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Abstract 
 

Understanding the oxidation pathway of asphalt and its effect on its chemical, physical and 

rheological properties cannot be overemphasized. In sustaining and ensuring long-lasting asphalt 

pavements in road constructions, the mechanism of oxidation needs to be known so as to reduce 

its rate of oxidation during its service life. Asphalts behave differently due to their difference in 

chemical composition which differ from one source to another. A common observation in the 

oxidation of asphalt is the production of carbonyl group. Unfortunately, no tangible reaction 

mechanism of asphalt is known due to its complex structure.  

The effect of oxidation on the rheological properties of asphalt was studied under this research. 

Asphalt binders of different sources and different physical properties were obtained for this work 

and studies. Also, the thickness was varied for the pressure aged binders at 20 hours. Service life 

aging was simulated using the Pressure Aging Vessel (PAV) and the extent of oxidation before 

and after aging were considered using the Fourier Transform Infrared Spectrometer (FTIR). 

Rheological properties before and after aging were also carried out using the Dynamic Shear 

Rheometer (DSR) while the Fraass Breaking Point (FBP) instrument was used to simulate the 

fatigue resistance in asphalt binders by determining the temperature at which cracks initiate. 

An increase in the carbonyl index of the binders were noticed with increase in aging hours. Also, 

the stiffness of the binders increased with a decrease in the phase angle as aging took place. 

Differences in rheological properties were noticed with different sources. It was also observed that 

the binder thickness of 1 mm of pressure aged binders at 20 hours showed close characteristics 

with that of 3.2 mm aged at 40 hours. 
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Chapter 1 

Introduction 

1.1 Overview 

Pavement cracking has been a major problem in cold climate regions. However, it is observed that 

some roads perform much better than others in the same environment. This is usually caused by 

variations in climate, sub-grade stiffness, traffic levels, pavement design amongst others. 

Oxidation has been noticed to be a primary cause of hardening in asphalt pavement and this has 

led to common pavement failure modes such as cracking and raveling [1]. A pavement’s 

susceptibility to thermal cracking is determined by the ability of the binder to withstand or relieve 

thermal stresses before the critical point where cracking starts. As temperature decreases, the 

asphalt contracts at a greater rate and to a greater degree than the granular base layer.  

Asphalt binders were originally graded according to their needle penetration, viscosity, or a 

combination of these measurements. However, with the introduction of more frequent and 

significant modification techniques, such as air-blowing, polymer-modification, acid-modification 

and others, grading is not considered accurate with the aforementioned methods [2]. Asphalt sellers 

are naturally motivated to use low-cost materials and production methods to meet a set of 

specifications set by the buyer [3]. Problems caused by this take a long time to be noticed.  Hence, 

asphalt binders used for road paving applications in North America are graded according to the 

methods developed under the U.S. Strategic Highway Research Program (SHRP), which 

concluded in the early 1990s [4, 5].  
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1.2 Chemical Composition of Asphalt 

Asphalt composition varies from one crude source to another. The consistency ranges from a 

viscous liquid to a semi-solid material. There are two major portions of a typical asphalt 

composition: asphaltenes and maltenes (Figure 1.1). The most significant properties linking the 

structure of asphalt to its behaviour and rheology are the glass transition temperature of the 

maltenes and the effective content of the asphaltenes [6].  

1.2.1 Asphaltenes  

They are the complex molecules in the asphalt mixture produced from the condensation of resins. 

They are usually brown or black in colour, with high polarity and high molecular weight 

compounds of polyheterogenous aromatic rings substituted by nitrogen, oxygen and sulphur 

atoms. They have a great impact on the stiffness, strength and softening point of the asphalt binder. 

This is because of their effect on the rheology of the asphalt [7, 8]. 

1.2.2 Maltenes 

Maltenes consist of heavy oils and resins, which can be separated into different chemical groups 

through physical and chemical methods [9, 10].  They are mainly composed of polynuclear 

aromatics and hetero-aromatic molecules, viscous naphthene-aromatic hydrocarbons (heavy oils), 

heterocyclic and polar compounds (resins) [11].  

1.2.2.1 Heavy Oils 

This fraction consists of normal-, iso- and cyclo-paraffins and condensed naphthenes with some 

alkyl aromatics. The aromatic portion is mostly naphthene-aromatic hydrocarbons with three or 
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four naphthenic rings per molecule. The fraction is non-polar. The oils possess the key quality of 

being able to disperse polar agglomerates of asphaltenes and resins. This is especially true of the 

aromatic and naphthenic oils. Thus, this component is very important, and it is responsible for 

viscosity and fluidity of the asphalt [11].  

1.2.2.2 Resins 

The resins have a similar chemical composition to the asphaltenes. They are composed of carbon, 

hydrogen, and minor amounts of oxygen, sulphur, nitrogen and metallic elements such as nickel 

and vanadium. Their polarity affects the cohesiveness of asphalt thus affecting its physical 

properties. The resins consist of mainly polycylic molecules containing saturated, aromatic and 

hetero-aromatic rings and heteroatoms in various functional groups. The resins are not as polar as 

the asphaltenes and their molecular weight ranges from 300 to 2000. These resins provide 

adhesion, ductility, malleability and plasticity [11]. 

 

Figure 1.1 Hypothetical asphalt composition: saturates, aromatics, resins, and asphaltenes [12]. 
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1.3 Colloidal Stability of Asphalts 

Asphalt is a colloidal system in which the most important structure forming elements are the 

asphaltenes, which are dispersed in the maltenes. Two key parameters that control the stability of 

asphaltene micelles are the ratio of aromatics to saturates and that of resins to asphaltenes. The 

colloidal stability of asphalt deteriorates with resins and asphaltenes as the unstable constituents 

[13]. 

1.3.1 Gaestel Index, IC 

The resins and aromatics are believed to disperse the asphaltenes, as reflected by the Gaestel index, 

preventing them from separating as a second phase. The solubilizing power of the resins is affected 

by the degree of aromaticity in the molecule. 

 𝐼𝐶 =
𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑠 +  𝐴𝑠𝑝ℎ𝑎𝑙𝑡𝑒𝑛𝑒𝑠

𝑅𝑒𝑠𝑖𝑛𝑠 + 𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐𝑠
 

 

1.3.2 Colloidal Index, IP 

A higher value of IP shows a better aging resistance performance of the asphalt cement. 

𝐼𝑃 =
𝑅𝑒𝑠𝑖𝑛𝑠

 𝐴𝑠𝑝ℎ𝑎𝑙𝑡𝑒𝑛𝑒𝑠
 

 

1.3.3 Colloidal Index, IS 

The colloidal index, IS, defined as the ratio of asphaltenes to the sum of saturates, aromatics, and 

resins, is a representative of the colloidal structure because a proper content of asphaltenes micelles 

can preferably disperse in the maltenes, thus forming a homogeneous sol system. If the value of IS 



 5 

is high, the large amount of asphaltenes cannot disperse well in the maltenes, which will lead to a 

gel system that is not helpful to resist ageing when subjected to external disturbances [14].  

𝐼𝑆 =
 𝐴𝑠𝑝ℎ𝑎𝑙𝑡𝑒𝑛𝑒𝑠

𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑠 + 𝑅𝑒𝑠𝑖𝑛𝑠 + 𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐𝑠
 

1.4 Asphalt Aging 

Asphalt aging poses serious problems because of the damage it causes to asphalt pavements. 

Peterson defined a durable asphalt as one that: 1) possesses the physical properties necessary to 

produce the desired initial product performance, and 2) is resistant to change in physical properties 

during long-term, in-service environmental aging [15]. 

The principal cause of age hardening and associated embrittlement of asphalt used in pavements 

is the atmospheric oxidation of certain asphalt molecules with the formation of highly polar and 

strongly interacting chemical functional groups containing oxygen [15]. It has been recognized for 

years that while asphalt roadways can fail for a variety of reasons, proper design and construction 

for the loads they carry would help in the durability of roads. Hence, failure would only occur 

when the binder is so oxidized that it becomes very brittle. Thus, one of the most desired properties 

of asphalt is that it resists the effect of weathering or aging. 

