frequent damage to suspensions and steering parts, 

wearing of tires and rims, shock absorbers of cars and demands that these parts be replaced 

often. There are also recorded cases of road accidents which are linked to the poor nature 

of some roads. In Ontario, the government spends several millions of dollars on road 

maintenance and rehabilitation every year which affect rapid growth since these funds 

could be channeled to other sectors otherwise. Many researchers have reported on the 

causes of some of these asphalt road distresses, one of which is chemical and physical 

aging of asphalt which will be investigated in this thesis [1]. 

 

1.2 Meaning and Sources of Asphalt Cement 

The term Asphalt is commonly used by North Americans to represent a black or dark-

brown viscous, liquid or semi-solid adhesive material that is composed mainly of carbon, 

hydrogen, nitrogen, sulphur, oxygen and trace amounts of certain transition metals like 

nickel and vanadium. It is obtained from natural sources or as a crude oil residue from 

fractional distillation [2]. The name asphalt was derived from the Greek word ‘asphaltos’ 

and used interchangeably to represent the same material that is referred to as ‘bitumen’ 

mostly by the Europeans [2]. The use of other names like asphalt cement, asphalt binder, 

and tar is common depending on the origin and location. When mixed with aggregates, 

sand and filler, it is referred to as asphalt pavement, asphalt concrete, tarmac or simply 
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asphalt (mostly by Europeans). The term asphaltum was also used to refer to the same 

material until the 20th century [2]. 

  

Asphalt has been defined broadly by several institutions depending on the composition and 

application. The American Association of State Highway Transportation Officials 

(AASHTO), for instance, defines it as an “asphalt-based cement that is produced from 

petroleum residues either with or without the addition of non-particulate organic 

modifiers” [3]. Asphalt is also defined by the American Society for Testing and Materials 

(ASTM) as a “dark brown to black cementitious material in which the predominant 

constituents are bitumen that occur in petroleum process” [4]. 

  

The two main sources of asphalt include natural deposits and petroleum residue from 

refining of crude oil. A great percentage of the asphalt used for commercial purposes is 

derived from petroleum. The naturally occurring deposits are believed to result from the 

cumulative decay of algae and other dead organisms. The remains of these organisms are 

often deposited in the deep sand under the ocean or lake where the organisms lived. After 

many years of exposure to the temperature and pressure under the earth crust, these remains 

undergo decay and are transformed into materials such as asphalt/bitumen, kerogen, or 

petroleum. Natural sources of asphalt include deposits in lakes such as the ‘Pitch Lake’ in 

Trinidad and Tobago and ‘Lake Bermudez’ in Venezuela. Natural flow of asphalt occur in 

the ‘La Brea Tar’ Pits and in the Dead Sea [7]. 

 

Asphalt is also found in unconsolidated sandstones known as "oil sands" in Alberta, 

Canada, and the similar "tar sands" in Utah, US. The world’s most abundant natural asphalt 

reserve is found in the Province of Alberta in Canada, in three large deposits covering 

142,000 square kilometers [5]. These asphalt sands have an estimate of 166 billion barrels 

(26.4 × 109 m3) of commercially available oil reserves, which makes Canada the country 

with the third largest oil reserves in the world producing over 2.3 million barrels of heavy 

crude oil and synthetic crude oil per day (370×103 m3/d) . Although historically it was used 

without refining to pave roads, nearly all of the asphalt is now used as raw material for oil 

refineries in Canada and the United States [5]. The world's largest deposit of natural 

https://en.wikipedia.org/wiki/Kerogen
https://en.wikipedia.org/wiki/Pitch_Lake
https://en.wikipedia.org/wiki/Lake_Bermudez
https://en.wikipedia.org/wiki/La_Brea_Tar_Pits
https://en.wikipedia.org/wiki/Dead_Sea
https://en.wikipedia.org/wiki/Alberta
https://en.wikipedia.org/wiki/Oil_reserves
https://en.wikipedia.org/wiki/Heavy_crude_oil
https://en.wikipedia.org/wiki/Heavy_crude_oil
https://en.wikipedia.org/wiki/Synthetic_crude_oil
https://en.wikipedia.org/wiki/Raw_material
https://en.wikipedia.org/wiki/Oil_refinery
https://en.wikipedia.org/wiki/Oil_refinery
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asphalt, known as the Athabasca oil sands is located in the McMurray Formation of 

Northern Alberta [6]. Other sources of naturally occurring asphalt include rock asphalt 

which is bitumen embedded in rocks and a solid hydrocarbon known as ‘Gilsonite’. In 

Europe, deposits of rock asphalt can be found at Seyssel in France, Ragusa in Italy and Val 

de Travers in Switzerland [7]. 

 

1.3 Composition of Asphalt 

Asphalt is composed basically of hydrocarbons, heteroatoms and metals with the 

hydrocarbons making up about 90 to 95 % of the total constituents. The heteroatoms which 

includes nitrogen (0– 1 %), Sulphur (0–6 %) and oxygen (01.5 %) accounts for most of the 

physical and chemical properties of the asphalt [7]. The type and quantity of heteroatoms 

in an asphalt determines to a large extent the source of the asphalt and the aging process. 

Heteroatoms, especially sulfur, react more readily than carbon and hydrogen to add oxygen 

(oxidize). Oxidation is the primary part of the whole asphalt aging process; volatilization 

and photodegradation also contribute to aging [1]. 

  

The transition metal component which comprises of nickel, vanadium and iron forms less 

than one percent of this material and contributes to most of its ductile properties. These 

metals give a ‘fingerprint’ and can sometimes be used to determine the source of the crude 

oil from which the asphalt was obtained [7]. 

 

Asphalt is a very complex material and most of the efforts to completely characterize this 

material have not been very successful, yet its components can be classified into four main 

groups [8]: 

• Saturates, saturated hydrocarbons, the percent saturates determines the softening 

point of the material; 

• Naphthene aromatics, comprising of partially hydrogenated polycyclic aromatic 

compounds; 

https://en.wikipedia.org/wiki/Athabasca_oil_sands
https://en.wikipedia.org/wiki/McMurray_Formation
https://en.wikipedia.org/wiki/Saturated_hydrocarbons
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• Polar aromatics, comprising of high molecular weight phenols and carboxylic acids; 

and  

• Asphaltenes, comprising of high molecular weight phenols and heterocyclic 

compounds. 

 

The naphthene aromatics and polar aromatics are mostly the majority components. Asphalt 

is soluble in most organic solvents like toluene, sodium disulfide and dichloromethane. It 

is commonly idealised as a colloid with polar, high molecular weight asphaltene 

micelles as the dispersed phase and low molecular weight oily maltenes as the continuous 

phase [9]. Maltenes are made up of saturates, aromatics and resins which contribute to 

greater percentage of the asphalt. Asphaltenes on the other hand are n-heptane insoluble 

amorphous solids with highly polar and complex aromatic constituents. Typical molecular 

weight of asphaltenes ranges between 1,000 and 100,000 [8]. They constitute about 5 to 25 

percent of the total asphalt. The amount of asphaltenes present has a great effect on the 

rheological properties of the asphalt, thus a high asphaltene content will increase the 

viscosity, the softening point, the hardness and lower the penetration of the asphalt [7]. 

 

1.4 Asphalt Specification/Grades 

All bitumens/asphalts produced in the UK are designed to meet three standards; BS EN 

12591:2000 [10] (this is applicable in all of Europe), BS 3690-2:1989 [11], and BS 3690-

3:1983 [12]. BS EN 12591:2000 applies to bitumens for road paving purposes, BS 3690-

2:1989 applies to bitumen for industrial purposes and BS 3690-3:1983 applies to 

composites of bitumen, coal tar, lake asphalt and pitch [10, 11, 12]. 

 

Asphalt has a complex chemical component system and varying applications but most of 

the grades of asphalt produced for road paving purposes are characterized by penetration, 

softening point and viscosity. Some common grades of asphalt available for road paving 

includes: 

  

https://en.wikipedia.org/wiki/Molecular_weight
https://en.wikipedia.org/wiki/Phenols
https://en.wikipedia.org/wiki/Carboxylic_acid
https://en.wikipedia.org/wiki/Heterocyclic_compound
https://en.wikipedia.org/wiki/Heterocyclic_compound
https://en.wiktionary.org/wiki/maltene
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▪ Penetration Grades: These grades of bitumens/asphalts are characterized by 

penetration and softening point test, but their specification is based on the 

penetration range. For example, PEN 35/50 bitumen has a penetration range 

between 35 to 50 and softening point between 50 oC to 58 oC [13]. 

▪ Viscosity Grades: These grades of bitumen are characterized by viscosity and 

penetration test. The specification for these grades of bitumen is based on the 

viscosity at 60 oC. they are designated ‘AC’ (Asphalt Cement) followed by the 

viscosity value in poise. For example, AC-20 means asphalt cement with viscosity 

2000 ±400 centipoise at 60 oC. The greater the viscosity, the harder the bitumen. 

Other examples include AC-10, AC-30, AC-40 [15]. 

▪ Performance Grade: These grades of bitumens/asphalts are specified to meet their 

performance behavior in service in varying environmental conditions. This system 

of asphalt grading was initiated by the Strategic Highway Research Program (SHRP 

1987) [7]. These grades are designed to reduce the likelihood of an asphalt to 

contribute to rutting, fatigue cracking and thermal cracking of asphalt pavements. 

This is achieved by controlling certain physical characteristics measured with 

instruments like Bending Beam Rheometer (BBR), dynamic shear rheometer 

(DSR) and the Rotational Viscometer. Physical properties of these grades are the 

same but the temperature at which these properties can be achieved differ. For 

instance, a Performance Grade designated PG 70-22 means, an average maximum 

pavement temperature of 70 oC per week is expected in an environment where this 

asphalt can be used and a minimum pavement design temperature of -22 oC is 

expected in this same environment [14].  

▪ Multi Grades: Multigrade asphalts are designed by special refinery processes to 

give a better structural property to the asphalt and to improve the engineering 

performance, without adding polymers to the asphalt. The refinery technique used, 

transforms the bitumen characteristics such that, the final product presents an 

improved stiffness modulus, visco-elastic and adhesive properties. Multiphalte 

bitumen as they are referred to have more sensitivity of penetration index, low 

temperature susceptibility, improved high temperature performance, improved 
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rheological behavior and torsional recovery than penetration grade asphalt of the 

same grade, but has less ductility than that of asphalt cement [16]. They are 

designated Multiphalte 35/50, Multiphalte HM, etc. 

Other types of asphalt used for road paving and industrial applications include the 

following: polymer modified asphalt, oxidized asphalts, cutback bitumen, bitumen 

emulsion and hard bitumen. Most of these types of asphalts are specified by penetration, 

softening point and viscosity tests. 

 

1.5 Modification of Asphalt 

Asphalt modification involves the use of refinery technology or chemicals to improve 

certain performance characteristics like resistance to fatigue cracking, rutting and 

resistance to low temperature cracking of an asphalt. The modification process also offers 

improved asphalt flexibility, resistance to aging, stiffness, low temperature susceptibility, 

high temperature performance, improved adhesion and overall good rheological behavior 

[1]. 

 

Since the advent of bitumen refining in the early 1900s in the USA, the production and 

consumption of bitumen has increased rapidly, and an estimated amount of about 85 to 95 

percent of the 100 million tons of total bitumen produced goes into road construction [19]. 

However, a quality bitumen for durable road construction is a property of the source of the 

crude oil and the refinery technique used. Since only scarce ‘quality’ crude oil resources 

and limited refinery technology is available for producing quality bitumen with durable 

and very good in-service performance, many researchers have conducted various 

investigations into ways of improving asphalt/bitumen performance through modification 

technology and the outcome of these investigations have yielded good results which offers 

a variety of technical options to asphalt engineers [19]. There have been some mitigating 

factors however which include [19]: 

  

▪ High cost of modifiers leading to relatively high cost of the asphalt binder and the 

overall cost of the asphalt pavement construction; 
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▪ Low resistance to aging; and 

▪ Poor storage stability. 

 

Although these drawbacks pose a challenge to the engineer on the type of modifier or 

technology to use, some solutions have been suggested through research which includes; 

saturation, sulphur vulcanization, addition of antioxidants, functionalization, use of 

hydrophobic clay minerals and application of reactive polymers [1, 19]. Aside the technical 

challenges, economic benefit is also one major problem that is hampering the choice of 

modification technology. For a modification process to be fully beneficial, it must be cost 

effective. Due to high cost of modification, it is estimated that only about 20 percent of 

asphalt pavement used in Europe contain modified bitumen [19]. This low patronage of 

asphalt modification technology among other factors like aging accounts for several road 

failures in most parts of the world. A very cost-effective technology has a great economic 

benefit since it produces a very durable road pavement at a relatively moderate cost. 

 

Currently, polymer modification has found increased application in warm mix technology 

among the variety of modification techniques such as addition of anti-stripping agents, 

polyphosphoric acid and special refinery technology that is used to enhance the 

performance of asphalt binders to meet the required specification. Most of the asphalt used 

in North America is obtained from petroleum refinery using special refinery techniques as 

indicated in Table 1 [21]. 

 

 

 

 

 

 

 

 

 

 



 

9 

 

 

Table 1 Refinery techniques for asphalt production [21]. 

S 

No 

Production/Process Base Material Product 

1 Atmospheric and 

Vacuum Distillation 

Asphalt-based crude or 

crude mix 

Asphalt Cement 

2 Blending Hard and Soft Asphalt, 

Asphalt Cement and 

Petroleum Distillates 

Asphalt Cement of 

intermediate consistency, 

cutback asphalts 

3 Air Blowing Asphalt Flux Asphalt Cements, 

Roofing Asphalt, Pipe 

Coating, Special 

Membranes 

4 Solvent De-asphalting Vacuum Residuum Hard Asphalt 

5 Solvent Extraction Vacuum Residuum Asphalt Components 

(Asphaltenes, Resins, 

Oils) 

6 Emulsification Asphalt, Emulsifying 

Agent and Water 

Emulsified Asphalts 

7 Modification Asphalt and Modifiers 

(Polymers, chemicals etc.) 

Modified Asphalts 

 

Polymer modification of bitumen/asphalt is the blending of polymers with bitumen by 

mechanical shearing or chemical reaction at optimum temperature and shear rate [22]. 

Modification of bitumen with polymers helps to enhance some physical and rheological 

properties of the asphalt by reducing viscosity at paving temperatures, increasing the 

stability at high service temperatures, enhancing the compatibility and the strength of the 

blends, improving fatigue resistance of the mixture, improving the abrasion resistance of 

blends, improving oxidation and aging resistance, obtaining softer blends at low service 

temperatures and reducing cracking, increasing the stiffness of the  blends at high 
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temperatures and reducing rutting, enhancing elastic recovery and reducing the life cycle 

costs of pavements [23]. To obtain a blend with these properties, the compatibility of the 

polymer with the base bitumen (depending on the crude source and the composition of the 

asphalt), the storage stability of the blend and the cost of the polymer are some factors to 

consider. Polymers and modifiers available for industrial use are recorded in Table 2. 

Table 2 Natural and synthetic asphalt modifiers [7]. 

S 

No 

Type of Modifiers Example 

1 Thermoplastic Elastomers Styrene-Butadiene-Styrene (SBS), Styrene-

Butadiene-Rubber (SBR), Styrene-

Ethylene-Butadiene- Styrene (SEBS), 

Ethylene-Propylene-Diene-Terpolymer 

(EPDM), Polyisoprene, Polybutadiene 

(PBD), Crumb Tire Rubber, Natural Rubber 

2 Thermoplastic Polymers Ethylene Vinyl Acetate (EVA), Ethylene 

Butyl Acrylate (EBA), Polypropylene (PP), 

Polyethylene (PE), Atactic Polypropylene 

(APP) 

3 Thermosetting Polymers Epoxy Resins, Polyurethane Resins 

4 Chemical modifiers Organometallic compounds, Sulphur, 

Lignin 

5 Fibres Cellulose, Asbestos, Glass fibre, Polyester, 

PolyPropylene, Alumino-Magnesium 

Silicates 

6 Adhesion Improvers Amides, Organic Amines 

7 Antioxidants Amines, organo-Zinc/Organo-lead 

Compounds, Phenols. 

8 Natural Asphalts Trinidad Lake Asphalt (TLA), Rock 

Asphalt, Gilsonite 

9 Fillers Carbon black, Hydrated lime, Lime, Fly ash 
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Some industrial applications involve the addition of polyphosphoric acid to improve the 

stiffness of the asphalt and to increase the high temperature performance criterion of the asphalt 

pavement. Anti-stripping agents such as mineral acids and bases are also added in some cases 

to improve the adhesion and cohesion properties of the asphalt which leads to enhanced 

resistance of the asphalt to moisture damage. 

 

1.6 Application of Asphalt 

Most of the applications of asphalt is related to its adhesive and viscoelastic properties. 

Asphalt behaves as an elastic solid or a semi-solid at low temperatures and a viscous liquid 

at high temperatures. This accounts for most of its uses. In ancient times, the widespread 

use of asphalt included mortar for holding bricks and stones together, caulking for ships, 

cement for jewelries, embalming for mummies, lamp illumination, coloring materials in 

painting, sealing of water tanks, waterproofing agents and for lining of baskets for 

gathering crops [1]. The earliest report on the application of bitumen/asphalt for road 

paving purposes dates to 625-650 BC in the old Babylonian empire [24].  

