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Abstract 

The objective of this thesis is to validate existing specification protocols, to monitor the chemical and 

rheological properties of Bolivian, Canadian and Costa Rican samples after being environmentally 

exposed for a year and compare these with samples subjected to standard and modified protocols that 

simulate long-term aging in the material. The project focuses on the chemical changes obtained in the 

material after exposure to rigorous oxidation processes and its relation with the deterioration in the ability 

to release the distresses at low temperatures causing premature cracking and loss of pavement integrity. 

Within the chemical analysis Fourier transform infrared spectroscopy and X-ray fluorescence 

spectroscopy were employed to quantify the degree of oxidation and corroborate the presence of metals 

originating from recycled engine oil bottoms, respectively. Rheologically, the samples were analyzed in 

the dynamic shear rheometer, the regular bending beam rheometer (BBR), and the Extended BBR 

(EBBR), to obtain information related to fatigue and rutting resistance, rheological behavior at low, 

intermediate and high temperatures, and measure the stiffness at low temperatures after prolonged 

conditioning times. The ductile failure analysis was carried out using the double-edge-notched tension 

protocol which provides information about the critical crack tip opening displacement parameter, which is 

related to fatigue resistance. Finally, using modulated differential scanning calorimetry, the change of the 

glass transition with the different aging states and different cooling rates is studied. 

 

The appearance of unsaturation and increases in oxygen content in the environmentally aged samples lack 

correlation with the methods that simulate long term aging in laboratory making it impossible to validate 

the standard protocols. It is necessary to correlate the changes in the chemical structure of asphalt, the 

susceptibility to the oxidation of its molecules and the performance in service of the material. Besides, it 

was found that the modification of the binder with REOB and subjecting the asphalt to blowing processes 

to comply with the specification causes the asphalt to accelerate its oxidation and directly affect its 
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performance in service. Modifications of the existing protocols generated great benefits when it comes to 

correlating and conditioning the samples more realistically to their state in service.  
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Chapter 1 

Introduction 

1.1 Overview 

Road infrastructure is a factor of vital importance for the socio-economic development of a nation; 

adequate designs, performance indicators, and maintenance plans provide security and sustainability to 

road projects that in turn contribute to the development of a country. The maintenance costs of transport 

structures and consulting work linked to these processes are very high. Therefore, it is crucial to provide 

adequate specification parameters that associate the real pavement conditions and, thus, improve the 

quality control of infrastructure projects [1]. 

For the design of pavements, asphalt is considered as the material that best meets the requirements and 

service conditions and durability; its physical properties allow this material to adapt and withstand 

environmental changes and loads associated with traffic. The laboratory protocols and quality standards 

that have been used for the specification of asphalts according to the Association of State Highway and 

Transportation Officials (AASHTO M320 and AASHTO MP1 [2, 3]), present limitations since they are 

empirical rather than mechanistic. There have been projects in which bitumens with the same 

specification grades reflect big difference in service performance [4]. One of the main methods adopted 

by the Strategic Highway Research Program (SHRP) to simulate the condition of aging presented by the 

pavement in service is the pressure aging vessel (PAV). The lack of accuracy of the method may be 

related to not involve within the specifications the chemical transformations that occur in the asphalt 

when it is oxidized. The oxidation process promotes the formation of unsaturation or double bonds, 

aromatic structures, as well as an increase in polarity and intermolecular interactions. These changes alter 

the rheological and mechanical response of the material, affecting its fragility significantly and making it 

more vulnerable to fracture [5]. Parameters such as precipitation, evaporation, fluctuation of the water 

table, freezing and thawing, ultraviolet rays, the altitude of the field, and the thickness of the asphalt layer 



 

2 

 

should be adopted in the standard tests that certify the behavior of the binder so that they can contribute to 

the accuracy of the specification or the performance of the material [5, 6]. 

A deep understanding of the transformations that asphalt components present throughout their service 

life, the analysis of the different forms of pavement failure as well as their precursors, would help to 

correlate their performance, forecast the longevity of the projects and the designs that will be in service. 