The two main categories of asphalt aging are short-term and long-term aging. The short term is 

simulated using a rolling thin film oven (RTFO) while a pressurized aging vessel (PAV) is used 

to simulate long-term thermal (oxidative) aging. The PAV was introduced to ensure that the fatigue 

cracking parameter G*sin δ and the low temperature transverse cracking parameters S and m from 

the bending beam rheometer (BBR) would reflect aging effects. In the SHRP binder specification, 

the parameter G*sin relates to fatigue cracking and G*/sin relates to permanent deformation. A 
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higher G* (complex stiffness) at the maximum pavement temperature and a greater elasticity 

(smaller δ or phase angle) will each contribute to a reduced tendency for the binder to deform 

under load, and therefore should characterize a binder that is less susceptible to rutting [16]. 

One of the most interesting and controversial proposals for specifications to reduce road aging was 

the suggestion by Jennings that the percent large molecular size region (LMS) as determined by 

GPC be used as a specification. It is controversial because LMS is primarily an indication of 

asphaltene formation which is the main cause of asphalt hardening but not a measure of the changes 

in physical properties that actually cause road failure. On the other hand, it is very easy to measure 

and thus made possible the collection of a very large body of data [16].  
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Chapter 2 

Literature Review 

2.1 Asphalt Oxidation  

2.1.1 Reactivity of Asphalt 

Asphalt can be considered as a dispersion of polar, strongly associated, molecular species in a 

solvating medium consisting of the less polar oil molecules. Therefore, because the polar 

molecules associate, the formation of polar oxidation products greatly alters the state of dispersion 

of the asphalt components. The state of dispersion not only significantly affects the physical 

properties of asphalt, but also the mobility and thus the chemical reactivity of the asphalt molecules 

susceptible to oxidation [17]. 

The classical model of asphalt first proposed [18, 19] suggest asphalt to be a dispersion of 

associated submicroscopic components that are peptized by the resinous components in the asphalt 

solvating medium still provides the fundamental premise for the current model of asphalt 

microstructure. Past theoreticians have often equated the associated, dispersed components to the 

asphaltenes fraction, and the dispersing and solvating components to the maltenes fraction. Based 

on this model, the asphaltenes are kept dispersed (peptized) in the more non-polar solvent 

components of the maltenes by their adsorption of the more polar, resinous components of the 

maltenes [20]. However, recent discussions [21] have cast doubt on this and suggested that certain 

high molecular weight paraffin can co-precipitate with the asphaltene fraction. 
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Knoterus [22] proposed that asphalt contained a collection of highly reactive hydrocarbons whose 

oxidation might be initiated by stable free radicals already present in the bitumen. Of key 

importance to asphalt oxidation is oxygen diffusion. The oxidation reactions proceed more rapidly 

as the molecules become more mobile. Asphaltenes, when separated from asphalt as a powdery 

solid, are resistant to air oxidation; however, when their molecular mobility is increased by 

dissolving them in a solvent, or by heating them until they become fluid, they are the most reactive 

asphalt components toward air oxidation [20]. 

Petersen [20] in his findings proposed that the rapid oxidation rate at the onset of asphalt results 

from the reaction of oxygen with a limited amount of highly reactive hydrocarbon components. 

He observed that the final oxidation products of this initial reaction are sulfoxides and mostly 

aromatized rings. He proposed that during the initial reaction, a much slower oxidation of benzylic 

carbons is initiated with both ketones and sulfoxides being formed. The ratio of ketones to 

sulfoxides formed, and the rate of oxidative age hardening, were found highly dependent on 

temperature and oxygen pressure (concentration). Atmospheric pressure oxidation was 

significantly more sensitive to variations in temperature and asphalt composition than pressure 

vessel oxidation at 100 °C. During PAV oxidation, the air pressure is sufficient to saturate the 

asphalt with oxygen so that oxidation proceeds at essentially the same rate throughout the asphalt 

sample thickness. However, during atmospheric pressure oxidation, such as occurs in pavements, 

oxygen diffusion is slow resulting in low and differential oxygen concentrations within the asphalt 

which have a significant effect on oxidation kinetics [20].  
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2.1.2 Oxidation Mechanism in Asphalt 

Asphalts exhibit similar oxidation mechanism starting with a rapid reaction followed by a slower 

constant reaction rate. Petersen [20] suggested that the dominating oxidative mechanisms during 

the initial rapid oxidation spurt and during the slower oxidation following this spurt involve the 

oxidation of two different types of reactive hydrocarbons in asphalt. During the oxidation spurt 

experiments carried out by Petersen, the concentrations of sulfoxides formed increased with 

increasing asphalt sulfur content. Beyond about 3-4 mass % sulfur content, sulfoxide formation 

during the spurt was less sensitive to increasing asphalt sulfur content. The rate of sulfoxide 

formation following the spurt decreased significantly in the higher sulfur asphalts at higher 

temperature [20]. As observed by Petersen, the amount of sulfoxides formed following the spurt 

is nearly the same for all asphalt with lesser sulfur content (3-4 %). This must have been caused 

by the exhaustion of asphalt’s sulfides during lower temperature oxidation, or at higher 

temperatures the rates of sulfoxide formation and thermal decomposition have reached a steady-

state concentration [23].  

One might also suggest that more sulfoxides than ketones are formed in the higher sulfur asphalts 

because of the greater concentration of asphalt sulfides. However, the experimental data by 

Petersen [20] suggested that this factor is not significant. It has been shown [24] that the addition 

of a large excess of dibenzyl sulfide to two different asphalts did not lead to an increase in the total 

amount of sulfoxides formed on oxidation, instead, sulfoxides were formed from the dibenzyl 

sulfide at the apparent expense of asphalt sulfides. He then proposed that sulfoxide formation 

following the spurt is probably limited by the amount of benzyl hydroperoxide available [20].  
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Petersen proposed that during the rapid oxidation reaction, called the oxidation spurt, benzylic 

carbon is initiated. This less energetic reaction is believed to proceed via the abstraction of 

hydrogen atoms from benzylic carbons, forming benzyl free radicals which then react with oxygen 

to form peroxyl radicals, ultimately leading to the formation of ketones and sulfoxides. It has been 

reported by Mushrush [25] that the peroxyl radical is the most stable of the free radicals formed 

during typical hydrocarbon chain transfer oxidation reactions; thus, it could well be the primary 

precursor of ketone formation in asphalts. Petersen suggested that the peroxyl radical is the most 

likely precursor to ketone formation; sulfoxides formed during the benzylic carbon oxidation 

probably arise primarily from the reaction of benzyl hydroperoxide with asphalt sulfides [20]. 

Herrington [26] noticed no change in hydrogen type distribution measured by proton NMR, except 

for oxidation at 130 °C where a small decrease in the proportion of aromatic protons was seen. 

Given the estimated total carbonyl functionality concentration present, the observed constant 

proportion of benzylic protons suggests that carbonyl formation during oxidation at other than 

benzylic sites is more significant than supposed in the literature. 

It was proposed by Petersen that during the low temperature oxidation, a relatively greater 

percentage of the ketones are formed on benzylic carbons present in the more weakly associating 

aromatic molecules in the peripheral regions of the microstructure. On the other hand, at high 

temperatures when the associated solvation shell [27] is mobilized and becomes part of the solvent 

phase of the asphalt, benzylic carbons that were immobilized in the microstructure at lower 

temperatures are now mobilized and can readily react to form ketones, Then after oxidation, the 

ketones formed are inherently more highly aromatic and more strongly associating molecules 

causing the formation of much larger agglomerates resulting in higher apparent molecular weights, 
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thus the greater viscosity sensitivity of the asphalt to ketone formation when oxidized at high 

temperatures [20].  

It has been reported that the formation of alkyl free radicals is usually rate-controlling; however, 

at very low oxygen concentrations, reaction of oxygen with the alkyl free radicals can be rate-

controlling. The most probable route to sulfoxide formation in asphalts during benzylic carbon 

oxidation is via reaction of the benzyl hydroperoxide (Figure 2.1) with asphalt alkyl or alkyl-aryl 

sulfides [20]. In the initial fast (spurt) reaction, oxygen reacts directly with highly reactive 

hydrocarbons, argued to be perhydroaromatics [20], to yield a hydroperoxide. The 

perhydroaromatics oxidation reaction requires no catalyst, has no induction period, and is 

estimated, based on past work [22], to be at least 50 times faster than the slower hydrocarbon free 

radical reaction [20].  