 

Currently, about 85 % of the asphalt produced in Canada and the US are used in road 

pavement works as the cement for holding aggregates together. Asphalt cement makes up 

about 5 % of the total composition of an asphalt mixture which also contain about 95 % of 

aggregates like sand, stones and gravel. Modern time application of asphalt concrete began 

in 1860 in Scotland where contractors used hot coal tar as a binder for chippings to reduce 

dust and for road maintenance. The first asphalt pavement in North America was 

constructed at Pennsylvania Avenue in Washington D.C. in 1876 [25]. 

 

The History of asphalt usage began in the fifth millennium BC at the Mehrgarh site in the 

ancient Indus Valley, where it was used as an adhesive and waterproofing material to line 

baskets which were used for crops gathering [26]. Natural asphalt deposits were also used 

as mortar for laying bricks, for ship caulking, waterproofing and for gluing parts of 

carvings like eyes and hands into place by the Sumerians in the ancient Middle East. It was 

also reported by the Greek historian Herodotus to be used as mortar in the walls of ancient 

https://en.wikipedia.org/wiki/Indus_Valley_Civilization
https://en.wikipedia.org/wiki/Herodotus
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Babylon [2]. The Euphrates tunnel under the river Euphrates in Babylon (during the time 

of Queen Semiramis, ca. 800 B.C.) is also reported to have been constructed with burnt 

bricks covered with asphalt for waterproofing [2]. The ancient Egyptians also used asphalt 

for embalming mummies [27]. Other uses of asphalt include roof sealant, for making 

ornaments, decorating utensils photography, medicinal purposes making paint, lacquer, 

sealing some alkaline batteries, for mosquitoes’ repellant and for building statues [28, 29]. 

 

Most of these uses have faded with time and the wide application of asphalt currently is for 

road pavement construction. More than 90 % of the asphalt used for road construction is 

obtained through refining of petroleum [19]. About 4,000 asphalt concrete mixing facilities 

exist in the U.S. and a similar number in Europe [30]. The highly viscous nature of 

asphalt/bitumen demands that it is heated to allow easy mixing with the aggregates at the 

asphalt mixing plant. The mixing temperature of the asphalt is dependent on the nature of 

the asphalt/bitumen and the aggregates, but warm-mix asphalt technologies helps to reduce 

the temperature required. Asphalt cement can also be reclaimed from an asphalt pavement 

that has been milled from an existing road during rehabilitation, Processed and reused. This 

is a modern recycling technology that helps to reduce cost and reserve asphalt resources, 

but it has not found too much popularity due to reports of high tendency of these recovered 

asphalts to undergo oxidative aging which can lead to premature road failure [1, 21]. 

 

1.7 Asphalt Aging 

Asphalt aging is a common phenomenon that has been reported by many researchers to be 

one of the major causes of asphalt pavement deterioration especially at low temperatures. 

Hot mix asphalts (HMA) must meet certain performance criteria such as stability, 

durability, impermeability, flexibility, improved low temperature susceptibility, 

workability, adhesion and cohesive strength [31]. To construct a hot-mix asphalt pavement 

with these qualities, a specified performance graded asphalt cement is required to coat 

aggregates under optimum conditions in an asphalt mixing plant and a suitable compaction 

up to designated air void ratio. Any irregularities that occur in the mixing process can lead 

https://en.wikipedia.org/wiki/Babylon
https://en.wikipedia.org/wiki/Asphalt_concrete#Mixture_formulations
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to subsequent problems in the placement, compaction and the performance of the HMA in 

service [31]. 

 

Temperature and time of exposure of the asphalt to air and moisture forms the basis of the 

asphalt aging process. The aging effect at low temperature and long-term exposure is 

almost similar to that at high temperature and short term of exposure. This is well explained 

by the Time Temperature Superposition Principle (TTS) [32]. Two main processes are 

known to contribute to asphalt aging which includes physical and chemical aging. These 

processes shall be discussed in detail in subsequent chapters but they both lead to hardening 

or stiffening of asphalt especially at low temperatures and causes it to relax stress poorly 

during repeated loading [1]. These phenomena lead to premature asphalt pavement failure, 

a major problem that is encountered on most roads in Ontario and other parts of Canada. 

 

1.8 Scope and Objectives 

The Canadian Government and the Ministry of Transportation of Ontario (MTO) continue 

to intensify efforts and research to help resolve the high levels of asphalt pavement 

deterioration that is seen on numerous major roads in Ontario and elsewhere in Canada. It 

is estimated that about 448 million dollars is expected to be spent on road operations and 

maintenance by the Ministry of Transportation of Ontario in 2016-2017 [52]. This huge 

sum of money could be invested into other sectors of the economy to boost the economy if 

the full life span of roads could actually be attained before any form of deterioration can 

be seen. Newly constructed asphalt pavements are expected to last for between 15 to 20 

years before any major repairs could be done. This is however not the case for most roads 

in Ontario, many parts of Ontario and North America at large. Premature pavement failure 

is a common phenomenon that is seen on most of these roads. A common contributor to 

this road failure is chemical and physical aging [1, 21, 37]. 

  

In this study, the effect of chemical and physical aging on loose-mix and recovered core 

asphalt samples from some provincial and municipal roads in Canada were investigated 

using Superpave test methods such as Rolling Thin Film Oven Test (RTFO), Pressure 
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Aging Vessel (PAV), Dynamic Shear Rheometer (DSR), Bending Beam Rheometer (BBR) 

and new Ministry of Transportation (MTO) test methods LS-299 Double-Edge-Notched 

Tension Test (DENT) and LS-308 Extended Bending Beam Rheometer Test. These 

methods were used to simulate aging (RTFO and PAV) and to determine certain 

rheological properties of the asphalt samples which were lost or retained as this helps to 

compare the extent of aging that has occurred in the asphalt samples. DSR was used to 

determine the high and intermediate performance temperatures and eBBR was used to 

measure the low temperature performance grade of the asphalt samples. 

 

Fourier transform infrared (FTIR) spectroscopy was used to determine the presence and 

proportion of functional groups like sulfoxides and carbonyls which results from chemical 

oxidation of asphalt. Also, X-ray florescence (XRF) spectroscopy analysis was carried out 

on the asphalt samples to determine the chemical composition of the asphalt. This test is 

aimed at identifying zinc and molybdenum which are components of recycled engine oil 

bottoms (REOB), which is reportedly incorporated into asphalt mixes by certain 

contractors. This chemical is known to speed up the asphalt aging process leading to 

diverse asphalt pavement distresses both at low and high temperatures. 
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Chapter 2 

Literature Review 

2.1 Chemical and Physical Properties of Asphalt 

Asphalt displays an extensively complicated molecular structure which has not been 

studied entirely. The physical behavior of asphalt such as viscosity, elasticity, durability, 

adhesion, cohesion, temperature susceptibility, solubility and hardening can however be 

explained by the chemical composition of asphalt. As mentioned earlier, asphalt is 

basically composed of hydrocarbons (carbon and hydrogen) and heteroatoms (oxygen, 

sulphur and nitrogen), which contribute to the physical and chemical interactions of 

asphalt, and trace amount of metals like nickel, vanadium, iron, magnesium, zinc, and 

calcium which helps to identify the source of the asphalt. The carbon skeleton of asphalt is 

estimated to have between 25–150 atoms and molecular weight between 400–3,000 

Daltons [7]. 

 

The chemical composition of asphalt has been studied by many researchers and it is 

generally known to have four main chemical groups with different proportions, sizes and 

bonding of each group depending on the source of the asphalt. These generic chemical 

groups which were separated from asphalt through solvent deasphalting and 

chromatography include saturates, naphthene aromatics, polar aromatics and asphaltenes 

[33]. Figure 2.1 shows different proportions of these groups from different crude sources. 
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Figure 2.1 Effects of crude source on composition [33]. 

Saturates contain linear and branched-chain aliphatic hydrocarbons with alkyl-naphthenic 

and alkyl-aromatic groups. They are generally non-polar and soluble in n-hexane. Their 

molecular weight ranges between 300- 2,000 g/mol [7]. They constitute between 5-20% of 

an asphalt. They are white in color and appear as waxes or oily in nature. Saturates and the 

naphthene-aromatics appear as liquids and give the flow characteristics of the asphalt at 

high temperatures. The polar aromatics and the asphaltenes appear as solids and increases 

the viscosity of the asphalt. 

 

Asphaltenes contain high molecular weight complex aromatic systems with a typical 

molecular size between 5-30 nm. They are black or dark-brown amorphous solids and 

contain carbon and hydrogen in a 1:1 ratio as well as sulphur, nitrogen and oxygen which 

makes them highly polar. Their molecular weight ranges between 1,000-100,000 g/mol [1]. 

The fraction of asphaltenes in an asphalt has direct consequence on the rheological and 

physical properties of the asphalt. The greater the fraction of asphaltenes, the stiffer the 

asphalt, the higher the softening point and the greater the viscosity. An asphalt pavement 

that contains an asphalt cement with high asphaltene content has better high temperature 

performance and better resistance to rutting and fatigue cracking. 
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The composition of asphalt can also be viewed as a colloidal system in which high 

molecular weight asphaltenes are dispersed in low molecular weight oily aromatic medium 

known as maltenes. Maltenes can further be separated into three parts, namely saturates, 

aromatics and resins [7]. Saturates and aromatics contain branched and linear chain 

aliphatic or cyclic non-polar compounds and unsaturated aromatic groups which form the 

dispersing medium for the resins and the asphaltenes which are solid hydrocarbons with 

high molecular weight [34]. Like asphaltenes, resins also contain some small amount of 

sulphur, oxygen and nitrogen. They are polar and acts as dispersing agents for the 

asphaltenes. They are dark in color and possess adhesive properties which enables asphalt 

to adhere to aggregates [35]. In asphalt with high resin content, the asphaltenes are well 

dispersed and form a uniform dispersion known as the sol- type. This type of asphalt has 

high temperature susceptibility, improved, ductility, low complex flow, low tendency to 

undergo oxidative hardening and low thixotropy [36]. In asphalts with low resin content, 

the asphaltenes form an extensive cross-link which are continuous in the entire asphalt 

molecule. This type of asphalt is called the gel-type and is highly susceptible to aging, low 

temperature cracking high thixotropy and less viscous [36]. 

 

The various components of asphalts fall into one of two groups that is either polar or non-

polar. The polar groups form a network of cross-link molecules which gives an asphalt its 

elastic properties. When heat or load is applied to an asphalt, the impact is spread across 

the entire network causing it to extend and when it cools, or the load is removed, it regains 

its initial properties even though it does not necessarily assume the same shape. Also, the 

high molecular weight non-polar groups give an asphalt its viscous properties. A good 

balance between these groups ensures good rheological and physical characteristics of the 

asphalt. 

 

Most performance measurement of asphalt in-service is done through physical testing since 

no appreciable chemical testing methods are currently available. Some of the physical and 

rheological properties of a base asphalt binder are recorded in Table 3 [38]. 
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Table 3 Physical and rheological properties of a base asphalt binder [38]. 

Test Measured 

Value 

Standard 

Used 

Requirements 

Unaged Binder    

Penetration (0.1mm), 100g, 5 secs, 25 oC 84 ASTM D5 80-100 

Softening Point, oC 48 ASTM D86 >45 

Specific Gravity @ 25 oC 1.08 ASTM D70 - 

Rotational Viscosity (Pa. s) @    

135 oC 0.413 ASTM 

D4402 

3max 

165 oC 0.1 ASTM 

D4402 

- 

Flash Point 230 oC AASHTO 

T48 

219min 

Dynamic shear, G*/Sind, 52 oC@ 10 radsec-1, 

1.59Hz(kPa)  

1.15 AASHTO 

TP5 

1kPa min 

Aged Binder @ 10radsec-1, 1.59Hz (kPa)    

Mass Loss, RTFO % 0.1 AASHTO 

TP5 

1 max 

RTFO aged residue G*/Sind, 52 oC(kPa) 2.424 AASHTO 

TP5 

2.2kPa min 

PAV aged residue G*Sind, 22 oC@ 1.59Hz 

(kPa) 

114.9 AASHTO 

TP5 

5000kpa max 

Creep stiffness, S, m-value Not tested AASHTO 

TP1 

300MPa, 

0.30min 

Direct tension, failure strain % Not tested AASHTO 

TP3 

1min 
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2.2 Viscoelastic Properties of Asphalt 

Asphalt is prone to a combination of viscous or elastic deformation when exposed to 

climatic conditions like temperature and loading. For instance, when an asphalt is exposed 

to low temperature conditions, it exhibits purely elastic behavior and at intermediate to 

high temperatures it exhibits purely viscous flow. These viscous and elastic characteristics 

exhibited by asphalt at different temperatures leads to asphalt been referred to as 

viscoelastic material. 

 

Similarly, an asphalt under loading undergoes certain amount of deformation which persist 

until the load is removed. Whether the asphalt can recover from its state of deformation is 

dependent on its viscous and elastic properties [40]. For a material to be termed as elastic, 

it must be able to undergo recoverable deformation, that is, it must be able to recover most 

of its properties after a quick response to a time-dependent stress. Viscous materials on the 

other hand are unable to regain their shape and size after been exposed to an amount of 

loading. Hence, they undergo non-recoverable deformation. A combination of recoverable 

and non-recoverable deformation under time-dependent stress gives an asphalt its 

viscoelastic behavior [40].  

 

The stress-strain behavior can be used to explain the viscoelastic response of asphalt to 

loading. An applied stress or load on an asphalt leads to immediate deformation and a 

constant strain on the asphalt. It may also undergo a continuous time-dependent 

deformation when the loading persists. The immediate response is due to its elastic nature 

and the continuous time-dependent deformation is due to its viscous nature. An asphalt’s 

immediate response to loading is due to internal molecular rearrangement and obeys 

Hooke’s law which explains that an elastic material under loading has a strain which is 

proportional to the applied stress (τ = Gγ) where τ is the shear stress in N/m2, γ is the shear 

strain and G is the shear modulus in N/m2. For an asphalt, the Hooke’s Law only works for 

linear loading. Figure 2.2 shows an ideal response of viscous, elastic and viscoelastic 

material.  
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Figure 2.2 An ideal response of elastic, viscous and viscoelastic material under constant 

stress loading [39]. 

 

For a viscoelastic material such as asphalt, there is no complete recovery after deformation 

only partial recovery is encountered due to both elastic and viscous responses hence its 

time-dependent stress strain behavior is characterized by both elastic and viscous moduli 

[39]. 
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2.3. Hot-Mix Asphalt (HMA) 

2.3.1 Composition of Hot-Mix Asphalt (HMA) 

Hot-mix asphalt is basically composed of specified grade of asphalt cement and a mixture 

of fine and coarse aggregates of particular sizes. The name hot-mix asphalt arises from the 

process through which the material is produced. The asphalt binder and the aggregates are 

mixed, laid and compacted at hot temperatures, hence the name hot-mix asphalt. The 

aggregates constitute about 92-95 % of the total composition of the mixture whilst the 

asphalt binder makes up about 5 % of the mixture [7]. Currently, reclaimed asphalt 

pavement (RAP) is also added to the mixture in some cases to reduce the amount of virgin 

aggregates and asphalt binder that is used for production. The type and gradation of the 

aggregates a well as the grade or source of the asphalt binder are important features that 

affect the aging characteristics of the hot-mix asphalt pavement. The aggregates are usually 

sand, gravels and stones. 

 

The aggregates come in different sizes and shapes. The common sources of aggregates 

include [7]; 

• Igneous Rocks: These rocks are formed from volcanic eruption. They have a 

glassy, fine to coarse, crystalline or porphyric structures and smooth or dense 

texture. They are grouped into three types; plutonic, dike and volcanic. Examples 

include granite, syenite diorite and porphyry. 

• Metamorphic Rocks: These are formed when igneous rocks undergo 

metamorphosis. They exist as crushed minerals and have varying texture depending 

on their origin. Examples of metamorphic rocks includes, gneiss and amphibolite. 

• Sedimentary Rocks: These rocks are subdivided into mechanical sedimentary 

(gravel, breccia, conglomerate), chemical sedimentary (dolomite) and biogenic 

sedimentary (coal). The mechanical sedimentary and the chemical sedimentary 

rocks are the types that are suitable for road construction. They have less dense and 
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rough texture. Their structures vary according to the type and size of their 

components.  

The major properties of an aggregates that can affect the performance of the HMA 

pavement in-service includes; roughness, strength, susceptibility to polishing, shape and 

soundness (measure of how durable an aggregate is in service) [7]. 

 

An asphalt binder with suitable rheological and physical properties is required to produce 

hot mix asphalt with excellent performance characteristics. To obtain an asphalt pavement 

with excellent performance in service, the binder source and grade needs to be carefully 

chosen to match the traffic load demand of the road on which the hot mix asphalt is to be 

laid. 

 

2.3.2 Production of Hot Mix Asphalt 

Hot mixed asphalt is produced in a hot mix asphalt plant. Two main materials which 

include asphalt binder and aggregates form the raw materials for HMA production. The 

asphalt binder is an asphalt cement that is mainly obtained from the refining of crude oil. 

The aggregates come as size- graded fine or coarse materials and comprises of gravels, 

sand and stones with some mineral fillers added in some cases. They are obtained from the 

quarry sites or pits [42]. 