Therefore, the costs associated with maintenance would be positively influenced as well as the control in 

the life cycle analysis of the material. 

 

1.2 Nomenclature and Terminology 

1.2.1 Asphalt 

Asphalt is one of the world's oldest engineering materials characterized by its waterproofing properties, 

flexibility, and adhesiveness. It is a thermoplastic material soluble in carbon disulfide and many aromatic 

solvents [7]. At room temperature, it is generally semi-solid and elastic, but when exposed to high 

temperatures (120°C-165°C) it behaves like a Newtonian liquid. This behavior gives it more 

manageability and applicability to be pumped through pipes, sprayed or mixed with aggregates to form a 

solid pavement. At intermediate temperatures, asphalt exhibits a relatively complex rheological behavior 

[7]. 

Throughout its history, the term asphalt has been used interchangeably to describe the material coming 

from a manufactured form (product of oil refining) with a variety of naturally occurring substances. 

Therefore, to avoid confusion, it is essential to know that each term is adjusted depending on the location, 

place of origin and its applications. In Europe, the term bitumen has the same definition as the term 

asphalt in the United States, a dark brown to black material derived from the refining of petroleum. 

Unlike the concept used in Europe, the United States defines the word bitumen as a material of natural 

origin [8, 9]. 
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1.2.2 Sources of Asphalt 

1.2.2.1 Refining of Petroleum  

Asphalt is an engineering material that requires specifications based on its physical properties. The most 

common method for obtaining it is through the distillation of crude oil in a refinery (the asphalt is a 

residual product). Obtaining asphalt from crude oil distillation processes has several stages that involve in 

general terms the elimination of light components (low molecular weight components, such as gases or 

oils). These processes allow the separation of the raw material (crude) in sub-products of high 

commercial power in favor of its boiling points [7]. 

Heavy and non-volatile components are obtained as bottom product or residue from atmospheric and 

vacuum distillation. Then, the bottom product has a high softening point, and high distribution of polar 

components that give one of the most advantageous properties to the material, its adhesiveness (asphalt is 

good at binding with the aggregates). The asphalt obtained from the distillation columns may not comply 

with some parameters required by the industry; therefore, it may be processed in a subsequent process [7]. 

This stage modifies the material employing air blowing in an oxidizer. Figure 1.1 shows a general 

representation of the asphalt manufacturing process [7]. 

 

1.2.2.2 Naturally Occurring Materials 

Bitumen is the way in which asphalt occurs naturally. These deposits were formed thanks to “the remains 

of ancient, microscopic algae (diatoms) and other once-living things” [7], which settle in the bottom of 

oceans, lakes or other sites where these species lived. The effect of parameters such as temperature and 

high pressure converted these remains into what is now known as oil and bitumen [7]. Examples of sites 

where bitumens were found in hard or soft solid form are: 

•    The Trinidad Pitch Lake deposits in the Republic of Trinidad and Tobago; 

•    The oil sands of Western Canada; 

•    Gilsonite deposits in State of Utah; and 
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•    Brea Tar Pits in Southern California. 

It is important to emphasize that before the artificial production of asphalt through the refining of crude 

oil, natural deposits constituted the primary source of asphalt material [7, 10]. 

 

Figure 1.1 General representation of asphalt manufacture; the feedstock can be a residuum from the 

atmospheric distillation tower or from the vacuum distillation tower [7]. 

 

1.2.3 Asphalt Cement 

Asphalt is produced with different levels of hardness and a certain degree of fluidity. The semi-solid 

material, which has as its main applicability the construction of pavements or asphalt concrete, is called 

asphalt cement. On the other hand, those asphalts in the liquid state are the product of a mixture of asphalt 

cement with petroleum distillates or their emulsification with water [7]. 

 

1.2.4 Asphalt Concrete 

Asphalt concrete is the combination of two materials: mineral aggregate and asphalt cement. These two 

ingredients are combined in the following proportion: 90-95 % w/w aggregate and 5-10% w/w asphalt 

binder [7]. 