 

Figure 2.1: Proposed reaction schemes for ketone and sulfoxide formation during oxidation of 

asphalt benzylic carbon [20].  
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The alkyl or alkyl-aryl sulfides, precursors to sulfoxides, are largely concentrated in the more 

weakly associating asphalt solvent components; the molecules containing the benzylic carbons, 

precursors to the ketones, are largely concentrated in the more strongly associating and more 

immobilized resinous components. Mill [28] showed that dibutyl sulfide, which does not react 

significantly with oxygen by itself in air, oxidized rapidly to sulfoxide in a dihydroanthracene 

solution, suggested by Petersen [20] to be consistent with reaction (2) in Figure 2.2. Benzylic 

carbon moieties are concentrated in the more strongly associating components because they are 

located on aromatic ring compounds which associate because of their polarizable pi electrons. 

Also, the more polar heteroatoms in asphalt (nitrogen, oxygen, metals, etc.) are often associated 

with the aromatic molecules, thus increasing the tendency of the aromatics to associate [20]. 

 

Figure 2.2: Reaction sequence for oxidation of proposed polycyclic hydroaromatics in asphalt 

during the oxidation spurt (illustrated for dihydroanthracene) [20].  
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Petersen [20] showed that at higher temperatures ketones begin forming sometime during the 

oxidation spurt, and that during atmospheric pressure oxidation the ratio of ketones to sulfoxides 

formed is highly temperature dependent. He gave a possible explanation to be that at low 

temperatures, the decomposition of hydroperoxides to form free radicals is slow, thus favoring 

sulfoxide formation reaction rather than free radical formation. At higher temperatures, because of 

the well-known sensitivity of hydroperoxides to thermal decomposition, the probability of 

increased free radical production is increased [20]. 

Mill et al. [29], proposed three different mechanism for asphalt oxidation. These include the free 

radical oxidation, photo oxidation and molecular oxidation. The first two may involve the 

participation of free radicals while the last does not. The distinction is important in indicating 

whether phenolic inhibitors will be effective in slowing oxidation. Free radical processes are 

inhibited by antioxidants, whereas molecular oxidation requires removal of oxygen or the oxygen-

reactive component. In very viscous bulk asphalt, added antioxidants may have limited value. He 

suggested that oxidative aging in asphalt is not a single chemical process, but a composite of 

several independent and concurrent oxidation reactions at several sites in the asphalt structure 

which affect similar structural units [29]. 

King [30] also noted that while it may still be appropriate to speak of electron transfer, free 

radicals, electron pairs, back-bonding, and a series of other individual mechanistic events; a model 

involving an intermediate oxycyclic complex can explain such unexpected events as epoxide ring 

formation, intermolecular oxygen transfer, anhydride formation, metal oxidation and reduction, 

and even the destruction of carbon-carbon sigma (primary) bonds at relatively low temperatures. 

Thus, King's proposed oxycyclic mechanism could include the formation of a molecular complex 
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between oxygen, an asphalt molecule and a metal, as proposed by van Gooswilligen and coworkers 

[31], but is much broader and includes many molecular types with potentially mobile electrons as 

facilitators, to lower the energy barrier to oxygen transfer during oxidation [20]. 

Also, at higher temperatures, free-radical initiation reactions proposed by others such as those 

involving trace metal catalysis, oxycyclics and other concerted reactions, naturally occurring 

electron-rich centers (e.g., highly condensed aromatics), and complexes of asphalt heteroatom 

moieties such as pyrrolics, etc., may increase the rate of free radical production. Such would 

shorten the induction period and thus cause the benzylic carbon oxidation to become significant 

during the oxidation spurt prior to the exhaustive oxidation of the polycyclic hydroaromatics as 

suggested by Petersen [20]. This migration of oxygen into the associated structure is greatly 

reduced at lower temperatures at which the microstructure is increased. As a result of these factors, 

greater amounts of hydroaromatics might react during the spurt to produce sulfoxides [20]. 

2.1.3 Reaction of Asphalt with Oxygen 

Knoterus [32] observed that only asphaltenes and resins absorbed oxygen in the dark which could 

have been initiated by stable free radicals in asphalt. He also observed a higher concentration of 

reactive components in dark-colored asphalt than light-colored ones. He however mentioned the 

effect of dark coloration in the inhibition of asphalt oxidation. He mentioned that there were few 

known compounds inhibiting oxidation (phenolics and different types of amines) which appeared 

to affect asphalt oxidation with light but had little effect in the dark. He also suggested partly 

hydrogenated polyaromatics to be the most reactive compounds in bitumen. 
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Mill et al. [29] showed a striking similarity even though they differ by twenty-fold in sulfide 

content and almost as much in vanadium and other metal ion contents. Oxidation rates do not 

appear to be controlled by these components, but by other components such as phenols or 

dihydroaromatic groups [29]. The asphalt used by Mill and coworkers [29] oxidized rapidly to 

form sulfoxide but the oxidation continued after sulfoxide production stopped due to exhaustion 

of the aliphatic sulfide to form much more carbonyl. In that sense, sulfide sulfur acted as an internal 

redox inhibitor to limit ketone formation from the peroxyl intermediate. 

The relative ease with which oxygen reacts with potential hydroaromatics in asphalt is not well 

understood but has been discussed by Mill [28]. They further reported [33] that the oxidation of 

dihydroanthracene accounted for 95 % of the oxygen consumed. Replacement of air with oxygen 

led to only a 2.3-fold increase in oxidation rate, indicating the presence of a free radical chain 

component in the reaction [34].  

Herrington [26] noticed that the asphalts aged at 60 °C, at atmospheric pressure and under 300 psi 

of oxygen, have similar limiting viscosities. This suggests that at a particular temperature the 

availability of oxygen controls only the rate of reaction but does not affect the nature of the 

products formed.  

2.1.4 Effect of Oxidation on Viscosity 

Major contributors to viscosity increase are ketones as observed by Petersen et al. [35, 17]. 

Petersen [20] also observed that on low temperature oxidation, during the spurt in which sulfoxides 

were formed initially with the virtual exclusion of ketone formation, there was also a significant 

increase in viscosity. It was therefore suggested that, although sulfoxides undoubtedly contribute 
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to the viscosity increase during the spurt, aromatization of the proposed hydroaromatics, thus 

making their structures more planer and susceptible to molecular association, may also contribute 

to the viscosity increase [20].  

Herrington [26] observed that different limiting viscosities are actually obtained depending on the 

oxidation temperature, he suggested that there are differences in the products formed, the product 

ratios, or the way that the products interact to produce a viscosity increase at a temperature of 45 

°C. As the temperature of oxidation is increased, the relative reaction rates of various competing 

reactive species may be altered, with higher activation energy reactions becoming more 

significant. One implication of this is that comparison of the relative oxidation rates of different 

asphalts at elevated temperatures may give different results than the actual relative rates at ambient 

temperatures [26].  

Herrington [26] noticed a difference and the dependence of the viscosity-sulfoxide plots on the 

temperature of asphalt oxidation. He suggested that this may reflect the relative rates of sulfoxide 

decomposition. Such differences in sulfoxide concentration are significant as hydrogen bonding 

involving oxygenated species formed during oxidation is believed to be a major contributor to age 

hardening [36], though the contribution of sulfoxides in particular has not been established. It is, 

however, clear that the relative importance of other viscosity building effects such as 

polymerization must vary with temperature and accelerated aging procedures at high temperatures 

may not reflect the relative importance of different viscosity building effects at service 

temperatures [26].  
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2.1.5 Oxidation Products 

Ketones and sulfoxides are the principal products formed with anhydrides and carboxylic acids 

formed in smaller amounts. Esters and aldehydes, although suggested by previous workers [37], 

do not appear to be significant oxidation products [38, 39]. Ketones and sulfoxides are formed at 

different rates for different asphalts, and the ratio of ketones to sulfoxides is highly source 

dependent [40]. Based on the proposed mechanism for the long-term asphalt oxidation reaction, 

ketones and sulfoxides are produced from a common transitory hydroperoxide oxidation product 

formed on benzylic carbons [41]. Mill et al. [29] suggested that one candidate for oxidation is 

peroxide or a hydroperoxide formed from reactive pyridic NH bonds or benzyl CH bonds. 

However, purified cumene (isopropyl benzene, CuH) was heated in oxygen at 110 °C for three 

days with DMS. This gave no DMSO. This experiment shows that whatever the reactive oxidation 

centers might be, they are much more reactive to oxygen than cumene CH bonds.  

Herrington [26] noticed that no identifiable band is attributable to sulfones for asphalt aged at 130 

°C (this is also true for asphalts aged at 100 °C, 60 °C, and 60 °C under 300 psi O2). This is 

consistent with the work of Petersen et al. [42] who found only trace amounts of sulfones in 

oxidized asphalt and Huggins et al. [43] who identified sulfoxides as the only oxidized sulfur forms 

present.  