  

The gradation of aggregates and asphalt binders is an important factor to consider in the 

HMA production process. Three methods available for grading asphalt cement include 

Penetration, viscosity and performance grading system. The penetration and the viscosity 

grading systems have been widely applied for many years. Recently many state highway 

institutions are shifting to the third method which was developed under the Strategic 

Highway Research Program (SHRP). The performance grading system employs physical 

testing methods that relate to the performance characteristics of the asphalt cement unlike 

the penetration and the viscosity test methods that does not relate necessarily to the in-

service properties of the asphalt cement but mostly relate to tests conducted at specific 

loading time and standard temperatures. 
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There are three different types of HMA mixes depending on the gradation of the 

aggregates. These include: dense-graded, open-graded and gap-graded. These have sub-

grades which are recorded in Table 2.3. The dense-graded conventional type of HMA find 

wide application in the USA [43].  

 

Table 4 Types of hot-mix asphalts [42]. 

Dense Graded Open Graded Gap Graded 

Conventional Porous friction course Conventional gap graded 

Nominal maximum aggregate 

size usually 12.5 to 19 mm (0.5 

to 0.75 in.) 

  

Large Stone 

Nominal maximum aggregate 

size usually 25 to 37.5 mm (1 

to 1.5 in.) 

Asphalt-treated permeable 

base 

Stone-matrix asphalt (SMA) 

Sand Asphalt 

Nominal maximum aggregate 

size less than 9.5 mm (0.375 

in.) 

  

 

 

One of three mix design systems are used to determine the appropriate quantities of asphalt 

cement and aggregate needed to produce a HMA mix with the properties and characteristics 

required to withstand the effects of traffic and climatic conditions for many years. The 

Marshall mix design method was used extensively by most state highway departments and 

by the US Defense Department and Federal Aviation Administration until the 1990s [43]. 

The second method that has also been used to design asphalt mix for HMA production is 

the Hveem mix design method which is used mostly in the western United States. The 

Superpave® (Superior Performing Asphalt Pavements) method of mix design developed 

under the Strategic Highway Research Program (SHRP) is the third method which has been 

implemented by many State Highway Authorities since the middle of 1990s [42]. This 
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method employs a Superpave gyrator to compact samples which are then tested for 

volumetric properties. Irrespective of the method used or the agency doing the mix design, 

the end results is the mix formula which serves as the basis for the HMA production. 

 

Four types of HMA plants are available for producing hot mix asphalt. These are [42]:  

• Batch Mix Plant 

• Continuous Mix Plant 

• Parallel Flow Drum Mix Plant 

• Counter Flow Drum mix plant 

The batch mix plant has been widely used and account for more than 50% of existing hot 

mix asphalt plants in the United States since 1996 [44]. Currently about 85% of the plants 

manufactured are the counter flow drum mix plants. 

 

The general production procedure involves transfer of different grades of aggregates from 

cold feed bins (4-12 bins with different aggregate sizes) through a conveyer belt to be 

heated and dried in a heating and drying unit. During the heating/drying process the 

moisture content which makes up to about 5 % of the aggregate dry weight is removed and 

heated to a temperature of about 160 oC to condition it for coating with the asphalt binder. 

This process is very important as it allows adequate adhesion of binder to the aggregates. 

A dust collector connected to the drying and heating chamber is used to collect the dust 

and the heated aggregates are transferred to a screening unit where they are separated into 

fractions according to their sizes and stored temporarily. The aggregates are then weighed 

according to their sizes to correspond with the mixture formulation and introduced into the 

pugmill. The asphalt binder is then heated to the desired mixing temperature, weighed and 

pumped into the pugmill containing the aggregates and dust or mineral fillers which mixes 

them to obtain a homogenous mixture within 30–60 seconds. The mixing time should be 

as short as possible to avoid oxidative aging of the asphalt mix and must be enough to 

ensure uniform coating of the aggregates [7]. The aging that occurs during the production, 
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laying and compaction is similar to that which is simulated in the lab using Rolling Thin 

Film Oven (RTFO) test. 

 

2.3.3 Application of Hot Mix Asphalt. 

Hot mix asphalt is primarily used for constructing asphalt pavements. They are either 

designed for general purposes like bases, binder and surface course or for specific 

applications like fuel-resistance or deferred set. HMA pavements have typical thickness of 

about 4-8 inches (10-20 cm) but can go as high as 20 inches depending on the nature of the 

traffic load demand. The durability of HMA pavements depends on the nature of the 

pavement itself and the traffic load [45]. There are basically two types of pavements that 

are constructed using HMA. These includes flexible pavements and rigid pavement. 

 

The name flexible pavement reflects the flexible performance of this type of pavement 

during loading. Flexible pavements are often laid in three layers with each layer designed 

to perform a specific task to contribute to the strength and durability of the pavement. 

Incident stress on the first layer is distributed to the subsequent layers and helps to relax 

stress more effectively. The traffic load demand on the pavement is considered during 

flexible pavements design to maximize quality performance. The layers are vertically 

arranged in order of decreasing stress relaxation capacity and includes: 

 

• Surface Course: This is the layer that is directly exposed to traffic. It is the topmost 

layer and used to resist skidding, provide smoothness, prevent excessive friction, 

shoving, control noise, resist rutting and to preserve subsequent layers from water 

and fuel penetration. This layer is further divided into the wearing course and the 

intermediate course [37]. In the UK, Hot Rolled Asphalt surface courses involves 

the application of 30 % 6/14 mm chippings/sand/filler/5 wt% bitumen mixtures. It 

could be laid up to about 40 or 45 mm thickness. It is expected to last for between 

10 to 20 years when constructed [7]. 

• Base Course: This layer directly underlies the surface course and are often 

prepared as coated macadams with low bitumen content. It helps to further 
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distribute stress and to prevent seeping of water into the sub-base and the subgrade 

[41]. 

• Subbase Course: This layer underlies the base course and offer structural support 

to the base course especially for pavements with weaker subgrade stiffness. It also 

improves drainage and prevent intrusion of fines into the subgrade [45]. 

Figure 2.3 shows the structural layers of an asphalt pavement. 

 

 

Figure 2.3 Structural layers of asphalt pavement 

Examples of flexible pavements include conventional layered flexible pavement, full-depth 

asphalt pavement and contained rock asphalt mat (CRAM) [46]. 
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Rigid pavements have stiffer structure due to the use of Portland cement concrete as 

the material. Typical examples like jointed plain concrete pavement (JPCP), jointed 

reinforced concrete pavement (JRCP), continuous reinforced concrete pavement 

(CRCP), prefabricated/post-stressed concrete pavement, and pre-stressed concrete 

pavement have greater stiffness than flexible pavements because of the high stiffness 

of Portland cement concrete [47]. 

 

Other important applications of HMAs include railway track beds, flexible airfield 

pavements, bridge concrete decks, recreational areas, motor racing tracks, vehicular 

testing circuits, curbs etc. The compaction temperature and the rate of compaction are 

two factors that affects the durability and the performance of the road. Typical 

compaction temperatures range between 130-160 °C [42]. 

 

     2.4. Asphalt Testing and Specification  

Several testing methods are available for evaluating the physical, chemical and 

rheological properties of an asphalt cement. These test methods were developed and 

have been applied by institutions such as the American Society for Testing Materials 

(ASTM), the Institute of Petroleum (IP), the American Association of State Highway 

Transportation Officials (AASHTO), the British Standards Institution (BSI) and the 

Strategic Highway Research Program (SHRP) for many years. They include the 

conventional testing methods, the Superpave specification testing methods and the 

MTO improved testing methods. 
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2.4.1 Conventional Test Methods  

These includes empirical testing methods that are used to measure certain physical 

characteristics of asphalt cement at some standard temperatures and loading time. 

These test methods have been widely applied for specifying the penetration grades, 

oxidized grade, cutback and the hard grade since the nineteenth century for predicting 

the behavior of an asphalt binder. The properties measured are however not related to 

the in-service performance of the asphalt binder and most prediction of the performance 

characteristics of the binder is based on experience. Some of these tests specified by 

ASTM, BSI and IP includes: 

 

• Penetration Test: The penetration test (Figure 2.4) is used to specify the 

penetration grades and the oxidized grades of asphalt cement. This test was 

introduced in 1886 by a worker in the Barber Asphalt Paving Company by name 

H.C. Bowen. According to the ASTM D5 method, the test involves the 

penetration of a specified needle under a load of 100 g, through an asphalt 

cement at standard temperature of 25 0C during a loading time of 5 seconds 

[48]. The penetration value is measured in Deci-millimeters (0.1 mm). The 

extent of penetration depends on the toughness of the asphalt cement. The 

tougher the asphalt, the lower the penetration. For accurate reporting, the 

penetration test is repeated for other two values and the average is reported as 

the penetration. The penetration relates to temperature by the equation 

log P = AT + K     ……………………………. (1] 

where P = Penetration at temperature T 

        A = temperature susceptibility 

                                                 K= Constant 

For a penetration test conducted at two different temperatures, the temperature 

susceptibility is related to the Penetration Index (PI) through the equation: 

 

                 A = PI = log (𝑃𝑒𝑛 @ 𝑇1) − log (𝑃𝑒𝑛 @ 𝑇2)               …………  (2)         

𝑇1−T2 
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The penetration index or temperature susceptibility is used to determine the 

stiffness of an asphalt. 

 

Figure 2.4 Penetration test apparatus [51]. 

 

• Ring & Ball Softening Point Test: This test can be used as a consistency check 

for the penetration and oxidized grades. It is one of the oldest test methods that 

has been in existence since the nineteenth century and can be used to 

characterize asphalt flow at high temperatures. The softening point test 

according to the ASTM D36-95 involves placing a steel ball of weight 3.5 g in 

a solidified asphalt sample contained in a brass ring. The setup is then 

suspended in a liquid bath contained in a beaker and heated at a rate of 5 oC per 

minute [53]. The liquid medium chosen depends on the heating range expected 

and could be water for a range between 30-80 oC, glycerin for a range between 

30-157 oC and ethylene glycol for a range between 30-110 oC. The temperature 

of the heating liquid medium at which the asphalt softens and allow the steel 
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ball to fall 25 mm beneath the ring is recorded as the softening point (Figure 

2.5).  

 

The test is repeated and the mean of the two measurements is recorded to the 

nearest 0.2 oC for Penetration grades and 0.5 oC for oxidized grade. For 

accuracy of results, the sample preparation, the rate of heating and temperature 

measurements should be carefully done. Some test methods like that of IP and 

BSI recommend stirring of the liquid medium during heating which results in a 

difference in softening point of about 1.5 oC [54]. 

 

 

Figure 2.5 Ring and ball softening point apparatus [55]. 

• Viscosity Test: Viscosity is a basic property of an asphalt as it predicts the 

behavior of asphalt at varying temperatures. Two types of viscosity that is often 

measured for an asphalt sample include the absolute or dynamic viscosity and 

the kinematic viscosity. The dynamic viscosity which is measured in Pascal 

seconds (1 Pa s =10 Poise) is the ratio of the shear stress in Pascals to the shear 

rate per second. This kind of viscosity can be measured using the sliding plate 

Viscometer. The kinematic viscosity can be determined with a capillary tube 

viscometer and is related to the absolute or dynamic viscosity through the 

equation [7]: 
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           Kinematic Viscosity = Dynamic viscosity                    …………… (3)                        

density 

 

Kinematic viscosity is measured in m2/s or mm2/s = centistoke (cSt). Other 

types of viscometers used to measure the viscosity of asphalt include rotational 

viscometer and cup viscometer. According to the ASTM method D4402-02, the 

Brookfield or Thermocel viscometer (see Figure 2.6) can be used to test the 

viscosity of an asphalt sample by pouring a hot sample in a cylindrical metallic 

sample and placing it in a thermostatically controlled chamber. The torque is 

then lowered into the asphalt and rotated at a set shear rate. The torque required 

to rotate the spindle at the set shear rate is measured and converted to the 

viscosity of the asphalt in Pa. s [50]. This apparatus can determine the viscosity 

of asphalt at varying temperatures usually between 120 to 180 oC. 

 

 

Figure 2.6 Brookfield Thermosel Viscometer [56]. 
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2.4.2 Superpave® Test Methods 

The Superpave® specification testing methods were developed by the Strategic Highway 

Research Program (SHRP) in 1987 in the USA through a joint effort to develop asphalt 

testing parameters which were more related to performance in service [59].  These testing 

methods were developed as an improvement on the flaws of the conventional methods 

which could not specify asphalt performance especially at low temperatures. The efforts of 

the SHRP was geared towards producing asphalt pavement with superior performance in 

service hence the name Superpave® (SUperior PERforming PAVEments).  

 

One of the developments of the SHRP is the Superpave asphalt binder specification which 

groups different grades of asphalt binders according to their performance behavior in 

different environmental conditions. An asphalt binder that is specified using the Superpave 

method is expected to exhibit improved resistance to fatigue cracking, low temperature or 

thermal cracking and permanent deformation [47]. Mechanical testing equipment such as 

Rolling Thin Film Oven (RTFO), Pressure Aging Vessel (PAV), Bending Beam 

Rheometer (BBR) and Dynamic Shear Rheometer (DSR) are used to simulate and measure 

the performance characteristics listed above. The test conditions using the equipment are 

usually similar to the conditions of the pavement in the environment.  Superpave specified 

binders have the same physical properties but the conditions under which these properties 

are achieved vary depending on the environmental conditions. 

  

Under this specification system asphalt binders are designated as Performance Grade (PG) 

YY-XX, where YY represents the maximum pavement temperature and XX represent the 

low temperature criterion for the asphalt. For example, a binder that is specified as PG 70 

– 22 means, the average seven days maximum pavement temperature is 70 oC and the 

minimum pavement temperature below which this binder may fail is -22 oC [47]. The 

Superpave test methods shall be discussed in the following sections. 
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2.4.2.1 Rolling Thin Film Oven Test (RTFO) 

This method is an improvement on the pre-existing Thin Film Oven Test (TFOT) and it is 

used to simulate short- term binder aging in the laboratory. The aging that is achieved using 

this method is similar to that which occurs during manufacture, hauling and placement of 

hot mix asphalt. It can also be used to evaluate the quantity of lost volatile organic 

components in the asphalt. 

  

During the test, a cylindrical glass jar or tube containing a thin film of unaged asphalt is 

placed in a rotating carriage in an oven and heated at a temperature of about 163 oC for 

85mins as shown in Figure 2.7 [58]. The quantity of lost volatiles could be computed by 

measuring the mass of the asphalt sample before and after the test. 

 

2.4.2.2 Pressure Aging Vessel (PAV) 

The PAV test is used to simulate long term aging that occurs within 6-10 years in service 

by continuously exposing an RTFO-aged asphalt sample to heat and pressure for 20 hours. 

In the test, a thin film RTFO-aged asphalt sample of about 50 g on a tray is placed in a 

sample rack in the PAV and aged at a pressure of 2,070 kPa and temperatures of 90, 100 

and 110 for 20 hours as shown in Figure 2.8 [60]. The temperature chosen depends on the 

climatic conditions of the area where the asphalt pavement is to be laid. However, some 

Figure 2.7 Set-up of the Rolling Thin Film Oven Test (RTFO) [57]. 
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engineers in the industry believe that the above temperature range is far removed from the 

practical temperatures encountered on the roads hence the results might be misleading. The 

PAV-aged sample can be used for the DSR, BBR and direct tension tests. 

 

 

Figure 2.8 Set up of Pressure Aging Vessel (PAV) [61]. 

 

2.4.2.3 Dynamic Shear Rheometer (DSR) 

A viscoelastic material such as asphalt undergoes both recoverable and non-recoverable 

deformations as well resistance to deformation under repeated shear stress or loading. 

These characteristics are a result of the response to stress by the elastic and viscous 

components of the asphalt. These responses are characterized by the rheological properties 

of the asphalt and can be measured with a Dynamic Shear Rheometer (DSR).  

 

The DSR can be used to measure the complex modulus G*(a measure of the total resistance 

to deformation under conditions of repeated shearing) and the phase angle (δ) (this gives 

the relative amounts of the recoverable and nonrecoverable deformations) in a single test 

run [60]. These are fundamental properties of an asphalt which could be used to determine 

the intermediate and high temperature grades of an unaged, RTFO-aged and PAV-aged 

asphalt binder. For a visco-elastic material like asphalt, the shear modulus is made up of 

the loss modulus (the viscous component, G”) and the storage modulus (the elastic 
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component, G’), the resultant of which indicates an asphalt’s response to an applied stress. 

A vector resolution of these components is given by the equation [60]: 

 

                                              G*= √G” + G’                                             …………….. (4) 

 

Both the complex shear modulus (G*) and the phase angle (δ) are dependent on 

temperature and frequency of loading hence these variables are carefully monitored during 

the test to avoid error in the results. The phase angle (δ) is also expressed in terms of the 

relative amount of the loss modulus G” and the storage modulus G’: 

 

                                                    𝛿 = G′′/ G’                                       ………………… (5) 

 

The greater the viscous component, the greater the Phase angle. For example, a purely 

elastic material has 𝛿 = 0 and a purely viscous material has a 𝛿 = 90o. The phase angle is 

related to the time lag between the applied stress and the resulting strain. 