2.1.5.1 Formation of Ketone 

Ketone formation has been identified as a major factor leading to asphaltene formation in 

oxidation, and asphaltenes have been shown to be primarily responsible for viscosity increase on 

aging [15]. The ketones formed on oxidation have been shown to concentrate in the asphaltene 
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fraction [44]. In a scheme suggested by Mill et al. [29], the first step forms peroxyl intermediate, 

which then can oxidize either sulfur and form sulfoxide and an alcohol, or in the absence of sulfide 

sulfur, the intermediate may form carbonyl by one of several paths. Alcohols are difficult to detect 

and might account for part of the missing oxygen [29].  

The induced oxidation of dimethyl sulfide and N-bromosuccinimide (NBS) in oxidizing asphalt 

points to formation of a peroxyl intermediate from direct interaction of asphalt with oxygen. 

Induced oxidation of NBS is found in the asphalts considered, indicating that the source of the 

peroxyl intermediate is both independent of the sulfur and in excess of sulfide sulfur [29]. The 

question arises as to whether or not some ketones might be formed from dihydroanthracene 

oxidation intermediates. If such ketones were formed, they should form at a bridgehead carbon 

initially containing an active hydrogen, thus resulting in the formation of carbonyls of the quinone 

type. Examination of the infrared carbonyl frequencies of a series of model quinone-type 

compounds showed absorption frequencies ranging from 1681 cm-1 for anthraquinone downward 

to 1653 cm-1 for anthrone. Further, infrared spectra from an unpublished pre-SHRP kinetic study 

[45], which included a number of spectra taken early in the oxidation spurt on through to the rather 

high oxidation level of about 0.5 mol/L ketones, were examined. No evidence of carbonyl 

frequencies other than that of the benzylic carbon ketone at about 1695 cm-1 was found. This peak 

maximum is typical and constant for all asphalts and is consistent with a frequency of 1696 cm-1 

for the carbonyl of acetophenone (a ketone formed on a benzylic carbon) and the ketones identified 

in oxidized asphalt by Dorrence et al. [39].  

Herrington [26] observed that the increase in concentration of carbonyl functionalities as a function 

of viscosity was the same at each oxidation temperature, whereas the same was not true for 
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sulfoxide functionalities. He noticed that the carbonyl data are approximately co-linear, suggesting 

a consistent mechanism over the 60-130 °C temperature range.  

2.1.5.2 Sulfoxide Formation during Oxidation 

Sulfur is known to be present in asphalts principally as aliphatic sulfides and thiophenic type 

structures [46, 47, 48] in the approximate ratio of 1 to 2. The rate of increase of sulfoxide 

concentration was greatest for asphalts oxidized at lower temperatures. Herrington noticed the loss 

of sulfoxides through decomposition which was supported by the work of Mill et al. [29], where 

asphalt sulfoxides formed after oxidation at 100 °C for 20-30 hours were found to decompose 

when heated under argon for 5-10 hours at 165 °C [26]. 

Unoxidized samples of asphalts show the presence of two major kinds of sulfur: aliphatic sulfide 

and thiophenic sulfur [29].  It was also observed by Mill et al. [29] that only aliphatic sulfide sulfur 

is oxidized during thermal oxidation or mild chemical oxidation by t-BuOOH, thiophenic sulfur is 

not significantly affected during these oxidations. It was also observed that aliphatic sulfide is 

rapidly exhausted, and formation of sulfoxide almost stops at longer periods while high aliphatic 

sulfide sulfur asphalts continue to form much higher proportions of sulfoxide for longer times. 

During seven hours of oxidation, sulfoxides are being formed from oxidation of sulfides, and also 

being lost through thermal decomposition, the latter reaction being significant at 130 C [44].  

2.1.6 SARA Fractions and Their Effect on Oxidation 

Previous studies have shown the effect of asphaltene content on viscosity in a predictable manner 

and its effect on the quality of the asphalt upon aging [49]. Liu et al. [50] suggested that naphthene 

aromatic (NA) fraction convert to polar aromatic (PA) fraction upon oxidative aging which 
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subsequently become asphaltenes. Corbett also observed that in the oxidation of asphalt, PAs and 

NAs reduce while asphaltenes increase [51]. Choquest and Verhassel [52] reported that aging 

caused an increase in asphaltene content with a decrease in cyclics and a little change in the content 

of saturates. It was also suggested that the molecular size of the newly formed polar aromatics and 

asphaltenes are smaller than the ones in the original asphalt. The data obtained by [50] showed 

that materials high in NA and perhaps smaller PA will harden very slowly in service. It was 

assumed that the oxidation of PA is the major source of the formation of asphaltene, but the role 

of NA has not been effectively determined [50]  

Rostler and White [53] observed that during asphalt aging the paraffins and second acidaffins 

change very little. Nitrogen bases change to asphaltenes, and the first acidaffins convert to the 

nitrogen bases. However, they also concluded that the newly formed portions of the nitrogen bases, 

originating from the first acidaffins, do not change to asphaltenes. In terms of Corbett fractions, 

the last observation would suggest that NAs oxidize to PAs, but that they always stay in the PA 

portion and will not subsequently change to asphaltenes. This is in direct contradiction to Corbett’s 

observations [50].  

Mieczyslaw [54] observed that the increase in asphaltenes content on air-blowing of asphalt results 

from chemical reactions leading to the formation of more strongly associating but not higher 

molecular weight compound. Works on high vacuum residue [55] showed that the compound types 

that precipitate as asphaltenes are present in the acid and base fractions and that these compound 

types are capable of association through hydrogen bonding.  

 



 21 

2.1.7 Effect of Antioxidants on Asphalt Oxidation 

In related studies, Martin [56, 57] evaluated the effects of a wide variety of classical antioxidants 

on asphalt oxidation. He found that antioxidants that functioned as free-radical traps were 

generally effective in stabilizing bitumen against photo oxidation. He concluded that the additives, 

however, were not highly efficient because they did not appear to confer an induction period on 

the oxidation reaction. Under conditions of dark oxidation, the free radical trap antioxidants had 

little effect, but certain hydroperoxide decomposers stabilized the bitumen to a considerable extent. 

Of the antioxidants evaluated, N-phenyl-N-isopropyl-p- phenylenediamine (a free radical trap) and 

zinc diethyldithiocarbamate (a hydroperoxide decomposer) were generally the most effective 

models used in his studies [20]. The effectiveness of dialkyldithiocarbamates as antioxidants in 

asphalts has been confirmed [58, 59].  

Van Gooswilligen and coworkers [31] concluded, as did Knoterus [32], that bitumen contain a low 

concentration of highly reactive components that are preferentially depleted during oxidation. The 

addition by van Gooswilligen and coworkers [31] of known oxidation catalyst poisons (KCN and 

NaN3) to a bitumen solution greatly reduced the rate of oxidation. This result led to their conclusion 

that the oxidation probably proceeded mainly via metal catalysis, most likely of the metal 

porphyrin type. They proposed based on their studies an oxidation mechanism in which a metal 

catalyst, a reactive asphalt molecule and an oxygen molecule formed a transitory complex which 

then decomposed into an oxidized molecule. In Mushrush's review of the literature [25], it is 

reported that decomposition of hydroperoxides can be induced by catalytic amounts of metal ions; 

and in a basic medium, alkyl hydroperoxides can give carbonyl compounds [20].  
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A Boscan asphalt was oxidized by Petersen as a thin film at 130 °C as a function of time, with and 

without the addition of the antioxidant triphenyltin hydroxide (TPTH). During the oxidation spurt 

the rapid sulfoxide formation was not affected significantly by the presence of the TPTH; however, 

the production of ketones was significantly inhibited. Because most of the sulfoxides produced 

during the spurt was proposed to be from the oxidation of hydroaromatics, it was proposed that 

the sulfoxides formed during the spurt at relatively low oxidation temperatures is a relative 

indicator of the reactive hydroaromatics content of asphalts [20]. Herrington [60] on the other hand 

observed that the reaction of bitumen was unaffected with the inhibition of the most reactive model 

compound (9,10-dihydroanthracene) using 2,4-di-tert-butyl-4-methylphenol. He suggested that 

dihydroaromatic species may not be significant in primary uptake of oxygen during oxidation 

process of bitumen. 