 

In the test, an oscillatory shear force or torque with frequency of about 10rad/s is applied 

to an unaged, RTFO-aged or PAV-aged asphalt sample sandwiched between two parallel 

plate at a temperature of about 25 oC. The two parallel circular plates are arranged in a 

manner that the lower plate is stationary while the upper plate applies an oscillating shear 

stress on the asphalt sandwiched between the two plates. An asphalt sample of diameter 8 

mm or 25 mm is used depending on the test temperature either for intermediate temperature 

or high temperature grading [59]. A gap of 2 mm is set for an 8 mm disc-like asphalt sample 

and a 1mm gap is set for a 25 mm sample for intermediate and high temperature analysis 

respectively. The shear stress is determined form the test which could be used to compute 

the complex shear modulus from the equation [62]: 

 

                                             G* = τo / γo                                ……………….. (6) 

Where τo is the peak shear stress, which could be used to obtain the shear stress (τ) and 
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γo is the peak shear strain which could be used to determine the oscillatory shear strain 

from the equations [62]: 

 

                                            τ = τo sin (wt + δ)                     ………………… (7) 

                                            γ = γo sin wt                                 ….…………… (8) 

where w is the angular velocity in rad/s and t is the time. 

The high temperature grade of an unaged asphalt can be determined when G*/sinδ is greater 

than 1.0 kPa and for RTFO-aged asphalt when G*/sinδ is greater than 2.20 kPa. This is a 

measure of the resistance to permanent deformation [63]. 

The intermediate temperature can also be determined for PAV-aged asphalt when G*sinδ 

is less than 5,000 kPa. This measures the resistance to fatigue cracking. Figure 2.9 shows 

the DSR equipment [63]. 

  

Figure 2.9 Setup of AR2000 Dynamic Shear Rheometer [64]. 
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2.4.2.4 Regular Bending Beam Rheometer (BBR) 

The creep stiffness S(t) and the slope of the creep stiffness master curve m-value are 

rheological parameters of an asphalt which can be measured using a Bending Beam 

Rheometer (BBR) (Figure 2.1). The BBR test is one of the developments under the SHRP 

program to address low temperature performance of asphalts and has currently been 

embodied in the AASHTO M320 Protocol [65]. The instrument measures the amount of 

deflection that can be imposed on a beam of asphalt under a constant load at temperatures 

that corresponds to its minimum pavement service temperature when asphalt behaves as 

an elastic solid (brittle). The creep load is used to simulate the stress build-up in asphalt as 

temperatures reduces. 

 

The two parameters, creep stiffness S(t) (a measure of the resistance of the asphalt to 

constant loading) and the creep rate or the slope of the creep stiffness master curve m-value 

(which measures the changes in asphalt stiffness as load is applied) are used to characterize 

asphalt failure at low temperatures according to the AASHTO specification [65]. A high 

S(t) value (greater than 300 MPa) of an asphalt indicates that it is more brittle and more 

likely to crack whilst a higher m-value (usually greater than 0.300) is desirable as it 

indicates a greater ability of the asphalt to disperse or relax stress as it accumulate to a level 

where the asphalt could undergo low temperature cracking. 

     

Figure 2.10 (i) Bending Beam Rheometer and (ii) Constant load on a beam of asphalt on a 

support [67]. 
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In the test, a beam of asphalt is preconditioned at temperatures +10 and +20 above the 

designated low pavement temperature in an ethanol bath for an hour. The test is then carried 

out at a temperature above the designed low pavement temperature by mounting the asphalt 

beam on a support to apply a three-point load (as in Figure. 2.11). The load is applied at 

loading times of 8, 15, 30, 60, 120 and 240 seconds. The instrument automatically plots a 

graph of load and deflection versus time, measuring the m-value and creep stiffness S(t).   

 

 

Figure 2.11 Schematic diagram of the Bending Beam Rheometer (BBR) [68]. 

 

The creep stiffness can be calculated from the equation: 

 

                                               S(t) = PL3                                ………………………… (9) 

                                                         4bh3δ(t) 

 

where:  

S(t) = creep stiffness at time, t;  

P = applied load, 100 grams;  
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L = distance between beam supports, 102 mm b = beam width, 12.5 mm; and  

h = beam height, 6.25 mm; and δ(t) = deflection at time, t.  

 

2.4.3 Improved Ministry of Transportation of Ontario (MTO) Methods 

These new methods are a result of collaborative research between the Ministry of 

Transportation of Ontario (MTO) and Queen’s University to develop new or improved test 

methods that properly account for low temperature distresses of asphalt pavements by 

considering physical hardening and true asphalt failure properties during loading at varying 

low temperature conditions. Many researchers have iterated the inability of the AASHTO 

M320 asphalt binder specification protocol to completely address low temperature asphalt 

failure because it does not sufficiently account for physical and chemical aging as well as 

insufficient conditioning time [69, 70]. This led to the development of the new testing 

methods, that is the Extended BBR LS-308 and the Double Edge-Notched Tension (DENT 

LS-299) test which sufficiently accounts for the inadequacies of the AASHTO M320 

specification protocols [71]. These new test methods have been successfully used to predict 

the rheological behavior of asphalts at low temperatures [72]. 

 

2.4.3.1 Extended Bending Beam Rheometer (eBBR LS-308) 

The eBBR method allows for the extension of the conditioning time of the regular BBR 

method to 24 and 72 hours [73]. This is meant to induce long-term physical hardening 

conditions which is similar to the long-term exposure of the asphalt pavement to the harsh 

low temperature conditions especially during winter. 

 

During the extended BBR test, the asphalt beams are conditioned at room temperature for 

one hour and then conditioned in a cold ethanol bath for 1, 24 and 72hours respectively at 

two different temperatures T1 = Tdesign+10 oC and T2 = Tdesign + 20 oC, where Tdesign is the 

lowest temperature designed for the pavement, before they are tested. The temperature 

range (generally between 20 oC above the designated lowest pavement temperature) 

selected for conditioning is because at temperatures above T2, there is low thermodynamic 

tendency for wax crystallization and asphaltene precipitation since most of the asphalt 
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molecules become immobile and there is no effective dispersal of stress among 

neighboring molecules hence physical aging is induced at the conditioning period of 24 

and 72 hours [72]. The AASHTO M320 protocol is unable to account for physical aging 

during long-term exposure of asphalt to low temperature conditions like what is 

encountered during winter period since it allows for only one-hour conditioning time. 

  

After each conditioning period, the regular test is conducted to check the pass/fail 

temperature with regards to the AASHTO M320 protocol (where creep stiffness S(t) at 60 

secs ≤ 300 MPa and creep rate m-value at 60 secs ≥ 0.300). The limiting temperature is 

noted after each test and the worst grade lost is calculated.  The worst grade loss is the 

warmest minus the coldest limiting temperature where S (60 sec) reaches 300 MPa or m-

value (60 sec) reaches 0.300 [47]. The worst grade is also observed together with the worst 

grade loss after 72 hours of conditioning. The worst grade temperature is determined at -

10 ºC from the warmest limiting temperature where either S = 300 MPa or m-value = 0.300. 

According to eBBR LS-308 specification, the maximum grade loss should be 6 oC less than 

the regular BBR after 72 hours of conditioning which helps to predict asphalt binders with 

very low quality. 

  

This method gives reproducible results with about 95 % accuracy and very reliable in 

predicting high and low-quality asphalt behavior especially at low temperatures [41]. 

 

2.4.3.2 Double Edge-Notched Tension Test (DENT LS-299) 

The theory of essential work of fracture which was developed by Cotterell and Reddel [74] 

was recently applied by Queen’s University to investigate the fracture or asphalt failure 

characteristics at ductile and brittle state using the Double-Edge-Notched Tension (DENT) 

test [18]. The DENT specimen could be used to determine the specific essential work of 

fracture we, the specific plastic work of fracture, wp, and the approximate Critical Crack 

Tip Opening Displacement, CTOD, which can be correlated with the resistance of the 

asphalt binder to fatigue cracking and ductile failure [71]. 
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The DENT test is carried out by isothermally conditioning a notched asphalt specimen with 

distance of 5 mm, 10 mm and 15 mm between opposite notches at a temperature of 15 oC 

in a water bath for an hour. The conditioned samples are then stretched at a loading rate of 

50 mm/min until fracture occurs as seen in Figure 2.12 below. 

 

Figure 2.12 Setup of a Double Edge-Notched Tension Test [71]. 

The total work of fracture, Wt, is derived from the integrated area under the force-

displacement curve obtained from the DENT analysis. The Wt is assumed to be a sum of 

the essential work of fracture, We, and non-essential or plastic work of fracture, WP; 

                                                   Wt = We + WP                          …………………….. (10) 

The essential work of fracture and non-essential work of fracture can be determined by 

the following equations:  

                                                      We = we x LB                       …..…………………. (11) 

                                                       Wp = wp x β L2 B                 ..…………………… (12) 

Where,  

We = specific essential work of fracture (J/m2),  

wp = specific plastic work of fracture (J/m2),  

L = the ligament length in the DENT specimen (m),  

B = the thickness of the sample (m) and  

β = the shape factor of the plastic zone, which is geometry dependent.  

 

substituting equations 11 and 12 into 10 gives,  

                               Wt = (we x LB) + (wp x β L2 B)                ……………………….. (13) 
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Dividing equation (13) by the cross-sectional area of the plastic zone (LB) gives,  

       
𝐖𝐭

𝐋𝐁
 = wt = we + wpβLB                                ……………...………. (14)                                                                                                      

where, wt = specific total work of fracture (J/m2).  

A graph of specific total work of fracture, wt, versus the ligament length, L in equation 

(14), gives a straight line with slope and intercept on the wt axis. The specific essential 

work of fracture, we, could be used to predict the fatigue cracking resistance and to 

determine the CTOD from the equation [77]:  

                          δt = 
𝑾𝒕

𝝈𝒏
                             ……………………………. (15)  

where, δt = the crack tip opening displacement parameter (m), and  

σn = the net section stress or yield stress (N/m2), obtained from the 5 mm ligament length 

of the DENT mold. 

 

It has been demonstrated that high correlation exists between the CTOD and the fatigue 

properties of the asphalt cement and has an accuracy of 85 percent to predict fatigue 

cracking and ductile failure characteristics of asphalt binders and mixtures [71, 72]. 

  

2.5 Asphalt Deterioration Mechanisms 

The average life expectancy of an asphalt pavement is between 10 to 15 years [77]. 

Whereas asphalts pavements which last longer than this period is not unusual, others are 

often hit by several road distresses after a short period of construction. This short-term 

asphalt pavement deterioration is sometimes attributed to inefficient material testing and 

specification methods that are available for specifying aggregates and asphalt binder used 

for HMA production. This led to the development of more efficient specification methods 

like the Superpave specification and the MTO specification methods which have been 

discussed in previous sections. 

  

Two major factors which includes environmental (aging and weathering) and repeated 

loading contributes to diverse kinds of asphalt pavement deterioration. Other factors like 

poor construction techniques, under-designed asphalt pavements and low-quality materials 
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also play a major role in asphalt road deterioration. Four main asphalt pavement distresses 

that are often encountered on the roads includes: 

 

• Low Temperature or Thermal Cracking 

• Moisture Damage 

• Fatigue or Alligator Cracking 

• Permanent deformation (Rutting) 

 

These asphalt pavement distresses could sometimes be curtailed by regular and effective 

maintenance practices since the deformation may occur only at certain sections of the road 

and timely repairs may help to prevent further propagation of the distress. 

 

2.5.1 Low Temperature or Thermal Cracking 

This often occurs due to inability of the asphalt pavement to efficiently relax repetitive 

stress over time especially at low temperatures during winter. This type of asphalt distress 

is more evident in cold regions like in Northern America (Canada and US). During colder 

seasons when most asphalt binders in an asphalt pavement assumes a brittle state, there is 

continuous build-up of stress in the pavement layers due to the inability of its constituent 

asphalt binder to effectively disperse the stress from repeated vehicular traffic impact. 

Thermal cracks begin to develop in the road pavement when the load bearing capacity of 

the pavement is exceeded which extends over time [84]. Thermal cracks appear in the form 

of regular spaced and transverse cracks as seen in Figure 2.13. 

 

Stress build up is usually caused by repeated expansion and contraction of asphalt 

pavement due to fluctuating temperatures and repeated loading. At a point where the tensile 

stress becomes greater than the pavement strength microcracks begins to form which 

propagates with time [85]. Thermal cracks are often facilitated due to inadequate asphalt 

binders or lost adhesive properties of asphalt binders due to water penetration. 
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Prevention of low temperature cracking may involve the evaluation of the rheological and 

fracture properties of the asphalt binder as well as employing quality and adequate 

materials and construction techniques. Proper pavement structure (thickness, width and 

good subgrade) is also required for better low temperature performance of an asphalt 

pavement [87]. Other factors like physical and chemical aging which is going to be 

validated in this thesis are known to cause low temperature or thermal cracking. 

 

The rheological and fracture properties of asphalt binders are usually evaluated using the 

DSR, DENT and BBR to characterize the low temperature cracking resistance of the 

asphalt. Other methods like the Indirect Tension test, the direct tension test, the direct creep 

tests, the flexural bending test, the thermal stress restrained specimen test (TSRST), the 

coefficient of thermal expansion and contraction test, and single and double edge notched 

tension tests [18]. 

 

Figure 2.13 Longitudinal and transverse cracks (thermal cracking) [78]. 
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2.5.2. Moisture Damage 

Moisture damage occurs as a result of seeping of water into porous asphalt pavement 

membranes leading to loss of proper adhesion between asphalt binder and aggregates. Lack 

of cohesion between asphalt pavement layers may also result in stripping of asphalt binder 

from the aggregates due to the presence of moisture between these layers. The trapped 

moisture forms a layer between the hydrophobic asphalt cement and the hydrophilic 

aggregates leading to the loss of bonding between them and resulting in stripping.   Poor 

drainage systems, improper compaction, presence of air voids, use of poorly graded 

materials and continuous loading among other factors contributes to moisture damage [61]. 

A pavement with excellent structural design, quality graded aggregates, highly viscous 

asphalt binder and proper compaction is likely to resist moisture damage and stripping. 

Also, construction of good drainage systems and addition of antistripping agents to asphalt 

mixtures may help prevent moisture damage. Moisture damage usually occurs after rutting 

and fatigue cracking as shown in Figure 2.14. 

 

 

Figure 2.14 Moisture Damage [79]. 
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2.5.3. Fatigue or Alligator Cracking 

Fatigue cracking is one of the predominant pavement failures of major concern to many 

researchers around the world. This type of asphalt pavement distress occurs often during 

intermediate to low temperature environment when the induced tensile stress as a result of 

continuous motor traffic loading exceeds the maximum load bearing strength of the 

pavement. It is also referred to as alligator cracking due to the close resemblance of the 

nature of the cracks to the back skin of an alligator as in Figure 2.15. Fatigue cracking 

usually becomes severe when the underlying layers are exposed to water penetration due 

to poor drainage systems. This situation causes the lower layers of the pavement to loosen 

up in such a way that the continuous impact of load by vehicular traffic leads to fracture of 

the surface layer.  

Factors like environmental conditions, pavement structure, asphalt aging, HMA 

composition and construction technique contributes to fatigue cracking. The nature of 

fatigue cracking is characterized by [77]: 

  

• Crack initiation which involves the initiation and development of microcracks. 

• Crack propagation which involves the growth of the microcracks into giant cracks 

• Crack disintegration which involves the final failure of the pavement due to 

unstable crack growth. 

 

Fatigue cracking is evaluated using the DSR through the relation G*sinδ (where G* is the 

complex modulus and δ is the phase angle) and represent the resistance of the asphalt to fatigue 

cracking. The crack tip opening displacement (CTOD) which can be determined using the 

Double-Edge-Notched Tension specimen could also be related to the fatigue cracking 

resistance of an asphalt. Further propagation of fatigue cracking may be prevented by the use 

of crack fillers or sealcoat [72]. 
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Figure 2.15 Resemblance of fatigue or alligator cracking to the back Skin of an alligator 

[80]. 

 

2.5.4. Permanent Deformation (Rutting) 

Rutting is a pavement distress that occur usually at high temperatures by accumulation of 

unrecoverable strain from impact of repeated vehicular loads on asphalt pavement. At high 

temperatures, usually exceeding the designated maximum pavement temperature, the 

reduction in the viscosity of asphalt binders leads to viscous flow of the asphalt. Repeated 

impact from heavy vehicular loads on such pavement causes shoving of the road and the 

formation of longitudinal depressions on the wheel paths as shown in Figure 2.16 [82, 83]. 

  

Rutting is a major road distress that leads to poor road performance and endangers the 

safety of motorist and hence a major concern. Rutting is caused by improper compaction, 

water or moisture penetration, repeated heavy loading and presence of many air voids in 

asphalt pavement [60]. A weaker subgrade is also more likely to facilitate rutting. A road 

pavement that is under-designed to match the actual high temperature pavement 

performance in a particular environment is more susceptible to permanent deformation. 

Hence a good mix-design and the right combination of HMA production and laying could 
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help avoid short-term rutting. A quality asphalt binder with high viscosity performs better 

in high temperature environment and thus more resistant to rutting or permanent 

deformation. 

 

Two types of rutting maybe encountered on asphalt pavements which includes: 

 

• Mix Rutting: This is caused by improper compaction or problems with the mix 

design which leads to depression on the wheel path of the surface layer of the 

asphalt pavement but not the subgrade [60]. 

• Subgrade Rutting: This is also a result of rutting in the subgrade causing the 

pavement to settle into the subgrade, leading to depression on the wheel paths [60]. 

 

This type of asphalt distress could be maintained by levelling the subgrade or laying a new 

asphalt pavement. 

 

Rutting is investigated in the laboratory using the DSR to determine the rutting resistance 

factor G*/sinδ (where G* is the complex modulus and δ is the phase angle). 

 

 

Figure 2.16 Permanent deformation or rutting [81]. 
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2.6 Mechanisms of Asphalt Aging 

Asphalt aging has received enormous attention in recent years due to its association with 

the cause of poor asphalt pavement performance and low durability in service. Asphalt 

cement aging has been directly or indirectly connected with the cause of several road 

distresses like thermal cracking, fatigue cracking, raveling and potholes which originates 

from lack of adhesion or cohesion and proper flexibility [31]. 

  

Aging is a periodic process that leads to a change in the rheological, chemical and physical 

constitution of a material. Aging is predominantly dictated by temperature and time as 

expressed by the Time-Temperature Superposition Principle (TTS) [32]. This is to indicate 

that, the aging that occurs at high temperatures within a short-term period is similar to that 

which happens at low temperature and long -term period. Asphalt aging is known to occur 

in two stages either short-term or Long-term period. Short-term aging results from 

oxidation and volatilization of asphalt components that are not thermally stable [76, 95]. It 

occurs during preparation, hauling and laying of HMA. Asphalt binders are more 

susceptible to volatilization and oxidation during mixing because thin asphalt films are 

exposed to high air pressure and temperature. These processes are more rapid when mixing 

takes longer time at high temperatures, usually more than 60 sec [94]. Short-term aging is 

simulated in the laboratory using the Rolling Thin Film Oven (RTFO) test in conformity 

with AASHTO standard R28. This test could also be used to quantify the lost volatile 

asphalt components by weighing the asphalt sample before and after the RTFO test.  The 

aging that occurs during exposure of asphalt pavements to adverse climatic conditions 

especially at low temperatures and repeated traffic loading within a period of 5-10 years is 

termed as long-term aging. It is simulated in the laboratory using the Pressure Aging Vessel 

(PAV). However, work done by Engin et al. and Erskine et al. suggest the need to vary the 

temperature and time conditions under which the RTFO and PAV test are conducted in 

order to efficiently relate the in service long-term and short-term aging conditions to the 

laboratory aging simulation [31, 37]. 

 

Two main types of asphalt aging are known to occur, these include physical or reversible 

aging and chemical or irreversible aging. 
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2.6.1 Chemical Aging 

This type of aging results from the oxidation that occurs during mixing, hauling, laying, 

compaction and service life of HMA [76]. Oxidation is a chemical process that is facilitated 

by the nature of the asphalt cement, moisture, oxygen, ultraviolet radiation and heat. 

Oxidation occurs when oxygen from the atmosphere reacts with sulphur in an asphalt and 

changes the chemical constitution of the asphalt. Oxidation leads to hardening or increased 

stiffness of an asphalt binder making it very brittle and undergoes eventual premature 

cracking when constant stress is applied. Oxidized asphalts relax stress poorly during cyclic 

loading especially at low temperatures. Oxidation is more prevalent on the surface layer of 

an asphalt pavement than subsequent layers because the surface layer is always exposed to 

moisture, heat, air and repeated loading [31]. Amount of air voids in an asphalt pavement 

also increases the chances of oxidation. Air voids which results from poor compaction 

allows the penetration of air and moisture into the pavement which facilitate oxidation and 

eventual failure of the asphalt pavement [83]. 

 

The end products of asphalt oxidation reactions are usually carbonyls or sulfoxides which 

could be determined with a Fourier Transform Infrared (FTIR) spectrometer. 

 

2.6.2 Physical or Reversible Aging 

Physical aging results from the aggregation or densification of the thermally unstable and 

low molecular weight constituents contained in an asphalt binder. At low temperatures, 

asphalt binders are known to undergo wax crystallization, asphalt aggregation and free 

volume collapse which leads to the occurrence of physical aging [89]. The source and 

composition of an asphalt binder plays a vital role in the oxidative hardening process as it 

determines the extent of volatilization that could occur during heating which may lead to 

hardening of the asphalt. Air blown asphalt cement is more prone to physical aging due to 

more rapid conversion of the resin content to asphaltenes. This results in the alteration in 

the morphological structure of the asphalt cement and causes brittleness and eventual 

failure [31]. The complex nature of asphalt binder composition has made research into the 

mechanism of physical aging unsuccessful after many attempts by several researchers. 
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However, Struik [90] proposed that the physical aging mechanism can be accounted for by 

the application of the free-volume collapse theory at cold temperatures. Petersen [91] also 

suggested that aging can be caused by: 

 

• Volatilization or adsorption of low molecular weight structures (saturates and 

aromatics) which causes a reduction in maltene content in the asphalt binder; 

• Wax crystallization and rearrangement of asphaltene molecules; and 

• Oxidation of heteroatoms in asphalt cement. 

 

Also, a study conducted by Hesp et al. [86] revealed that “the loss in grade temperature 

peaks at some intermediate condition temperature, suggesting that the free-volume collapse 

– together with the reduction in mobility – is responsible for a large part of the aging”. This 

suggests that reduction in mobility of asphalt molecules due to loss of free volume (free-

volume collapse) is responsible for physical aging of asphalt. 

 

Other common processes that also result in changes in the physical and rheological 

properties of asphalt binders leading to oxidative or physical hardening include: 

 

• Thixotropy: This refers to a lattice structure formation of hydrophilic suspended 

particles which causes a reduction of rheological properties of the asphalt binder’ 

colloidal system. Thixotropic hardening can be reversed by heating and agitation 

[92]. 

• Polymerization: “Polymerization is the coming together of similar molecules to 

form larger molecules which causes a progressive hardening”. The aggregation or 

accumulation of similar asphalt molecules over time leads to gradual asphalt 

hardening. 

• Syneresis (oil exudation): This phenomenon occurs due to the separation of less 

viscous molecules from the more viscous molecular network of asphalt cement. 

Colloidally unstable asphalt binders can potentially show signs of syneresis. This 

process causes physical or chemical changes in the molecular structure of asphalt 

binders [93]. 
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In this work, a comparative study was carried out to investigate the effect of physical and 

chemical aging on asphalt binder samples that were obtained from MTO using laboratory 

aging methods (RTFO and PAV) and dynamic mechanical methods like DSR, eBBR and 

DENT test to examine their rheological response after aging. 
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Chapter 3 

Materials and Experimental Methods 

 

3.1 Materials 

Asphalt binder samples used in this study were recovered from core and loose HMA 

samples obtained from some provincial and municipal roads in Canada. Twelve samples 

in all were used for this analysis. Samples M22R, M23R, M24R and M25R were recovered 

from loose hot mix asphalt samples which were designed for construction of some 

municipal roads, whereas samples P41R, P42R, P43R, P44R, P45R, P46R, P47R, P48R 

were binders recovered from core samples taken from some provincial asphalt pavements 

that were constructed between 4 to 5 years ago. The loose mix samples were taken from 

different batches of production prior to laying and compaction and kept covered under 

suitable conditions in clean cans for a few weeks before use. The core samples were dug 

from various sections of some provincial roads and stored in clean sealed plastic bags at 

room temperature until the final analysis in mid December. The average thickness of the 

core samples taken was 50 mm. A list of some properties of the samples used in this study 

are recorded in Table 3.1. Each of the loose mix samples collected weighed between 6-7 

kg. 

 

All the samples both loose mix and the core samples were recovered with 

dichloromethylene (DCM). Ethyl alcohol (95 % v/v) and distilled water were used as 

liquids for conditioning of the asphalt binder samples before testing with BBR and DENT, 

respectively.  
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Table 5 Properties of HMA samples used for this study. 

Sample code Sampling Date Specified PG 

Grade 

Thickness (mm) 

 LOOSE MIX 

SAMPLES 

(Municipal samples) 

  

A Nov 11, 2016 PG 64-28 - 

B Nov 16, 2016 PG 64-28 - 

C  Oct 28, 2016 PG 64-28 - 

D Nov 1, 2016 PG 64-28 - 

 

 

 

E 

F 

G 

H 

I 

J 

K 

L 

CORE SAMPLES 

 

Dec 2016 

Dec 2016 

Dec 2016 

Dec 2016 

May 25, 2016 

May 25, 2016 

May 24, 2016 

May 24, 2016 

 

 

PG 58-34 

PG 58-34 

PG 58-34 

PG 58-34 

PG 70-28 

PG 70-28 

PG 70-28 

PG 70-28 

 

 

50 

50 

50 

50 

50 

50 

50 

50 
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3.2 Asphalt Binder Extraction and Recovery 

The asphalt binder samples were extracted from the loose mix and core samples using 

dichloromethane (DCM). About 6-7 kg of the loose mix samples designated A-D were 

each soaked with DCM in a clean can, covered and allowed to stand overnight. DCM was 

used in this case to recover as much as possible asphalt binder from the aggregates in the 

loose HMA. After allowing the dissolved mix to stand overnight, it was then decanted into 

a clean labelled bottle. The remaining sediment aggregates in the can was washed with 

several portions of DCM to ensure that either all or as much as possible of the asphalt 

binder is extracted from the loose mix sample and decanted into the labelled bottle. The 

bottle was then left to stand quietly on a bench for a few hours to allow any impurities in 

the extract to settle. It was then fed into a rotary evaporator (Buchi R-210 Rotavapor 

system, Figure 3.20) to recover the asphalt binder from the extracted solution containing 

DCM and asphalt binder through a condensation process. The properties of the recovered 

asphalt were assumed to be similar to the original asphalt binder for analysis purposes even 

though there are slight changes due to aging as a result of exposure to high temperatures 

and contamination of recovered asphalt binders. These changes are however insignificant.  

 

During the recovery process, the solvent was condensed at a temperature of 50-80 oC and 

aspirator pressure of 450 mbar. Once most of the solvent has evaporated, the temperature 

was raised in steps of 20 oC till it got to 160 oC.  When no more solvent was seen to drop 

out, the pressure was set to below 100 mbar for one hour. After an hour when no trace of 

the solvent was seen in the asphalt binder, it was weighed and transferred into an empty 

clean beaker for further testing. 

 

The surface layer of the core samples which were in direct contact with the environmental 

conditions were separated from the bottom layer and crushed into pieces using a wedge 

cutting-edge chisel made of steel and a steel hammer. About 6-7 kg of the crushed surface 

layer of each core sample was extracted and recovered using DCM in a similar procedure 

as was carried out for the loose mix samples.  
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Figure 3.1 Buchi R-210 Rotavapor system [97]. 

 

3.3 Asphalt Binder Aging 

Two kinds of asphalt binder aging are simulated in the laboratory. These includes short-

term aging which is simulated using the Rolling Thin Film Oven Test (RTFOT) in 

accordance with the ASTM D2872-97 standard test protocol and long-term aging which is 

simulated in the laboratory using a Pressure Aging Vessel (PAV) in accordance with the 

ASTM D6521-13 standard test protocol. The RTFO test is used to simulate binder aging 

that occurs during mixing and placement of HMA whereas the PAV test is used to simulate 

aging that occurs in service.  

 

All the core samples (designated E- L) were not taken through both the RTFO and the PAV 

test because they had undergone aging both during mixing and whilst on the field (in-

service). The loose mix samples (A-D) were taken through the PAV test but not the RTFO 

test because they had undergone short-term aging during mixing. 
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3.3.1 Pressure Aging Vessel 

This test was conducted on the loose mix samples in accordance with the American 

Association of State Highway Transportation Officials (AASHTO R28), “Accelerated 

Aging of Asphalt Binder Using a Pressurized Aging Vessel (PAV)”. About 50 g of the 

recovered asphalt binder sample was poured into a thin stainless-steel pan. The pans were 

kept in a sample rack and placed in a pre-heated PAV as displayed in Figure 3.31. The 

binder samples were then aged for 20 hours in the PAV, with an air pressure of 2.1 MPa, 

at a temperature of 100 oC. After 20 hours, the pressure was gradually released, and the 

pans were removed from the PAV. The asphalt binder samples were then transferred into 

another container and used for BBR testing. 

 

 

Figure 3.2 Setup of pressure aging vessel [99]. 

 

3.4 Double-Edge-Notched Tension Test (DENT) LS-299 

The DENT test was used to measure the ductile failure characteristics of the asphalt binder 

samples. In the test, parameters such as the specific essential work of fracture (EWF), the 

specific plastic work of fracture (PWF) and the approximate crack-tip opening 

displacement (CTOD) which were measured relates to the fatigue cracking resistance of 

the asphalt binder samples. The PAV-aged asphalt binders recovered from the loose mix 

and the recovered asphalt binders from the core samples were used for this analysis. 



 

58 

 

 

During the test, the asphalt binder sample was heated in an oven at a temperature of 165 

oC to make it more liquid enough to flow and stirred with a glass rod to homogenize it. The 

hot asphalt binder was then poured in notched silicon molds with three different ligament 

length, 5 mm, 10 mm and 15 mm as shown in Figure 3.4A. The excess asphalt binder was 

trimmed with hot spatula and the samples were left to cool off and solidify at room 

temperature for an hour. Meanwhile the water bath was set to 15 oC. After conditioning at 

room temperature for an hour, the samples were then transferred to the water bath and 

conditioned for 3 hours at 15 oC. The samples were cautiously demolded from the silicon 

molds without causing any fracture in the specimen. The thickness of the asphalt binder 

samples was then measured, and the samples were fitted in the testing machine as shown 

in Figure 3.3 (B). The binder samples were tested in DENT bath by pulling apart at a 

constant loading speed of 50 mm/minute at 15 oC until fracture occurred. The test was 

replicated for each ligament length to obtain reproducible results. The essential work of 

failure, plastic work of failure and the CTOD parameter were calculated using excel 

spreadsheet. 

 

 

Figure 3.3 (A) DENT specimen preparation and (B) DENT test setup [21]. 
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3.5 Dynamic Shear Rheometer (DSR) Test 

This test was used to measure the resistance of the asphalt binder samples (RTFO-aged, 

PAV-aged and field-aged samples) to rutting (Permanent Deformation) and fatigue 

cracking at high and intermediate temperatures. The test was conducted with a TA 

instrument AR2000 DSR. 

  

The sample was heated to a temperature of about 163 oC to make it more fluid enough to 

flow and stirred to remove air bubbles. It was poured into a circular silicon mold with 

diameter 8 mm or 25 mm depending on the grade temperature that was being tested (8 mm 

for intermediate temperature and 25 mm for high temperature). The sample was allowed 

to cool down at room temperature to take the shape of the silicon mold as in Figure 3.4A. 

The two parallel plates (a lower fixed plate and an upper movable plate) of the DSR were 

heated at a temperature of 46 oC and a gap zero procedure was carried out before placing 

the sample between the two parallel plates. The excess specimen at the edges of the parallel 

plates due to compression of the sample was trimmed with a preheated trimming tool as in 

Figure 3.4B. The test temperature was set and allowed to reach the desired temperature 

before the test was started at a frequency of 1.59 Hz (10 rad/sec) for 10 cycles. The phase 

angle (δ) and the complex shear modulus (G*) were automatically measured by the DSR 

over the 10 cycles. These parameters were used to determine the high temperature grade 

of the RTFO-aged samples from the relation G*/sin(δ) > 2.20 kPa and the intermediate 

temperature grade for the PAV-aged samples from the relation G*sin δ ˂ 5,000 kPa. 
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Figure 3.4 (A) DSR sample and (B) Parallel plates of DSR and trimming tool 

 

3.6 Regular Bending Beam Rheometer (BBR) Test 

This test was conducted in accordance with the AASHTO M320 standard test protocol for 

specifying the low temperature grade of asphalt binders [65]. The BBR was used to 

measure the resistance of the PAV-aged samples and the recovered field-aged samples to 

thermal or low temperature cracking and physical hardening. 

  

The asphalt beam samples were prepared by heating the PAV-aged and recovered field-

aged asphalt samples for about 30-45 min to a temperature of about 160 oC and stirred to 

homogenize it before pouring into the silicon molds as in Figure 3.5a. The samples were 

then conditioned at room temperature for about an hour to take the shape of the silicon 

mold and they were trimmed immediately after cooling. The asphalt beams were carefully 

removed from the silicon molds and conditioned in alcohol at a desired temperature for an 

hour. The samples A - D and I - L were conditioned in alcohol bath at -18 oC and -8 oC 

whilst samples E - H were condition at -14 oC and -24 oC before testing. This corresponds 

to conditioning at Tdesign + 10 oC and Tdesign + 20 oC. The asphalt beam was then placed on 

the support of the BBR to be tested at the test temperatures which corresponds to Tdesign + 
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10 oC and Tdesign + 16 oC. The test was conducted by placing a 980 mN load at the midpoint 

of the beam on the support (as in Figure 3.5b) for about 4 min (240 s) and a graph of load 

and deflection vs time (Figure 3.6) was continuously plotted automatically during the 

testing period, from which the creep stiffness and the creep rate were calculated by the 

software. 

 

AASHTO M320 requires that the creep stiffness at the specified grade temperature be less 

than or equal to 300 MPa at 60 sec and the slope of the creep stiffness master curve, m-

value be greater than 0.300 at 60 sec for quality low temperature performance. 

 

 

Figure 3.5 (a) BBR sample preparation and  (b) BBR sample loading.  
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Figure 3.6 BBR deflection and m-value [63]. 