2.1.8 Effect of Phenolics on Oxidation 

Petersen suggested that the benzylic carbon chain reaction begins sometime during the course of 

the rapid oxidation spurt. Also, at atmospheric pressure and at 45 °C, this reaction does not become 

significant until near the end of the oxidation spurt when the reaction of the hydroaromatics is near 

completion. Thus, there appears to be an induction period (not apparent in Knoterus' [22] and van 

Gooswilligen's [31] studies) typical of hydrocarbon chain reactions prior to initiation of the 

oxidation of asphalt benzylic carbons. Natural phenolics in asphalt may in part be responsible for 

this apparent induction period [20].  

Numerous past functional group analyses of asphalts before and after oxidation by Petersen have 

shown that most of the phenolics are not consumed during the oxidation of neat asphalt, even at 

130 °C. It is believed that most of these potential free-radical scavengers are locked up in the 
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strongly associated, immobilized aromatic components of the microstructure, and thus they are 

physically unavailable for reaction with the free-radicals formed. This hypothesis is supported by 

an asphalt oxidation experiment conducted in benzene solution during the SHRP asphalt research 

by Mill [40]. Mill [28] found that virtually all asphalt phenolics were consumed during the solution 

oxidation. This indicates that the associated micellar structures containing the phenolic 

functionalities proposed by the author were dissociated in the solvent, thus making the phenolics 

in the Mill study available to react with free-radicals produced [20].  

Asphalts have been shown to have hydrogen bonding basicity with phenol [61], with an enthalpy 

of formation of the hydrogen bond of 6-8 kcal/mol in carbon tetrachloride solution. An oxygen 

transfer then occurs with the sulfide being promoted to a sulfoxide by a synchronous hydrogen 

atom exchange process within the complex. It was reported that such a catalytic reaction also takes 

place in hydrocarbon solvents as well as alcohols when acidic molecules are present [20]. 

2.1.9 Effect of Asphalt Oxidation on Protons  

It has been identified that the bitumen and its components consist only of aromatic and aliphatic 

protons, which account for 2.4-10.2 % of the aromatic protons and 9.8-97.6 % of the aliphatic 

protons. Availability of olefinic elements in them has not been identified. The most part (79-81 %) 

of nuclei of carbon atoms relates to quaternary carbon atoms of saturated compounds. Primary 

carbon atoms at methylene group (CH2) are contained in the least quantity: bitumen ‒ 1.32 %; 

asphaltenes – 0.6 %; resins – 3.24 % and oils – 2.11 %. Primary carbon atoms, linked with CH-

group or aromatic nucleus, occupy an intermediate position and are contained in the quantity of 

17‒20 % [62]. 
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Teltayev and Seilkhanov [62] showed that the content of aromatic protons in bitumen, asphaltene, 

resins and oils is 3.94 %, 10.17 %, 5.12 % and 2.38 %, i.e. it decreased with decrease in the degree 

of condensation degree. They also mentioned that methyl protons (CH3) in bitumen and its 

components are contained in saturated hydrocarbons and occupy γ- and further positions away 

from aromatic rings. Their content is practically similar between different sources and accounts 

for 23.23‒26.20 % of all carbon. Content of protons in α-position to aromatic and carbonyl carbons 

and heteroatoms decreases from 16.33 % (asphaltene) to 7.0 % (oils) as condensation degree 

decrease. Thus, aromatic and aliphatic protons in bitumen and its components account for 2.4‒

10.2 % and 89.8‒97.6 % respectively [62].  

The proton spectra carried out by Herrington [26] were unremarkable and typical of those reported 

previously. No olefinic protons were observed. The absence of olefinic elements was also observed 

by Teltayev and Seilkhanov [62]. Only relatively small changes were observed in the hydrogen 

type ratios. H𝛼 and H𝛽 dropped slightly, whereas H𝛾 increased after oxidation at 130 °C. Jennings 

et al. [63] observed slight increases in H𝛼 for some asphalts (and no change for others) after high-

pressure and oven aging, although the extent of hardening was not reported.  No significant change 

in H𝛼 was observed by Herrington [26], even after 142 h oxidation at 130 °C. Similarly, in a study 

involving eight asphalts, only in one case was a drop in H𝛼 after oxidation observed [63]. 

Herrington [25] suggested that there is a possibility that the loss of benzylic hydrogen is being 

offset by the formation of new benzylic sites, in particular through dehydrogenation of naphthenic 

rings attached to aromatic centers. He added that such rings must be at least doubly methyl 

substituted or triply methylene substituted in order to produce a net gain in benzylic hydrogen. 
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Herrington [26] observed that the average number of aromatic rings was found to increase from 

3.3 to 7.6 after 142 h aging at 130 °C. This was determined by using 1H NMR to calculate the total 

aromatic carbons per molecule. However, the Cp/Ca ratio (an indication of the degree of ring 

condensation) decreases from 0.94 (suggesting the presence of isolated aromatic rings in the 

average molecule) to 0.73, indicating that no more than 3-4 rings are condensed on average. As 

implied by Herrington [26], an average molecule after 142 hours aging consists of about 2 or 3 

cross-linked 2-4 ring groups where Cp is the peripheral carbon in a condensed aromatic sheet and 

Ca is the total aromatic carbons per molecule. This was proven to be consistent with the 13C NMR 

measurements made by Hagen et al. [64] on asphalt from an 18-month-old asphaltic concrete road 

sample. That work indicated an increase in aromatization of saturated ring systems but no notable 

change in the alkyl substituent character of the aged asphalt. Increasing aromatization was also 

supported by measurements of the ratio of light absorbance at 250 nm to that at 450 nm. The data 

showed a relative increase in absorption at 450 nm attributed to an increased concentration of 

larger condensed ring systems. Similar results were obtained for asphalt aged at other 

temperatures, though the increase in relative absorption is much smaller. The observed increase in 

absorption in the infrared spectra at about 1600 cm-1 was consistent with aromatization, although 

the formation of carboxylic acid salts may also be contributing to the lower frequency side of this 

band [26].  

Proton NMR spectra showed virtually no change in proton type distribution with even severe 

oxidation—except for a slight reduction in the proportion of aromatic protons after prolonged 

oxidation at 130 °C. Calculations based on concentrations estimated from measurements made by 

infrared spectroscopy indicate that carbonyl formation occurring at other than benzylic carbon sites 

may be far more significant than usually believed [26]. 
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2.1.10 IR Absorptions 

The IR bands for free OH stretching vibrations are found in the 3,600 cm-1 region, and the broad 

band for OH hydrogen bonding is found in the 3,570-3,200 cm-1 region [65]. A band has been 

reported in the 3,600-3,500 cm-1 region for the OH stretch-pi (aromatic) complex [66]. Both 

phenols and benzyl alcohols would be expected to absorb in this region. Infrared absorption bands 

for the O-H bending of tertiary alcohols have been reported to be in the 1,410 - 1,310 cm-1 range, 

and the C-O stretch region for tertiary alcohols is reported as a broad band that centers at about 

1,150 cm-1 [65].  

2.2 Rheology of Asphalt 

Rheology is the study of flow of matter under various conditions of deformation. Rheological 

characteristics explain the stress-strain relationship. Stress is the force of deformation per unit area 

while strain gives the extent of deformation. Asphalt cements are mixtures whose structure and 

rheological properties depend highly on temperature. At low temperatures, asphalt exhibit elastic 

properties, and a viscous flow at high temperatures. These properties are responsible for the 

viscoelastic property in asphalt pavements which gives it the ability to resist shrinkage at low 

temperature and rutting at high temperature [7].  

Aging has the ability to change the rheological properties of asphalt thereby causing asphalt 

hardening. Three types of distresses commonly affect the performance of asphalt pavements; 

thermal cracking, rutting and fatigue cracking. Stiffness is expressed in terms of complex moduli 

and it is not only related to frequency of stress application but also to mix characteristics such as 

the filler, bitumen content and also the grain size distribution [67]. The formation of the Strategic 
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Highway Research Program (SHRP) test parameters implemented in Superpave were based upon 

linear viscoelastic measurements, for example G*/sin and G*.sin [68] where G* is the complex 

modulus and  is the phase angle. 

2.3 Effect of Asphalt Binders on Pavement Performance 

Due to the change in the rheological, chemical and physical properties of asphalt cement which is 

usually caused by several distresses of asphalt pavement, pavements tend to fail after some time 

and find it hard to recover from these distresses. Basic deformations or failures like low 

temperature and thermal cracking, rutting or permanent deformation and fatigue cracking are 

mostly considered to know how a pavement would perform during its service life. 