 

3.7 Extended Bending Beam Rheometer (EBBR LS-308) Test 

The extended bending beam rheometer test was conducted on the PAV-aged samples (A - 

D) and the recovered field-aged samples (E - L) to evaluate their resilience to physical 

hardening at low temperatures. The major difference between the eBBR test and the regular 

BBR test is the time for conditioning of the asphalt beam samples in the ethanol bath.  
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In this test, the beam samples were prepared in a similar way as the Regular BBR samples 

and conditioned for 1 h, 24 h and 72 h in the ethanol bath at temperatures of -18 oC, -8 oC 

and -24 oC, -14 oC corresponding to Tdesign + 10 oC and Tdesign + 20 oC for each set, where 

Tdesign is the minimum designed pavement temperature as specified for the samples in Table 

5 above. The samples were then tested in the same way as the regular BBR test at 

temperatures of -18 oC, -12 oC and -24 oC, - 18 oC corresponding to Tdesign + 10 oC and Tdesign 

+ 16 oC.  

 

The creep stiffness and the m-value (creep rate) were determined from the automatic plot 

of load and deflection vs time by the computer software. An interpolation of the data was 

then performed using a pass/fail temperature usually -10 oC and -20 °C where S = 300 MPa 

and m-value = 0.300 in accordance with AASHTO M320 [65] protocol to obtain the grade 

of the asphalt binder. The worst grade loss and the limiting temperature were also 

determined after 72 h. 

 

3.8 Fourier Transform Infrared (IR) Spectroscopy Analysis 

Knowledge of the type of functional groups present in a material could help to predict or 

explain the chemical and physical behavior of that material. The chemical functionalities 

in an asphalt has not been entirely studied due to its complex nature. However, the basic 

constituents of asphalt binders like carbon, hydrogen, oxygen, sulfur, nitrogen and some 

metals which has been identified through research and the way these constituents are 

connected helps to understand their chemical and physical characteristics as well as their 

applicability.  

 

When an asphalt is exposed to air and ultraviolet radiation, it undergoes oxidation due to 

interaction between the air and carbon or sulphur component of the binder which leads to 

a change in the chemical constituent (formation of sulfoxides and carbonyls) of the asphalt 

and a consequent premature failure. Infra – red spectroscopy is an analytical tool that is 

used to evaluate the type and proportion of functional groups present in a material.  
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In this analysis, Fourier Transform Infrared (FTIR) spectroscopy was used to evaluate the 

presence and proportion of certain functional groups in the PAV-aged and field-aged 

asphalt binder samples. A potassium bromide (KBr) disc was heated at 140 oC for about 3 

minutes in a Perkin-Elmer spectrum 400 FTIR spectrometer as in Figure 3.7. With the use 

of a few drops of toluene, a thin film of the binder sample was smeared on the KBr disc 

and allowed to dry for about 5 minutes. A background scan was performed on the 

spectrometer using the computer software and the KBr disc containing the sample was then 

placed in the sample holder in the spectrometer. The test was carried out by running 16 

scans over a wavenumber range of 4000 cm-1 to 400 cm-1 using the FTIR software. The 

data obtained from the scan which included peak height and peak areas of absorption 

spectra obtained for certain functional groups within a specific wavenumber range were 

used to identify the functional groups and their proportions present in the asphalt sample. 

Table 6 shows the expected functional groups and their spectral range. 

Table 6 Functional groups and their range of detection. 

Functional Group Wavenumber Range 

Carbonyl 1760 cm-1 – 1665 cm-1 

Sulfoxides 1070 cm-1 – 985 cm-1 

Aromatics 1650 cm-1 – 1535 cm-1 

Butadiene 983 cm-1 – 955 cm-1 

Styrene 710 cm-1 – 696 cm-1 

CH3 1400 cm-1 – 1300 cm-1 

CH2 3121 cm-1 – 2746 cm-1 

 

The internal standard chosen for the data analysis was CH2 because it is relatively inert to 

chemical oxidation as compared to CH3 and was thus used to determine the index of the 
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various functional groups by taking the ratio of the peak area of a particular functional 

group to that of CH2. 

 

Figure 3.7 Perkin Elmer Spectrum 400 FTIR Spectrometer [25]. 

 

3.9 X-Ray Fluorescence (XRF) Analysis 

The X-ray fluorescence analysis was carried out on both the municipal and provincial 

asphalt binder samples to qualitatively and quantitatively identify heavy metals like zinc 

and molybdenum which are essential constituents of recycled engine oil bottoms (REOB), 

believed to be inappropriately incorporated into asphalt binders by some contractors. All 

the samples were analyzed using a handheld Bruker Tracer III analyzer (Figure 3.8). 

 

During the analysis, the XRF analyzer was used to irradiate the surface of the sample with 

high energy X-rays which caused electrons to be removed from the inner K-shell of the 

heavy metal, creating empty holes in the inner K-shell. Characteristic Lower energy X-rays 

emitted as a result of occupation of the inner K-shell holes by electrons from the outer L 

and M-shell of the heavy metal was measured by the XRF analyzer. A plot of intensity vs 

X-ray energy gives quantitative and qualitative information about a variety of heavy metals 

present in the sample. The analysis was repeated for each sample and the quantity of zinc 

present in each sample was compared to the amount of zinc and molybdenum present in 

waste engine oil samples obtained from a supplier from British Columbia. 
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Figure 3.8 Setup of Handheld Bruker Tracer III Analyzer [100]. 
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Chapter 4 

Results and Discussions 

4.1 Dynamic Shear Rheometer (DSR) 

This method was used to evaluate the response of the municipal and provincial asphalt 

binder samples to fatigue cracking and permanent deformation (rutting) at intermediate and 

high temperatures respectively, after been exposed to various degrees of aging. The DSR 

instrument was used to measure the complex shear modulus G* and the phase angle (δ) 

which relates to the elastic response and the viscous response from the RTFO-aged, PAV-

aged and field-aged asphalt binder samples as in Tables 7 and 8. The rutting resistance 

factor G*/sin(δ) and the fatigue resistance factor G*sin(δ) were computed for all the 

samples. Through data interpolation, the limiting temperatures for the high temperature 

performance grade (PG XX) and the intermediate temperature grade were obtained for all 

municipal and provincial contract samples. 
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Table 7 Elastic and viscous response of asphalt binder samples at high temperature. 

Sample Code Test Temperature (oC) Shear Modulus 

(G*), kPa 

Phase angle (δ), 

Degrees 

A 76 1.412 72.93 

 70 2.610 71.05 

B 76 1.353 68.23 

 70 2.350 66.06 

C 76 1.231 66.19 

 70 2.100 64.88 

D 70 1.527 64.62 

 64 2.630 63.55 

E 76 3.222 70.01 

 70 6.470 67.29 

F 76 2.039 75.59 

 70 4.110 73.07 

G 76 9.170 58.59 

 70 17.120 56.48 

H 76 1.225 67.68 

 70 2.160 65.94 

I 82 3.552 67.90 

 76 7.593 65.60 

J 84 7.219 68.11 

 76 16.310 65.73 

K 76 3.320 76.53 

 70 6.881 73.95 

L 76 3.038 75.80 

 70 6.192 73.21 

 

It is generally observed in the above table that, the higher the test temperature for each 

sample, the lower the shear modulus (G*) and the higher the phase angle. However, higher 
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shear modulus values are representative of more elastic nature of the asphalt binder 

whereas the closer the phase angle is to 90 o the closer the sample to being purely viscous 

in nature. 

Table 8 Elastic and viscous response of asphalt binder samples at intermediate. 

temperatures. 

Sample Code Test Temperature, oC Shear Modulus 

(G*), kPa 

Phase angle (δ), 

Degrees 

A 34 850 55 

 22 5,062 46 

 10 24,880 36 

B 34 466 56 

 22 2,552 49 

 10 13,780 40 

C 34 323 58 

 22 2,086 50 

 10 11,520 40 

D 34 262 59 

 22 1,649 52 

 10 9,976 42 

E 34 883 50 

 22 4,489 40 

 10 18,390 31 

F 34 597 56 

 22 3,522 46 

 10 17,430 35 

G 34 1,323 44 

 22 5,654 36 

 10 20,560 29 

H 34 165 59 

 22 1,008 53 
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 10 6,250 44 

I 34 1,816 53 

 22 1,005 43 

 10 44,900 32 

J 34 3,831 49 

 22 18,780 38 

 10 73,350 28 

K 34 1,267 57 

 22 7,902 45 

 10 38,000 33 

L 34 979 57 

 22 6,177 46 

 10 30,450 34 

 

 

4.1.1 High Temperature Analysis 

The high temperature performance grading (HTPG) test was performed with the DSR on 

the municipal asphalt binder samples (A, B, C and D) to investigate their rheological 

performance after short-term aging during the HMA production and placement by 

measuring their resistance to shear deformation at high temperatures. The provincial 

asphalt binder samples (E, F, G, H, I, J, K and L) which were recovered from core samples 

that have undergone field-aging were also tested with the DSR to evaluate their response 

to permanent deformation or rutting at high temperatures. 

  

The rutting resistance factor G*/sin(δ) at various temperatures was computed with Excel 

spreadsheet for all the samples and the limiting temperature for the maximum temperature 

performance grade for each sample was determined at the temperature where G*/sin(δ) is 

≤ 2.20 kPa for RTFO-aged samples through data interpolation. Figure 4.1 gives an 

illustration of the limiting temperatures of the maximum temperature performance grade 

of all the samples in comparison to their specified high temperature grades. 
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Figure 4.1 Limiting maximum temperature performance grade of samples. 

 

Generally, the results show higher values of limiting maximum temperature performance 

grade for all the municipal samples (A to D) and the provincial samples (E to L) as 

compared to their respective specified maximum temperature performance grades. Hence, 

they are expected to perform better in climate zones where the daily average maximum 

pavement temperature is within their individual range of measured and specified limiting 

maximum temperature PG. The higher the limiting maximum temperature PG, the greater 

the resistance of the asphalt binder to permanent deformation or rutting. Then again, such 

high HTPG levels could also indicate an increased sensitivity to thermal and fatigue 

cracking. 

 

It is also notable in Figure 4.1 that there is very significant difference between the measured 

high temperature grade and the specified high temperature grade for all the individual 
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asphalt binder samples, with the differences ranging between 3-32 oC. These observable 

differences could be attributed to difference in materials used for the mix design and that 

used during the actual construction. It could also be due to the addition of stiffness 

promoters like polyphosphoric acid (PPA) and some polymer modifiers or reclaimed 

asphalt pavement (RAP) during the HMA production. Additives like PPA, SBS, Elvaloy 

RET®, SBR etc. have been found to cause significant increase in the stiffness and elastic 

nature of asphalt binders which consequently lead to high temperature performance and 

increase in the high temperature performance grade (HTPG) of asphalt binders [91]. 

Modified asphalt binders are known to have improved flexibility, durability and improved 

resistance to rutting or permanent deformation. In a work done by Kennedy T. W. et al, it 

was shown that, addition of reclaimed asphalt pavement (RAP) to HMA increases the 

limiting maximum temperature performance grade and the rutting resistance factor 

G*/sin(δ) of the asphalt binder recovered from the mixture [101]. 

 

An interesting analogy could be drawn between the municipal samples (A to D) and the 

provincial samples (E to L) with regards to the different types of aging and its effects on 

the high temperature performance grades of the binder samples. The municipal samples 

were recovered from loose-mix HMA which had undergone short-term aging similar to the 

aging which is simulated using RTFO method. The higher limiting maximum temperature 

PG recorded as compared to their corresponding specified limiting maximum temperature 

PG (PG 64 for all A to D samples) suggest that, the short-term aging could not contribute 

to any appreciable decrease in the high temperature grades of the municipal asphalt binder 

samples. Similarly, the provincial samples which were recovered from core samples had 

undergone long-term aging (field-aging) similar to PAV-aging. The high temperature 

results obtained for these samples also suggest there was no observable decrease in the 

limiting maximum temperature PG due to long-term aging of the provincial asphalt binder 

samples. 

 

The highest limiting maximum temperature PG with regards to the municipal asphalt 

binder samples (as in Figure 4.1) was recorded for sample A. This means that sample A is 

expected to resist rutting better at temperatures equal or above the specified mix-design 
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maximum temperature grade as compared to the other samples. The higher HTPG value 

obtained for Sample A also suggest it is stiffer and more resistant to viscous flow at the 

specified high temperature grade. Sample A is expected to respond better to accumulated 

strain due to repeated stress than the remaining samples. 

 

The remaining samples B, C and D also had fairly higher HTPG values compared to the 

specified maximum temperature PG and are thus expected to perform better in climatic 

conditions where the average daily maximum pavement temperature is 64 oC. The 

durability and stiffness expected from these binder samples at high temperature stems from 

a more elastic behavior of the binders rather than viscous behavior. 

 

According to the data obtained for the provincial samples (as in Figure 4.1), the highest 

limiting maximum temperature performance grade was obtained for sample G (90.7 oC) 

and J (96.1 oC). These samples are expected to exhibit high durability and better resistance 

to permanent deformation at high temperature climatic areas and hot seasons like summer. 

Sample G for instance has a difference of about +32 oC between the measured and the 

specified limiting maximum temperature performance grade and is thus expected to 

perform far better at very high temperature environment. The huge differences between the 

measured and the specified maximum temperature PG for most of these samples could be 

due to the use of different materials for the mix-design and the actual construction. Also, 

addition of RAP could contribute to such wide differences as stated earlier in this section.  

 

All the other provincial binder samples recorded higher values of limiting maximum 

temperature performance grade and are expected to have good resistance to rutting at 

temperatures equal or above the specified high temperature grade (58 or 70 oC).  
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4.1.2 Intermediate Temperature Analysis 

The PAV-aged municipal samples and the field-aged provincial samples were tested using 

standard DSR method at intermediate temperatures to evaluate their resistance to fatigue 

cracking. The fatigue resistance factor G*sin(δ) was calculated using an Excel spreadsheet 

and the limiting temperature for the intermediate temperature performance grade was 

determined at the temperature where G*sin(δ) is less or equal to 5,000 kPa for PAV-aged 

samples as specified in AASHTO M320. Research has shown that, the rheological response 

of PAV-aged samples and field-aged asphalt binder samples do not vary to any appreciable 

extent hence both the PAV-aged samples (A to D) and the field-aged samples (E to L) were 

tested at intermediate temperatures to evaluate their resistance to fatigue cracking. 

 

Figure 4.2 gives a representation of the limiting intermediate temperature Performance 

grades of the asphalt binder samples as were determined from the DSR test. It is however 

believed that, the crack tip opening displacement (CTOD) which is determine from the 

Double-Edge-Notched Tension (DENT) test gives a more accurate correlation of the 

resistance of asphalt binders to fatigue cracking.  
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Figure 4.2 Limiting intermediate temperature performance grades of asphalt binder 

samples. 

 

Referring to Figure 4.2, Sample A among the municipal samples recorded the highest 

limiting intermediate performance grade whilst Sample D recorded the lowest intermediate 

grade among the group. It is expected that Sample D will have greater resistance to fatigue 

cracking as compared to the other samples in Figure 4.3 below. This is because the lower 

the limiting intermediate temperature the greater the resistance of the asphalt binder to 

fatigue cracking. 

 

19.2

14.5

13.1
12.2

16.5 16.1

17.6

9

25.1

31.2

23

20.9

0

5

10

15

20

25

30

35

A B C D E F G H I J K L

LI
M

IT
IN

G
 IN

TE
R

M
ED

IA
TE

 T
EM

P
ER

A
TU

R
E 

P
ER

FO
R

M
A

N
C

E 
G

R
A

D
E,

 
⁰C

 

SAMPLE CODES



 

76 

 

 

Figure 4.3 Limiting intermediate temperatures of municipal asphalt binder samples. 

   

The highest limiting intermediate temperature grade with regards to the provincial samples 

was recorded for sample J and the lowest value was recorded for sample H as in Figure 

4.3. This suggest that Sample H will perform better with regards to fatigue cracking 

resistance as compared to the other binders in the group since it is generally known that 

binders with lower intermediate temperature performance grade have better resistance to 

fatigue cracking. But the CTOD data which will be discussed in subsequent sections 

provide a better correlation of the binder samples with their fatigue cracking resistance 

behavior. 
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Figure 4.4 Intermediate temperature performance grades of provincial binder samples. 

 

4.1.3 Black Space Diagram 

Black space diagrams were used to study the rheological characteristics of some of the 

municipal and provincial asphalt binder samples. The rheology of these binders was studied 

by analyzing their flow and deformation at low, intermediate and high temperatures using 

the DSR. By studying the rheological properties of asphalt binders, it’s possible to 

differentiate rheological simple (homogeneous phase) binders from rheological complex 

(heterogeneous phase) binders. 

  

Black space diagram is a graphical representation of the phase angle and the complex shear 

modulus G*. It is used to differentiate rheological simple asphalt binders from rheological 

complex binders. Asphalt binders which have black space diagram with uniform 

progression of curves at different temperatures without any excessive overlap or anomaly 

is said to be rheological simple. Rheological simple binders have homogeneous or single 

phase. Binders with heterogeneous composition or multiple phase system display Black 
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space diagrams with non-uniform progression of points and overlap between points with 

no regular or ordered pattern at different temperatures. These binders display complex 

viscoelastic properties and are difficult to study. The heterogeneity occurs usually as a 

result of addition of polymers or other chemicals which are used to modify asphalt binders 

with the intent of improving their performance or reducing cost. 
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Figure 4.5 Black space diagrams of plant-aged and field-aged asphalt binders. 

 

Both the plant-aged (A, B, C) and the field-aged (G, H, J, L) binder samples showed a 

smooth progression of curves and could be categorized as rheological simple asphalt 

binders. This means that they all had a homogeneous or single-phase system and could be 

possible that they were not modified with polymers or contained polymers mix uniformly 

with the binder. As expected, all the samples showed high phase angle with low complex 
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shear modulus at high temperatures and low phase angles with higher shear modulus at low 

temperatures. 