2.3.1 Low Temperature and Thermal Cracking 

After being established that the rheological properties of asphalt pavement depend on temperature 

amongst other factors, pavement relaxation is higher at high temperatures due to more viscous 

property of the asphalt binder (Figure 2.3). This prevents stress from reaching a level that would 

cause cracks. In colder temperate regions, pavement relaxation is difficult due to the colder 

temperatures experienced during winter. This leads to low temperature cracking because of its 

inadequacy to carry the stress. Cracking occurs at a temperature where the stress exceeds the 

strength of the asphalt pavement.  

Thermal cracking is observed as a result of temperature cycling i.e. the different temperatures the 

pavement is exposed to between day and night and summer and winter [7]. This is common in 

some parts of North America where extreme conditions of both high and low temperatures are 

observed (Figure 2.4). The bending beam rheometer (BBR) is used in characterizing the resistance 

of an asphalt binder to low temperature cracking. 
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Figure 2.3: Mechanism of low temperature cracking [69]. 

 

 
 

Figure 2.4: Transverse or thermal cracking [70] 
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2.3.2 Rutting 

Rutting usually occurs at high temperatures due to the accumulation of unrecoverable strain caused 

by repetitive traffic loading on the asphalt pavement (Figure 2.5). The reduction in the viscosity 

of asphalt pavement at high temperature leads to its viscous flow thereby causing shoving and 

longitudinal depression on the wheel paths under cumulative effect of repeated loading [71].  

 

Figure 2.5: Rutting in asphalt pavement [72]. 

Rutting possibilities are investigated through laboratory analysis using G*/sin𝛿 obtained from DSR 

analysis. Asphalt binders with high viscosity have been observed to perform better when it comes 

to rutting at higher temperatures. 

2.3.3 Fatigue Cracking 

This is caused by the repeated buildup of tensile stresses which pass the tensile strength of the 

asphalt pavement. This process starts by the initiation of cracks and the development of 

microcracks which starts at the underside of the asphalt base (Figure 2.6). The crack propagates as 

the pavement flex and relax continuously over a period of time [7]. After some time, this leads to 

the disintegration of the asphalt layer due to the meeting up of transverse and longitudinal cracks. 
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The G*sin𝛿 parameter is used in the laboratory to simulate the effect of binder rheology on fatigue 

cracking. 

 

Figure 2.6: Fatigue cracking in asphalt pavement [73]. 

 

2.4 Asphalt Test Methods  

Asphalt has a complex structure and difference in components due to different sources. This leads 

to asphalt pavements responding to stress differently. Hence, interpretation of test methods must 

be in relation to the nature of the asphalt [7]. There are conventional methods like the viscosity 

test, penetration test, Fraass breaking test; and the Superpave methods like the dynamic shear 

rheometer (DSR), bending beam rheometer (BBR) and extended bending beam rheometer (EBBR) 

tests which are carried out to understand the physical and rheological properties of asphalt 

pavement.  

The Fraass breaking point test characterizes the properties of asphalt at low temperatures. It 

consists of a bending device, a thermometer, a thin plate made of steel (41 mm x 20 mm x 0.15 

mm), a cooling device and a stand. The plate coated thinly with asphalt is flexed and is repeatedly 
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released until the binder cracks. The temperature at which it reaches its critical stiffness and cracks 

is called the Fraass breaking point. 

The DSR characterizes samples at high and intermediate temperatures using a parallel plate at 10 

rads/s [74]. It is made of an oscillating upper plate which applies shearing forces to the sample. 

The BBR is used to determine the creep stiffness (the measure of stresses caused by thermal 

contraction) and the stress relaxation rate or creep rate in the binder. The test is carried out on older 

pavements because low temperature cracking occurs in long-term aged asphalts. Higher thermal 

stress is reflected in higher values of creep stiffness. The EBBR determines the binder’s response 

to cold temperature exposure for an extended period of time. 
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Chapter 3 

Materials and Experimental Methods 

3.1 Materials 

Virgin asphalt binders were obtained from countries like Canada (mainly from Alberta), Europe 

(Sweden, Poland and Belarus), China and Kuwait. These were compared to check for the effect of 

the composition on the oxidative ability of different binders. Thirty-two samples were used in all 

for the analysis, some of which ranged from soft to hard binders, deep-colored to light-colored 

binders. These varied with the bitumen source.  

3.2 Methodology 

3.2.1 Accelerated Aging 

Amounts of 2.01 g and 6.47 g (+/- 0.01g) of asphalt binder were weighed into labelled stainless-

steel pans to get 1 mm and 3.2 mm thickness respectively. This is to compare the effect of oxidation 

on 1 mm thickness to that of 3.2 mm standard thickness. The pans were arranged on a rack and 

placed in the PAV for aging. Samples were aged under pressure of 2.08 MPa for 20 hours, 40 

hours and 60 hours according to ASTM D 6521-13 protocols. This was done to simulate in-service 

aging that occurs over a 5–15-year period. The aging was carried out at a temperature of 100 °C. 

 

3.2.2 Fourier Transform Infrared (FTIR) Spectroscopy Analysis 

A great understanding of the effect of chemical compositions like carbon, hydrogen, sulphur, 

oxygen and nitrogen with trace metals like vanadium on asphalt binder would help understand the 

effect of the chemical properties on the physical properties of the asphalt. Oxidative aging which 
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is considered to be a major effect on the failure of asphalt pavement has been noticed to be caused 

mainly by sulfoxides and ketones. FTIR was used to analyze important functional groups observed 

in unaged and aged samples (Figure 3.1). A thin film of the asphalt binder was formed on a 

potassium bromide (KBr) disc (Figure 3.2) using toluene as the solvent which was allowed to dry 

before scanning. A Perkin-Elmer Spectrum 400 FTIR spectrometer was used for this purpose.  

 

Figure 3.1: Perkin-Elmer Spectrun™ 400 FTIR spectrometer [75]. 

  

Figure 3.2: KBr disc and a cell holder [76, 77] 
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A background scan was carried out on the spectrometer and the KBr containing the asphalt film 

was placed on the sample holder in the spectrometer. The test was carried out over a wavenumber 

range of 4,000 cm-1 to 400 cm-1 (Figure 3.3). The peak area and height data obtained from the scan 

was used in the analytical determination of different functional groups (Table 3.1). The carbonyl 

and sulfoxide group are formed during the aging process and can be used to evaluate the chemical 

interaction of asphalt during aging. The stretching vibration band of carbonyl is around 1,700 cm-

1 while that of sulfoxide is around 1,000 cm-1. The -CH2- and -CH3 groups are not significantly 

affected by aging and their stretching vibration bands are between 2000 – 4000 cm-1.  

 

Figure 3.3: IR spectrum of an asphalt binder with some identified functional groups [78].  

 

 

 



 35 

Table 3.1: Common functional groups of an asphalt binder [78]. 

 

Carbonyl and sulfoxide indices were obtained by dividing the peak absorbance for the carbonyl 

and sulfoxide bands respectively by the absorbance for the methylene band which was taken as 

the reference peak since it is relatively stable and not affected by the aging procedure.  

 

3.2.3 Dynamic Shear Rheometer (DSR) Test 

To investigate the effect of oxidation obtained by PAV aging on fatigue and rutting behaviour of 

asphalt binders at high and intermediate temperatures, The DSR test was carried out using a TA 

Instruments AR 2000 DSR and a Discovery-2 Hybrid Rheometer (DHR-2) (Figure 3.4a).  
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Figure 3.4: (a) Dynamic shear rheometer [79] and (b) asphalt sample for the DSR test [80]. 

 

 

Figure 3.5: Schematic diagram of DSR method of testing [81]. 

 

The aged samples were heated to obtain a liquid sample and were stirred to ensure an even mixture 

and to remove air. The heated samples were poured in 8-mm and 25-mm diameter moulds (Figure 

(a) 

(b) 
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3.4b) for intermediate and high temperature tests respectively. After cooling to the shape of the 

mould, the samples were placed on the heated bottom plate of the DSR and the upper plate was 

lowered to a trimming gap of 2.100 mm and 1.050 mm for 8 mm and 25 mm plate diameters, 

respectively. Samples were soaked for 10 minutes at a temperature of 64 °C and the excess sample 

specimen was trimmed with a hot tool (Figure 3.5). 