 

Asphalt binders are expected to exhibit viscoelastic behavior at all temperatures in order to 

have excellent performance in service. Asphalt binders which have viscoelastic behavior 

are expected to have low phase angle and high stiffness (high complex shear modulus) at 

high temperatures to be able to resist rutting and high phase angle with low shear modulus 

to better resist thermal cracking at low temperatures. However, at extreme temperatures 

asphalt binders are unable to exhibit viscoelastic behavior due to shear thinning which leads 

to viscous flow and increase in the phase angle [1]. By analyzing the phase angle and 

complex shear modulus of an asphalt binder, it is possible to predict its performance in 

service. 

 

Generally, all the binders (A, B, C, G, H, J, L) studied had higher phase angles with low 

shear modulus at high temperatures and low phase angles with high shear modulus at low 

temperatures which could mean a deviation from viscoelastic behavior. Samples J and L 

also showed a little deviation from rheologically simple binders which could be attributed 

to experimental error or heterogeneity as a result of polymer addition or other modification 

technologies. 

 

4.2 Extended Bending Beam Rheometer (eBBR LS-308) Analysis 

The eBBR test was conducted in conformity with the newly developed Ministry of 

Transportation of Ontario (MTO 2015) test protocol LS-308 for evaluating the response of 

asphalt binders to physical hardening or reversible aging. This is a simple modification of 

the AASHTO M320 regular Bending Beam Rheometer test protocols which permits the 

testing of the asphalt samples after conditioning in ethanol baths for 1 h, 24 h and 72 h at 

temperatures of +10 oC and +20 oC above the designed low temperature grade of the 

pavement. The extended nature of the binder conditioning times before testing allows the 

simulation of physical hardening conditions to reflect that which occurs during long time 

exposure of the binder to environmental or field conditions. 
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During cold conditioning of the samples, it is believed that, gradual phase separation of 

asphaltenes and resins from the maltenes (oily phase), wax crystallization, vitrification of 

the oily phase and some other processes occur, which leads to a slow transition from sol-

type to gel-type asphalt binder [86]. This transition causes a decrease in the creep rate with 

a consequential degrading of the binder’s low temperature performance. 

 

The conditioning temperatures Tdesign + 10 oC and Tdesign + 20 oC are chosen to cover the 

temperature range within which most binders undergo physical hardening (reversible 

aging). Usually, asphalt pavements are observed to spend most of their winter period in the 

Tdesign + 20 oC temperature zone and are thus more prone to thermal cracking at this 

temperature. The creep stiffness S(t) and the creep rate, m-value data obtained from the 

eBBR test for the binder samples helped to assign a pass or fail in accordance with the 

AASHTO M320 standard protocol where S(t) ≤ 300 MPa and m(t) ≥ 0.30. The limiting 

temperature for the low temperature grade of the samples were then determine through data 

interpolation. 

 

4.2.1 Low Temperature Grades 

The PAV-aged samples A to D (municipal contract samples) and field-aged samples E to 

F (provincial contract samples) were analyzed using the LS-308 eBBR method at low 

temperature to determine their resistance to thermal cracking after conditioning for 1 h, 24 

h and 72 h in a cold ethanol bath. Samples A to D and I to L had a specified minimum 

temperature grade of -28 oC and were hence conditioned at -18 oC, -8 oC and tested at -18 

oC, -12 oC respectively. Whereas samples E to H had a specified low temperature grade of 

-34 oC and were thus conditioned at -24 oC, -14 oC and tested at -24 oC, -18 oC. The 

preconditioning step was meant to simulate brittle-state conditions of the asphalt binder as 

is usually encountered on the field during cold winter seasons.  The limiting temperature 

for the low temperature grades of the samples were obtained through data interpolation in 

accordance with the AASHTO M320 protocol where S(t)= 300 MPa and limiting 

temperature where m-value = 0.300. The warmest temperature among the two limiting 
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temperatures was chosen as the minimum temperature grade. Figure 4.6 shows the limiting 

low temperature grades of the asphalt binder samples after 1 h conditioning time.  

 

Figure 4.6 Measured and contract specified low temperature performance grade of samples 

after 1 h conditioning. 

As illustrated in Figure 4.6 above, the measured minimum temperature performance grades 

were generally lower for the PAV-aged samples (A – D) as compared to their specified 

minimum temperature PG (-28 oC). However, sample D recorded the lowest minimum 

temperature PG (i.e. -34.1 oC) and is thus expected to perform better in service in relation 

to thermal cracking resistance during colder temperatures as compared to the other 

samples. Sections of the road where samples A, B and C are applied are also expected to 

resist thermal cracking fairly at temperatures slightly below, equal or above the specified 

minimum temperature of the pavement. 

  

Differences in the values measured for each sample compared to their specified low 

temperature PG could however be due to different levels of exposure to short term or long-

term aging during the HMA preparation and PAV aging. Errors in sample preparation 
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during recovery and heating could also impact some rheological changes that could affect 

the creep stiffness and the creep rate results as stated in the recently approved ASTM 

D7906-14 standard for the recovery of asphalt cement from solution using toluene and the 

rotary evaporator [103]. 

  

The field-aged samples (E, F, G, I, J, K, L) generally showed higher minimum temperature 

PG compared to their specified Minimum temperature PG (-34 oC and -28 oC). This suggest 

that all the field-aged samples except H will perform poorly in terms of thermal cracking 

resistance during cold winter seasons with average minimum pavement temperature of 

about -28 oC or -34 oC. Sample H however recorded a lower minimum temperature 

performance grade than its specified minimum temperature PG and is expected to show 

improved thermal cracking performance comparatively. 

 

An interesting trend is also observed when the low temperature performance grades of the 

PAV-aged (samples A to D) and the field-aged samples (I to L) with the same contract 

specified low temperature PG -28 are analyzed from Figure 4.7 below. 
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Figure 4.7 Comparison between LTPG of field-aged and PAV-aged binder samples.  

 

The PAV-aged binder samples are seen to have superior low temperature performance with 

an average difference of -5 ± 0.7 oC below the contract specified low temperature grade as 

opposed to the field-aged samples (I to L) which exhibited poor resistance to thermal 

cracking and recorded generally higher low temperature performance grades with an 

average of about 2.3 oC higher than the specified LTPG (-28 oC). 

 

Among other factors, the lack of correlation between the LTPG values of the field-aged 

and the PAV-aged samples could be attributed to deficiencies in the current PAV-aging 

protocol that fails to adequately simulate physical hardening conditions in the binder as 

that which occurs after the binder has lasted between 5-10 years on the field. There is 

therefore a need for a more robust and efficient procedure that can truly correlate PAV-

aging to field-aging as has been suggested by authors in reference [1, 88,104]. Another 

factor could be the addition of certain materials like higher percentage of RAP or REOB 

in the asphalt that has been reported to facilitate the process of physical aging in asphalt 

binders [101, 102]. 
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Moreover, the one-hour conditioning time as per the AASHTO M320 regular BBR 

protocol before testing the samples does not simulate enough harsh physical hardening 

conditions as that which is encountered during long and cold winter seasons, hence the 

eBBR method could be a better alternative as demonstrated in Table 4.9 below.  

 

 

Table 9 Limiting low temperature PG at 1 h and 72 h conditioning for all binder samples. 

SAMPLES Low Temperature 

PG (oC) @ 1hr 

Conditioning  
 

Low Temperature PG 

(oC) @ 72hr 

Conditioning 

Grade Loss, (oC) 

A -30.9 -25.6 5.3 

B -33.8 -31.2 2.6 

C -33.3 -29.9 3.4 

D -34.1 -32.3 1.8 

E -29.1 -23 6.1 

F -32 -23 9.0 

  G -28.1 -14 14.1 

H -37 -34 3.0 

I -24.5 -22 2.5 

J -22.8 -17 5.8 

K -27.5 -22 5.5 

L -27.9 -23 4.9 

 

The difference between the LTPGs obtained after 1 h and 72 h conditioning time gives the 

grade loss which reflect the extent to which the binder samples could undergo physical 

hardening when subjected to long period of conditioning at low temperatures. The physical 

hardening simulated after long hours of binder conditioning at low temperatures in the 

laboratory could be correlated with the reversible aging that occurs when the binder is 

exposed to long service life during winter seasons. Thermal cracking performance is thus 
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better to be evaluated after long hours of conditioning time since binders are more prone 

to severe physical hardening when stressed at low temperatures for extended periods. 

 

 

Figure 4.8 LTPGs after 1 h and 72 h conditioning time. 

The figure above shows that the performance of the binder samples with regards to thermal 

cracking resistance reduces appreciably when the samples are conditioned for longer 

period. For example, sample A which passed the test with high resistance against thermal 

cracking after 1 h conditioning time failed after 72 h of conditioning with a difference of 

2.4 oC warmer than the specified LTPG -28 oC. It means that its ability to relax stress was 

greatly reduced when the sample was conditioned for 72 h and has become more prone to 

undergo thermal cracking at temperatures equal or lower than the specified LTPG. This 

trend is observed for all the samples with sample G recording a grade loss of -14.1 oC. The 

severity in the differences between the low temperature grades obtained at extended period 
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shows the degree to which an asphalt binder can undergo reversible aging during long 

winter seasons. 

 

It was also observed that the grade loss was more drastic for the field-aged samples as 

compared to the PAV-aged samples except for samples H and I which recorded grade loss 

of 3 oC and 2.5 oC. It must be noted however that all the field-aged samples had warmer 

LTPGs compared to their specified LTPG except for sample H and hence are all expected 

to have poor thermal cracking resistance. 

 

Figure 4.9 Extended BBR Grade Loss. 

The binder samples with lower grade loss below 6 oC have lower physical hardening 

tendencies even at extended conditioning time and are expected to show better resistance 

to thermal cracking because of their enhanced ability to relax stress at low temperatures. 

Samples D, B, H and C with corresponding grade Losses (1.8 oC, 2.6 oC, 3.0 oC and 3.4 

oC) are typical of binders with good thermal cracking performance. Sample G had the 

worse grade loss and as was seen in the regular BBR test, it is expected to perform very 

poorly in terms of thermal cracking resistance. Possible reasons which could contribute to 

such poor performance of sample G at low temperature may include errors in recovery and 
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heating processes, high content of waxes in the binder, addition of high % RAP and waste 

engine oil bottoms (REOB) or other unknown causes that leads to quick transition of 

asphalt from sol-type to gel-type asphalt and facilitate the process of physical hardening 

[102]. The field-aged samples (E, F, G, I, J, K, L) had warmer low temperature grades and 

are expected to perform poorly at low temperatures. 

 

4.3 DENT (LS-299) Analysis 

The Double-Edge-Notched Tension Test (DENT LS-299) which was established through 

the collaborative efforts of the Queen’s University Chemistry Department and the Ministry 

of Transportation of Ontario (MTO) was successfully applied as a quality assurance 

method to determine the fatigue cracking performance of the asphalt binder samples (A, B, 

C, D, E, F, G, H, I, J, K, L) in the ductile-brittle state. 

 

In this analysis, ductility test data which relates to the essential work of fracture (EWF), 

plastic work of fracture (PWF) and the critical crack-tip opening displacement (CTOD) for 

each binder sample were correlated with their fatigue cracking performance in order to 

determine their durability and their failure properties. The strain tolerance ability of the 

samples was ascertained by stretching the double edge-notched sample at constant load of 

50 mm/min in a water bath at constant temperature of 15 oC until the sample fails in 

accordance with the DENT LS-299 protocol. The software then plots the results as load 

versus displacement graph as in Figure 4.10. 
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Figure 4.10 Representative force-displacement curves of binder samples D, H and L.  

 

The duplicate force-displacement curve shows the ductile strength or strain tolerance of 

the asphalt binder samples with different ligament length in their ability to be stretched to 

a certain distance or limit before failure. The area under the Force-displacement curve gives 

the specific total work of fracture (Wt). The shape of the curve shows the level of ductile 

strain tolerance of the binders before failing at maximum yield stress. The fact that the 

shape of the curve is similar for different binder samples demonstrates the reproducibility 

of the results from the DENT LS-299 method. 

 

0

5

10

15

20

25

30

35

0 20 40 60 80 100 120

L
o
a
d
, 

N

Displacement, mm

Load Displacement Curves 5mm- Run 1

5mm- Run 2

10mm- Run 1

10mm- Run 2

15mm- Run 1

15mm- Run 2

0

20

40

60

80

100

120

140

160

180

0 10 20 30 40 50 60

L
o
a
d
, 

N

Displacement, mm

Load Displacement Curves
5mm- Run 1

5mm- Run 2

10mm- Run 1

10mm- Run 2

15mm- Run 1

15mm- Run 2



 

90 

 

The curve for Sample H (middle, fig 4.10) above is seen to have greater ductile strength as 

compared to Samples D and L as it is able to be stretched to a longer distance before failure. 

Hence sample H has greater strain tolerance and more elastic nature comparably. Sample 

L has very low strain tolerance and fails quickly hence it is expected to have low resistance 

to fatigue cracking. The difference in ductile strain tolerance ability maybe due to different 

inherent binder composition and different levels of aging. Different levels of binder 

modification with same or different polymers is expected to yield differently to ductile 

stress/strain due to different strain tolerance ability. 

 

4.3.1 Essential Work of Fracture (EWF, We) Analysis 

The concept of essential work of fracture was applied for evaluating the fatigue cracking 

performance of the PAV-aged and field-aged asphalt binder samples. The concept is known 

to relate to the properties of the binder rather than its geometry. A plot of the specific total 

work of fracture, wt, against the ligament length, L, gives a straight – line graph with a 

slope which is equal to the specific plastic work of fracture or the non-essential work of 

fracture (βwp). Extrapolation of the straight line to zero ligament length, L = 0, gives an 

intercept which is equal to the specific essential work of fracture (we) [77]. 

 

Figure 4.11 Representative plot of specific total work of fracture Vs. ligament length of 

sample L. 
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The essential work of fracture concept is successfully applied for differentiating superior 

fatigue cracking performing asphalt binders from those with inferior performance, based 

on the principle that the higher the value of the essential work of fracture, We, the better 

the strain tolerance and the better the resistance of the binder to fatigue cracking and low 

temperature cracking. Binders with higher essential work of fracture are thus expected to 

have better fatigue cracking and low temperature cracking performance in-service.  

 

Figure 4.12 Essential work of fracture of both PAV-aged and field-aged binder samples 

 

Observing from Figure 4.11 above, Samples I, K and L have higher values of essential 

work of failure and are thus expected to have better strain tolerance with a seemingly better 

resistance to fatigue cracking. However, better conclusions to fatigue cracking 

performance could be deduced when the CTOD results are considered since it has better 

correlation with fatigue cracking performance in-service than the EWF. Also, the field-

aged Samples I, K, L have higher values of EWF than the PAV-aged Samples A, B, C, D 

and thus have better strain tolerance comparatively. But again, the CTOD data will be used 

to better ascertain the relative performance of the binder samples in relation to fatigue 

cracking and low temperature asphalt distresses. Sample J has the lowest EWF (3.2 kJ/m2) 
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and has the least ductile strain tolerance it is thus expected to have very poor resistance to 

fatigue cracking and low temperature cracking. 

 

4.3.2. Plastic Work of Failure (βwp) Analysis 

The plastic work of failure unlike the essential work of fracture is not a material property 

but it has however been seen to show some level of correlation with fatigue cracking 

performance. The plastic work of failure is the energy involved in bringing about a plastic 

deformation around the crack zone. It is obtained from the slope of the plot of the specific 

total work of fracture, wt, versus ligament length, L. Research has shown that asphalt 

mixtures with high asphalt cement content and optimum air void ratio (4-7 %) have higher 

values of plastic work of failure and show better resistance to fatigue cracking. 

 

 

Figure 4.13 Plastic work of fracture of both PAV-aged and field-aged asphalt binder 

samples. 
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It is seen from Figure 4.13 that, Samples I, K, L, A had higher values of plastic work of 

failure compared with the other samples. They will therefore have higher percentage 

asphalt cement and moderate air voids in their mix design and are expected to perform well 

in relation to fatigue cracking resistance. However, the CTOD data could better distinguish 

superior fatigue cracking performing asphalt binders from those with inferior performance. 

Again, Sample I recorded the lowest PWF value (-0.2 MJ/m3) and is expected to have very 

poor resistance to fatigue cracking due to a likelihood of lower percentage asphalt cement 

and air voids in its mix-design. The remaining samples have fairly similar values of PWF 

and are expected to have fairly good resistance to fatigue cracking. 

 

4.3.3. Critical Crack Tip Opening Displacements (CTOD) Analysis 

The critical crack tip opening displacement (CTOD) is a parameter that offers a more 

accurate prediction of superior fatigue cracking performing asphalt binders, based on a 

more precise determination of the strain tolerance of the binders in the ductile state from 

the DENT test [105]. The CTOD is also known to give a better account of crack initiation 

and propagation in asphalt binders and asphalt pavements in the ductile state [77].  The 

CTOD for both PAV-aged and field-aged samples were obtained by dividing their 

respective essential work of fracture by the yield stress of their 5 mm ligament length 

DENT specimen. 