For all prepared samples (aged and unaged), intermediate temperature range DSR frequency 

sweeps were conducted using the 8 mm parallel plate configuration at four temperatures (-2, 10, 

22 and 34 °C) within a frequency range of 0.1-10 rad/sec while high temperature range DSR tests 

were done using the 25 mm parallel plate configuration at 34, 46, 58 and 70 °C temperatures within 

the same frequency range. The samples were tested at a frequency of 0.1 rad/s - 10 rad/s at 0.1 % 

and 2 % strains for 8 mm and 25 mm diameters respectively over five frequency cycles. Data like 

phase angle () and complex shear modulus (G*) were automatically measured by the DSR. The 

phase angle gives the relative amount of the recoverable and non-recoverable deformations. It is 

expressed in terms of the loss modulus (the viscous component G”) and the storage modulus (the 

elastic component G’). The viscous component of the asphalt determines the phase angle; i.e. a 

purely elastic material has  = 0° and a purely viscous material  = 90°. The complex shear 

modulus is a measure of total resistance to deformation under conditions of repeated shearing [82]. 

G* consist of the loss modulus G” and storage modulus G’. It indicates an asphalt’s response to 

applied stress.  The data obtained were used to calculate the high temperature grade of using 

G*/sin()  2.2 kPa and intermediate temperature grade of G*sin()  5,000 kPa as specified in 

AASHTO standard M 320 (Table 3.2). 
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To resist rutting, a binder is expected to be stiff and elastic. A stiffer binder has higher G* and a 

lower . This means they have more elastic part than the viscous part. According to Superpave, a 

less-stiff binder resists fatigue cracking better.  

Table 3.2: Superpave specification grading criteria. 

Material Value Specification Distress of Concern 

Unaged Binder G*/sin()  1.0 kPa Rutting 

RTFO-aged Binder G*/sin()  2.2 kPa Rutting 

PAV-aged Binder G*sin()  5000 kPa Fatigue cracking 

 

3.2.4 Fraass Breaking Point Test 

To determine the brittleness at low temperature caused by oxidative aging, the Fraass test was 

carried out to determine the temperature at which the first crack appears on the uniform thin film 

flexed under descending temperatures. This is called the Fraass breaking point temperature. The 

samples were prepared by weighing 0.4 g of the asphalt binder on a flat steel plate made specially 

for this purpose and was heated on a hot magnetic plate to melt the binder and also to help spread 

uniformly on the plate. A glass rod was used to aid the spread after which the sample was 

transferred to the cooling plate to allow the sample to solidify. The sample was placed on the 

bending device and was placed inside the cooling apparatus at a cooling rate setting of 1 C/min 

and strain of 1.6 %. An automated AntonPaar BPA 5 instrument was used for this purpose (Figure 

3.6). 



 39 

  

Figure 3.6: AntonPaar BPA 5 Instrument used in FRAASS determination [83, 84]. 
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Chapter 4 

Result and Discussion 

4.1 Chemical Analysis by FTIR  

The FTIR analysis was conducted to show the level of oxidative aging that took place in the asphalt 

binders compared with the unaged samples. Identifying functional groups like carbonyl and 

sulfoxide helps in understanding the extent of oxidative aging and its susceptibility to rutting and 

thermal cracking. The 1760 cm-1 to 1655 cm-1 and 1070 cm-1 to 985 cm-1 regions were used to 

estimate the carbonyl and sulfoxide present in the asphalt binders before and after aging, 

respectively.  

From the figures below, M4 had the highest carbonyl index for unaged sample and PAV 60 h while 

PL4 had the least oxidation at PAV 60 h. Sample M4 also had the highest sulfoxide index. It is 

believed that these values would lead to a higher rutting resistance for M4. It was observed that 

PL4 had a stable carbonyl index for PAV 40 h and 60 h. This is also close to what was observed 

for the 1 mm thickness films. The results in general showed an increase in the carbonyl and 

sulfoxide index with increase in aging as was expected from the review of the literature.  
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Figure 4.1: (a) Carbonyl indices (b) Sulfoxide indices for Alberta samples. 
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Figure 4.2: (a) Carbonyl indices (b) Sulfoxide indices for Alberta (Cold Lake) samples. 
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between binders were small relative to the significant increase in oxidative aging with increased 

aging time.  

 

  

Figure 4.3: (a) Carbonyl indices (b) Sulfoxide indices for European samples. 
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From Figure 4.3 (a), EJ showed the highest carbonyl index at unaged and aged samples. As 

observed in Figure 4.3 (b), EL had the least sulfoxide index with EQ being the highest for unaged 

samples while at PAV 60, EH had the highest sulfoxide index with EI being the least. 

 

 

Figure 4.4: (a) Carbonyl indices (b) Sulfoxide indices for Chinese samples. 
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From Figure 4.4 (a), CD had the highest carbonyl index at PAV 60 with CB being the least. In 

Figure 4.4 (b), CD had the lowest sulfoxide index for unaged and PAV 60 binders while CA had 

the highest sulfoxide index for unaged samples with CC being the highest at PAV 60. Some 

selected samples were repeated and a range of difference of 0.0005 in index values were obtained  

 

 

Figure 4.5: (a) Carbonyl indices (b) Sulfoxide indices for Kuwaiti samples. 
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As observed in Figure 4.5 (a), Q4 had the highest carbonyl index at PAV 60 h, with Q3 being the 

lowest while Q3 had the highest sulfoxide index as observed in Figure 4.5 (b). 

 

 

Figure 4.6: (a) Carbonyl indices (b) Sulfoxide indices for Indian samples. 
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Figure 4.7: (a) Carbonyl indices (b) Sulfoxide indices for Polish samples. 
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with sulfoxide index as seen in Figure 4.7 (b).  
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PAV 60 showed the highest carbonyl index which revealed the effect of oxidation on aging which 

later led to an increase in viscosity. Also, the results obtained confirms that carbonyls are formed 

during aging and are of high importance when aging is being considered. Considering different 

binder sources, the effect of oxidation varies with each binder with no significant difference with 

the source. The effect of oxidation on asphalt may have been enhanced by the viscosity of different 

asphalt which varies with the source. 

4.2 Dynamic Shear Rheometer (DSR) Analysis 

The effect of oxidative aging on fatigue cracking and permanent deformation (rutting) was 

evaluated using the DSR. To determine the high temperature grading of the sample, the rutting 

resistance factor of G*/sin()  1.00 kPa for unaged sample was used and G*/sin()  2.2 kPa was 

used for aged samples. Samples with higher high temperature grade performs better at resisting 

rutting during service life. To determine the intermediate temperature grade, the fatigue resistance 

factor G*sin() < 5,000 kPa was used. Some of the samples were repeated to ensure repeatability 

factor of +/- 0.5 C. 

4.2.1 High and Intermediate Temperature Performance Grades 

The high temperature Superpave grade, HTPG or XX, is evaluated using G*/sin(), with an 

increasing value indicating a reduction in the rutting susceptibility of the asphalt binder. A binder’s 

resistance or susceptibility to fatigue cracking depends on its intermediate temperature 

performance grade. This is based on the specification of Superpave binder according to AASHTO 

M 320. Higher ITPG in binders lead to more susceptibility of the binder to fatigue cracking.  
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Figure 4.8: (a) High and (b) Intermediate temperature grading of unaged and aged samples of 

Alberta binders. 
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reflected from the effect of carbonyl on hardening of asphalt. It is worthy to note that the 20-hour 

PAV aging of 1 mm thickness asphalt binders had a similar result with that of 40-hour PAV aging 

of 3.2 mm thickness. PL4 showed a better resistance to fatigue cracking for unaged and aged 

binders while M4 had the least resistance to fatigue cracking as seen in Figure 4.8 (b). The limiting 

temperature performance grades increased with increasing aging hours.  

  

 

Figure 4.9: (a) High and (b) Intermediate temperature grading of unaged and aged samples of 

Alberta (Cold Lake) binders. 
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CL-64-22 showed a better rutting resistance through unaged and aged samples as observed in 

Figure 4.9 while O 58-28 had the least resistance in unaged and aged binders. CL 64-22 could be 

compared with Figure 4.2 (b) with the highest sulfoxide index. CL 64-22 showed a high 

susceptibility to fatigue cracking in unaged and aged samples. This is likely due to its level of 

oxidation. 