 

In accordance with the DENT LS-299 specification, an asphalt binder with minimum PG 

-28 oC must have a CTOD greater than 14 mm and a binder with minimum PG-34 oC must 

have CTOD greater than 20 mm. This suggest that, an asphalt binder with minimum PG of 

-28 oC or -34 oC having a CTOD lower than the limit of 14 mm or 20 mm will be assigned 

a Fail and those with CTOD above the set limit will be assigned a Pass. Asphalt binders 

that are assigned a Pass will have better strain tolerance in the ductile state and will have a 

better resistance to fatigue cracking and low temperature cracking in-service. Those with a 

fail status will have poor fatigue cracking performance in service.  
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Figure 4.14 CTOD values of PAV-aged and field-aged binder samples with minimum PG 

-28 oC. The dashed line represents the 14 mm borderline. 

 

Generally, the PAV-aged samples recorded higher CTOD values than the field-aged 

samples and are thus expected to have better ductile strain tolerance and better fatigue 

cracking performance than the field-aged samples. Referring from Figure 4.14, only 

Samples B, C and D had CTOD values that exceeded the 14mm borderline and are expected 

to have better strain tolerance and better fatigue cracking resistance in-service as compared 

to the other samples. All the field-aged samples I, J, K, L had lower CTOD values and will 

have poor resistance to fatigue cracking and low temperature cracking. As confirmed by 

the CTOD, Sample J had the lowest CTOD value and will have the worst fatigue cracking 

performance. 
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Figure 4.15 CTOD values for field-aged binder samples with minimum PG -34 oC. 

 

As seen in Figure 4.15 above, only Sample H recorded a CTOD value that is higher than 

the 20 mm borderline and is expected to have better fatigue cracking and low temperature 

performance in-service. The other samples failed and will have low ductile strain tolerance 

and poor fatigue cracking performance in service. 

 

The consistency of the CTOD results with the predictions based on the BBR and the eBBR 

results, proves CTOD to be a better and more accurate parameter for predicting superior 

fatigue cracking and low temperature performing asphalt binders as compared to the other 

DENT parameters like EWF (we) and PWF (βwp). 
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4.4 X-Ray Fluorescence (XRF) Analysis of Asphalt Binders 

The X-ray florescence analysis was conducted on both the PAV-aged and field-aged 

samples to qualitatively and quantitatively determine zinc and molybdenum metals present 

in the form of zinc dialkyldithiophosphate (ZDDTP) or zinc dibutyldithiocarbamate 

(ZDBC) which is believed to be an antioxidant that is consciously added to asphalt binders 

as a component of recycled engine oil bottoms (REOB) to reduce the rate of oxidative 

hardening. Moreover, research has revealed that the addition of REOB to asphalt binders 

leads to rutting and excessive low temperature cracking due to premature oxidative 

hardening of asphalt binders at high temperatures and physical hardening at low 

temperatures [102]. 

  

The presence of significant amount of zinc and molybdenum in asphalt binders could thus 

be a reasonable ground for premature and excessive cracking as encountered on most 

asphalt pavements in Ontario and other parts of Canada during winter seasons. In 

significant amounts, these heavy metals are known to reduce asphalt pavement 

performance by lowering ductile strain tolerance at low temperatures and speeding up 

oxidative hardening at high temperatures and these result in severe pavement distresses in 

a short time after construction. Also, the paraffinic nature of the REOB leads to 

destabilization and precipitation of asphaltenes from asphalt cement which reduces 

adhesive properties of the binder and causes premature stripping and moisture damage [1, 

47]. 

 

The X-ray fluorescence determination is based on the principle that, the photon emitted as 

a result of interaction of a high energy X-ray radiation with an atomic nucleus which leads 

to the excitation of an electron from the inner K-shell and a falling of another electron from 

an outer L or M-orbital in to the inner K-orbital is characteristic of the atom been analyzed. 

Hence the emitted photon energy of each metal is peculiar, except in few instances where 

there’s overlap of α-energies in which case the β-energy could be used to differentiate the 

atoms. The energies (eV) obtained for the zinc and molybdenum metals in the asphalt 

samples were converted to peaks in counts/seconds using an excel software. The XRF 
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results for each binder sample was normalized with results obtained for zinc and 

molybdenum in REOB obtain from the BC supplier. 

 

Figure 4.16 Standard XRF spectrum of REOB from BC supplier. 

 

The higher the amount of zinc and molybdenum metals contained in an asphalt binder 

sample, the higher the risk of undergoing premature physical and oxidative hardening and 

the poorer the performance of the binder in service at both low and high temperatures. 
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Table 10: Amount of Zn and Mo in asphalt binders. 

SAMPLE ZINC CONTENT 

(Counts/Seconds) 

MOLYBDENUM CONTENT 

(Counts/Seconds) 

A 42.8 7.3 

B 27.3 10.4 

C 29.8 5.7 

D 40.3 8.3 

E 236.9 20.9 

F 80.7 12.2 

G 70.2 13.4 

H 122.0 12.9 

I 40.4 6.9 

J 44.2 6.0 

K 19.7 10.3 

L 20.9 133.9 

 

 

Figure 4.17 Zinc and molybdenum content in asphalt binders. 
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As demonstrated in Figure 4.17, all the binder samples showed significant amount of zinc 

and molybdenum metals and are susceptible to various road distresses in service. The field-

aged binders generally contained higher levels of Zn and Mo metals and this accounts for 

their poor performance at low temperature and poor response to fatigue cracking as 

demonstrated earlier using the eBBR and the DENT results. The PAV-aged samples (A-

D) also contain significantly high levels of Zn and Mo metals and this may account for the 

various levels of grade loss as was seen in the eBBR results. 

 

Sample E contained the highest amount of zinc and molybdenum metals (236.9 and 20.9 

counts/seconds) and may be a result of high amount of REOB which was added to the 

binder. This could account for the failure in the eBBR test and the low CTOD value hence 

Binder E is expected to portray low strain tolerance and poor resistance to fatigue cracking 

and thermal cracking. Sample H and L also recorded higher amount of Zn and Mo and 

might explain why sample L failed the eBBR quality assurance test and a high grade-loss 

indicating poor low temperature performance. Sample H however passed the eBBR test 

and recorded a high CTOD value as well as good high temperature performance which 

may be explained by the addition of high amount of modifier or due to some unknown 

reasons. It must be noted that aside the various quality assurance tests for checking the 

performance of binders and asphalt pavements in service, bad construction practices could 

also lead to poor road performance.  

 

4.5 Fourier Transform Infrared (FTIR) Analysis 

The FTIR analysis was conducted to find out the extent of oxidative aging that has occurred 

in the PAV-aged and field aged binder samples by identifying the presence and relative 

index of carbonyls and sulfoxides present in the samples. Oxidation of asphalt binders 

occurs when the carbon and sulphur content of asphalt interact with oxygen through 

exposure to air to form carbonyls and sulfoxides. This phenomenon is known to drastically 

reduce asphalt binder performance in-service by reducing strain tolerance and flexibility. 

Oxidation of asphalt leads to reduced durability of asphalt binders and induces thermal 

cracking, moisture damage and rutting. The relative number of carbonyls and sulfoxides 
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present in an asphalt binder determines the extent of oxidation and the susceptibility of the 

binder to thermal cracking and rutting. 

 

The FTIR test was also used to identify the presence of butadiene and styrene which is a 

component of Styrene-Butadiene-Styrene. This polymer which is used to modify asphalt 

binders improves its performance by increasing its stiffness, flexibility, adhesion and strain 

tolerance. Binders that are modified with SBS are known to perform better at low, 

intermediate and high temperatures as compared to neat binders of the same source [106].  

 

The technique is based on the principle that, the amount of monochromatic light absorbed 

at a specific wavelength is characteristic of a particular functional group and this is 

displayed as a spectrum of absorbance (A) vs. wavenumber (cm-1). Hence each functional 

group present in the asphalt binder will absorb at a specific wavelength and be displayed 

in the spectrum. By knowing the absorption wavelength of each functional group, it is easy 

to detect where they appear in the spectrum. The relative intensity and the area under the 

peak gives information about the amount of a specific functional group present.  

 

 

Figure 4.18 FTIR spectrum of binder sample L. 
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The CH2 (methylene) peak was used as the internal standard and the relative indices of the 

other functional groups were determined in comparison to that peak since it is relatively 

inert to oxidation compared to the methyl (CH3 peak). 

  

Table 11: Relative amounts of functional groups in asphalt binder samples. 

Sample Relative 

Carbonyl 

Content, 

% 

Relative 

Sulfoxide 

Content, 

% 

Relative 

Butadiene 

Content, 

% 

Relative 

Styrene 

Content, 

% 

Relative 

Aromatic 

Content 

% 

A-RTFO 0.04 2.04 0.02 0 1.22 

B-RTFO 0 3.41 0.01 0 1.41 

B-PAV 0.22 3.1 0.01 0 1.87 

C-RTFO 0.06 1.93 0.07 0.03 2.45 

D-RTFO 0.04 2.22 0.10 0.04 2.03 

D-PAV 0.33 2.14 0.07 0.03 1.85 

E 1.09 5.06 0 0.02 1.75 

F 0.51 2.68 0 0 1.06 

G 0.79 4.14 0 0 1.64 

H 0.03 2.08 0.01 0 1.12 

I 0.67 3.69 0.02 0.06 0.96 

J 1.57 3.10 0.03 1.48 0.01 

K 0.92 2.78 0 0 1.71 

L 1.38 2.43 0 0.01 1.54 

 

It could be observed from the table that relatively lower levels of carbonyls and sulfoxides 

were generally measured for all the samples indicating low levels of oxidative hardening 

in the asphalt samples. It should be noted however that the field-aged asphalt binder 

samples (E-L) recovered from the core mix samples recorded higher sulfoxides and 

carbonyls compared to the RTFO-aged binders from the loose-mix samples. This is an 

indication that oxidative hardening is influenced by time and temperature. This observation 

also emphasizes why the field-aged samples E, F, G, I, J, K, L performed poorly in the 
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DENT (CTOD) and the eBBR (Grade Loss). The relatively higher content of carbonyls 

and sulfoxides in these binder samples exposes them to premature performance defects 

such as low temperature cracking, rutting, stripping and moisture damage due to rapid 

grade loss and low strain tolerance during low temperatures, loss of adhesion and lower 

stiffness (viscous flow) at high temperatures. Binder Sample H however had the lowest 

carbonyl and sulfoxide indices (0.03 % and 2.08 %) and this also explains its better 

performance as shown by the eBBR and the DENT tests. 

 

 

Figure 4.19 Carbonyl and sulfoxide content of asphalt binder samples. 

 

It can also be seen that, sample J which had the worst performance in the eBBR and the 

DENT test had relatively higher carbonyl (1.57 %) and sulfoxide (3.1 %) indices and again 

confirms the efficiency of the eBBR and the DENT in predicting superior and inferior 

performing asphalt binders. This also highlights the negative impact of chemical aging on 

poor asphalt binder performance in service at low, intermediate and high temperatures. 

  

Sample G which recorded the highest grade-loss (13.8 oC) and the lowest CTOD value (8 
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performance at low and intermediate temperatures. Carbonyls and sulfoxides which results 

from oxidation leads to asphaltene precipitation and formation of gel-type asphalt in the 

absence of sufficient aromatic content (oily-liquid content of asphalt binders). Hence 

higher aromatic content asphalt cements which depends on the source of the asphalt 

contributes to good asphalt binder performance by peptizing the asphaltenes to form a sol-

type asphalt binder with good stress relaxation properties [107]. 

 

Sample A also recorded a few carbonyls (0.04 %) and sulfoxides (2.04 %) even though it 

was comparatively lower, which could explain why it failed the eBBR and DENT (CTOD) 

test. Other reasons could be due to low aromatic, styrene and butadiene index as could be 

seen in Figure 4.20. Modifiers like SBS in asphalt binders are known to enhance their 

performance by reducing oxidative and physical hardening as well as improving its 

adhesion and flexibility. Hence SBS modified asphalt binders with high percentage styrene 

or butadiene will be expected to have better performance in service. However, it is known 

that the addition of REOB to SBS modified asphalt binders reduces their durability and 

performance [102]. 
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Figure 4.20 Relative functional group content in asphalt binder samples. 

 

All the samples but J recorded high aromatic indices with the relative quantities differing 
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its worst performance in the DENT and eBBR test. The low aromatic index recorded for 

Sample J maybe a result of the use of a low aromatic virgin binder and the addition of 

REOB. The high carbonyls and sulfoxide content of Sample J could also lead to 

precipitation of asphaltenes and the formation of gel-type asphalt. Sample D had the 

highest aromatic and butadiene index which indicates that it was modified with a styrene-

butadiene polymer and confirms its better performance in-service. 

 

Sample H did not record any styrene or butadiene index but performed better because it 

had high aromatic content and may have been modified with some polymer other than SBS 

or maybe due to some unknown reasons. 
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Samples A, B, C, E, F, G, H, K and L contained very little or no styrene and butadiene 

content and could be explained by the fact that they were not modified with SBS or they 

might have been depleted as a result of interaction with other chemicals from REOBs or 

the environment. 

 

Comparison of the functional group index between the RTFO-aged and the PAV-aged 

sample B and D shows that, the functional group index decreases with increasing 

temperature and time (RTFO index > PAV index). 
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Chapter 5 

Summary and Conclusion 

The following summary and conclusions could be outlined based on the literature review, 

experimental procedures, results and discussion presented in preceding chapters: 

• The high temperature analysis of the plant-aged samples (A, B, C, D) and field-

aged samples (E, F, G, H, I, J, K, L) using the DSR showed higher maximum 

temperature performance grades compared to their contract specified HTPG for 

both categories of asphalt binders indicating good resistance to rutting at high 

temperatures. This could however be due to addition of polymer modifiers, RAP or 

the use of other modification technologies since most of them had a useful 

temperature interval (UTI) which was greater than the range for any neat binder. 

• Analysis of the Black space diagram also reveals binder samples (A, B, C, G, H) to 

be rheologically simple asphalt binders with a homogeneous phase system. This 

means that these binders are devoid of polymer modification, polymers that mix 

homogeneously without any phase separation were used or other modification 

technologies were used. Sample J and L however showed some heterogeneity 

which could be a result of experimental error, polymer modification or addition of 

RAP. 

• Sample A which passed the regular BBR QA test according to the AASHTO M320 

protocol failed the LS-308 extended BBR test with a grade loss of 5.3oC. This 

shows that the MTO LS-308 eBBR method is a more accurate tool for predicting 

and distinguishing superior performing asphalt binders from inferior ones since it 

could better correlate binders with their thermal cracking performance through 

effective simulation of physical hardening conditions at low temperatures. Sample 

B, C, D and H passed the eBBR test and are expected to have better resistance to 

thermal cracking at low temperatures. Samples E, F, G, I, J, K, L failed both the 

regular BBR and the extended BBR test and will have very poor performance in 
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service during cold winter seasons.  Their poor performance may be due to severe 

physical-aging conditions on the field which reduces their strain tolerance and their 

ability to reduce stress with an eventual premature thermal cracking. 

• The PAV-aged samples A, B, C, D performed better than the field-aged samples I, 

J, K, L which all had a specified LTPG of -28 oC. This shows a lack of correlation 

between PAV-aging and field-aging (5-10 yrs. aging). It will be more appropriate 

to modify the PAV protocol to better correlate PAV-aging with field aging. 

• The DENT LS-299 test results from the CTOD analysis showed a better correlation 

of the asphalt binders to their fatigue cracking performance hence a better method 

for distinguishing superior fatigue cracking performing asphalt binders from 

inferior ones at both intermediate and low temperatures. Generally, the PAV-aged 

samples (B, C, D) recorded higher CTOD values than the field-aged (I, J, K, L) 

samples and are thus expected to have better ductile strain tolerance and better 

fatigue cracking performance than the field-aged samples. Sample J had the lowest 

EWF, PWF and CTOD, which indicate that it will have the worst performance in 

terms of strain tolerance and fatigue cracking resistance at intermediate 

temperatures. 

• All the binder samples showed significantly different amounts of zinc and 

molybdenum metals and are susceptible to various road distresses in service. This 

could also mean that different amount of REOB was added to each sample. The 

field-aged binders generally contained higher levels of Zn and Mo metals and this 

could account for their poor performance at low temperature and poor response to 

fatigue cracking as demonstrated earlier using the eBBR and the DENT results. 

• The FTIR technique was effectively used to determine the presence of functional 

groups such as carbonyls and sulfoxides which are known to result from chemical 

oxidation (oxidative hardening) of asphalt binders. The field-aged asphalt binder 

samples (E-L) recovered from the core mix samples recorded higher sulfoxides and 

carbonyls compared to the RTFO-aged binders from the loose-mix samples. This 

indicates that chemical oxidation is more severe at higher temperatures and long 
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periods. The relatively higher content of carbonyls and sulfoxides in these binder 

samples exposes them to premature performance defects such as low temperature 

cracking, rutting, stripping and moisture damage due to rapid grade loss and low 

strain tolerance during low temperatures, loss of adhesion and lower stiffness 

(viscous flow) at high temperatures. 

• Poor construction practices and inefficient asphalt modification methods rather 

than deficient testing methods accounts for the various levels of asphalt road 

distresses as encountered on most roads in Ontario and elsewhere in North America. 

Hence, the avoidance of the addition of REOB and RAP, the use of ‘quality’ asphalt 

binders coupled with good modification practices like the addition of right 

quantities of polymers and the strict adherence to mixing, laying and compaction 

protocols will limit the susceptibility of binders to physical and chemical aging. 

This will result in construction of durable asphalt pavement with excellent 

performance in service. 
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