 

 

Figure 4.10: (a) High and (b) intermediate temperature grading of unaged and aged samples of 

European binders. 
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EQ had a good rutting resistance for unaged and aged binders while EH had the least resistance 

for unaged and aged binders as observed in Figure 4.10. EQ had highest susceptibility to fatigue 

cracking for unaged and aged binders, EI had the least for unaged samples with EJ similar to that 

obtained for EI in unaged sample whereas EJ had the least resistance to rutting for PAV 40 and 60 

as observed in Fig. 4.10 (a). In Figure 4.10(b), EJ has a better resistance to fatigue cracking with 

aging as compared to other European binders.  

 

 

Figure 4.11: (a) High and (b) Intermediate temperature grading of unaged and aged samples of 

Chinese binders. 
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As observed in Figure 4.11 (a), CB had the highest rutting resistance while CD had the lowest for 

unaged and aged samples. The values are similar for Chinese binders. These could be assumed to 

have been as a result of the viscosity of the binders reducing the flow of the reacting species thereby 

limiting their reaction. In Figure 4.11 (b), it could be seen that CA is more resistant to fatigue 

cracking while CD had the least resistance for unaged samples with similar result from CC. At 

PAV 60, CD had the highest resistance to fatigue cracking while CC had the least resistance to 

fatigue cracking with similar result from CE. 

As indicated in Figure 4.12 (a), Q3 had the highest HTPG reflecting the effect of sulfoxide 

oxidation on the performance grade. As observed, Q5 had the least resistance to rutting while 

considering Figure 4.12 (b), Q5 showed a better resistance to fatigue cracking while Q3 showed 

the least resistance. Overall, there is a reduction in resistance to fatigue cracking as aging increased. 
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Figure 4.12: (a) High and (b) Intermediate temperature grading of unaged and aged samples of 

Kuwaiti binders. 
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Figure 4.13: (a) High and (b) Intermediate temperature grading of unaged and aged samples of 

Indian binders. 
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4.13 (b), ER3 shows a higher susceptibility to fatigue cracking with ER2 showing a better 

resistance to fatigue cracking. 

 

 

Figure 4.14: (a) High and (b) Intermediate temperature grading of unaged and aged samples of 

Polish binders.  
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Figure 4.14 supports the effect of oxidative aging on asphalt binders. EN showed a higher 

resistance to rutting and this correlates with the carbonyl index seen in Figure 4.7. In Figure 4.14 

(b), EN could be seen to be more prone to fatigue cracking. 

4.2.2 Limiting Phase Angle Temperature  

The DSR was used to obtain the phase angle and the complex modulus of the binders. This 

determines the viscous and elastic response of the binder. The samples were analyzed for 

temperatures between 70 °C to -2 °C at interval of 12 °C. The limiting phase angle temperatures 

were obtained for phase angles 30° and 45° by extrapolation. Due to the climate condition in 

Canada, low temperature cracks cannot be overemphasized. Hence, the emphasis on the limiting 

temperature of asphalt binders at phase angle 30°. The temperature at phase angle 27° to 30° 

determines the low temperature cracking properties of the asphalt. At phase angle 45°, the viscous 

to elastic transition temperature of the asphalt binder is determined. 

Figure 4.15 (a) confirms that PL4 performs better at lower temperatures for aged and unaged 

samples as seen in Figure 4.15 (a) while F3 had the highest for unaged and M4 for aged samples 

which depicts that M4 would be prone to thermal cracking over long-term aging.  The differences 

observed is as a result of the differences in distillation cut points for the binders. Hence, the grade 

span is a better gauging tool to determine how well it functions with aging as compared to the 

individual grade temperatures. 
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Figure 4.15: Limiting phase angle temperatures (a) 30 (b) 45 (c) 60 of unaged and aged samples 

of Alberta binders. 
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Figure 4.16 confirms the least resistance of CL-64-22 to fatigue cracking for unaged and aged 

samples. 

 

 

 

Figure 4.16: Limiting Phase Angle Temperatures (a) 30 (b) 45 (c) 60 of unaged and aged 

samples of Alberta (Cold Lake) binders. 
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Figure 4.17: Limiting Phase Angle Temperatures (a) 30 (b) 45 (c) 60 of unaged and aged 

samples of European binders. 
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Figure 4.18: Limiting Phase Angle Temperatures (a) 30 (b) 45 (c) 60 of unaged and aged 

samples of Chinese binders. 
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Figure 4.19: Limiting Phase Angle Temperatures (a) 30 (b) 45 (c) 60 of unaged and aged 

samples of Kuwaiti binders. 
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Figure 4.20: Limiting Phase Angle Temperatures (a) 30 (b) 45 (c) 60 of unaged and aged 

samples of Indian binders. 
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Figure 4.21: Limiting phase angle temperatures (a) 30 (b) 45 (c) 60 of unaged and aged samples 

of Polish binders. 

EO shows a better performance in cold climate regions while EN performs the least. 
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4.2.3 Grade Span Analysis 

The grade span of different binders was determined using the high temperature performance grade 

of the unaged binders and the limiting temperatures of phase angle 30 for the PAV aged residues. 

The grade span distinguishes binders of great quality from that of inferior quality. A high grade 

span suggests that the binder performs better. A general decrease in grade span of the binders was 

observed upon aging.  

Figure 4.22: Grade span of unaged and aged samples of Alberta binders. 
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Figure 4.23: Grade span of unaged and aged samples of Alberta (Cold Lake) binders. 

 

Figure 4.24: Grade span of unaged and aged samples of European binders. 
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Figure 4.25: Grade span of unaged and aged samples of Chinese binders. 

 

Figure 4.26: Grade span of unaged and aged samples of Kuwaiti binders. 
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Figure 4.27: Grade span of unaged and aged samples of Indian binders. 

 

Figure 4.28: Grade span of unaged and aged samples of Polish binders. 
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a very high value of the high temperature performance grade of the binders before aging. Alberta 

binder dropped sharply during aging but showed a level of stability with prolonged hours of aging. 

This is also observed with the European and Kuwaiti binders. 

 

Figure 4.29: Grade span of unaged and aged samples of selected samples from different sources. 
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Figure 4.30: Fraass results of unaged and aged samples of Alberta binders. 

 

 

Figure 4.31: Fraass results of unaged and aged samples of Alberta (Cold Lake) binders. 
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Figure 4.32: Fraass results of unaged and aged samples of European binders. 

 

 

Figure 4.33: Fraass results of unaged and aged samples of Chinese binders. 
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Figure 4.34: Fraass results of unaged and aged samples of Kuwaiti binders. 

 

 

Figure 4.35: Fraass results of unaged and aged samples of Indian binders. 
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Figure 4.36: Fraass results of unaged and aged samples of Polish binders. 
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Chapter 5 

Summary and Conclusions 

The virgin binders showed different properties due to the differences in source they are obtained 

from. Some binders, like the Chinese, would perform better in the hot climatic regions while 

binders like European and Alberta would perform better in the colder regions. There was an 

increase in stiffness and a decrease in phase angle generally with increasing aging which increased 

the binder’s susceptibility to fatigue cracking and also, resistance to permanent deformation as the 

case may be. The binder stiffness varied with the sources. This might have been from the effect of 

the viscosity of different binders which also varied with the source. 

The carbonyl and sulfoxide functional groups were checked to determine the extent of chemical 

oxidation. There was a bit of variation in the effect of chemical oxidation on the rheological 

properties of different binders. Most of the binders followed a general trend of a decrease in the 

durability of the asphalt binders as oxidation increased with the trend correlating more with the 

carbonyl than the sulfoxide. Since asphalt binders are complex structures with varying 

compositions from different sources, other factors must have contributed in their response to 

oxidative aging like the metallic content, wax content, the color amongst others. 

The rheological properties mostly supported the oxidative effect of aging on the binders with a 

higher majority correlating with the carbonyl index. The limiting phase angle temperatures at 30o 

helped in analyzing the low temperature performance of the binder instead of using the EBBR. 

The binders generally showed similar rheological properties across different rheological tests 

carried out. 
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Overall, the binders showed similarities in both chemical and rheological properties with 

increasing aging. It was also observed that asphalt binder aged at 1 mm thickness for 20 hours had 

close properties with those aged at 3.2 mm thickness for 40 hours. Binders from Alberta, Europe 

and Kuwait seem to perform better for paving in very cold regions as compared to Cold Lake, 

Indian, Chinese and Polish sources. This effect may have been enhanced by the effect of viscosity 

on the binders which varies with sources. 
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