 

5 

 

The process requires efficient manufacturing conditions, primarily to maintain the temperature that will 

allow the binder to remain in a liquid state to adequately cover the aggregate, as well as being able to 

guarantee an accurate replication of the design programmed for the required location (temperatures of 

mixing and compaction, distribution of its components including the percentage of voids). Asphalt 

concrete is known by different terms, such as Hot Mix Asphalt (HMA), Warm Mix Asphalt (WMA), 

Cold Mix Asphalt (CMA), plant mix, bituminous mix, and bituminous concrete [7]. Figure 1.2 shows the 

temperatures at which HMA, WMA and CMA processes are carried out [11]. 

 

 

Figure 1.2 Classification of asphalt mixtures according to production temperature [11]. 

 

1.3 Composition and Structure of Asphalt 

Asphalt is a material whose distribution of its components varies according to the source and process by 

which it was developed. Parameters such as the source or type of crude processed, temperatures, 

pressures and other operating parameters produce a type of product with unique characteristics; therefore, 

its complete chemical characterization is complex and not widespread. An elemental analysis of the 

components shows that most asphalts possess, carbon (82-88%), hydrogen (8-11%), oxygen (0-1.5%), 

sulfur (0-6%), and nitrogen (0-1%) [10]. These elements form hydrocarbon molecules, “with several 

heterocyclic species and functional groups that contain nitrogen, sulfur and oxygen atoms” [10]. Also, 
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“contains trace amounts of metals such as nickel, vanadium, iron, calcium and magnesium, which occur 

in the form of metallic salts, oxides or in porphyrin structures” [10]. 

 

1.4 Asphalt Classification According to its Solubility 

One of the most used techniques to characterize the components present in asphalt is chromatography. 

This technique takes into account the adsorption of the material to the components of a stationary phase 

(e.g. silica gel/alumina) and the solubility of the sample in corresponding solvents, achieving the 

separation of four groups called: saturates, aromatics, resins and asphaltenes (frequently called SARA) 

[10]; the polarity of the groups increases according to the order previously shown. Each group grants 

properties that are reflected in the performance or response of the material. Below is a diagram of the 

separation of the components of the asphalt to be eluted in specific solvents [10]. 

 

Figure 1.3 Schematic of (SARA) chromatographic method [10]. 

 

It is important to have a clear definition of each one of these constituents since their morphology and 

reactivity play an essential role in the performance of the asphalt binder. The first fraction, saturates, are 
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hydrocarbons of low molecular weight and low polarity characterized by the presence of paraffinic 

structures (linear structures with saturated bonds) and naphthenic structures (cyclic structures with 

saturated bonds); its presence in asphalt cement represents 5-20% [10, 12]. The fraction of aromatics is 

characterized by the presence of cyclic aromatic structures, paraffinic and naphthenic carbons, and sulfur 

atoms; they constitute 40-65% of the total asphalt [10, 12]. Resins are distinguished by the presence of 

polar components, functional groups that contain oxygen, nitrogen and sulfur atoms. Resins contain more 

cyclic structures of aromatic, naphthenic and heterocyclic types [10, 12]. Finally, the asphaltene fraction 

is characterized by having a structural complexity by presenting substituted aromatics with aliphatic, 

naphthenic and heterocyclic groups; the fraction contains atoms of oxygen, nitrogen, sulfur, nickel, and 

vanadium. These are the structures with the highest molecular weight and polarity and constitute 5-25% 

of the total asphalt sample [10, 12]. Figure 1.4 shows the morphology of each fraction [12]. 

 

 

Figure 1.4 Type of asphalt composition SARA [12]. 
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1.5 Asphalt Structure 

Another way to characterize the asphalt is through the colloidal system that presents the material thanks 

to the distribution of the structures previously described (SARA). The system consists of a micellar layer 

of high molecular weight (asphaltenes) dispersed in an oily layer of lower molecular weight called 

maltenes, which includes the saturates, aromatics and resin fractions. When the amounts of resins and 

aromatics are enough to maintain the asphaltenes in an adequate power of solvation, the micelles have 

greater mobility and the asphalt cement is called a sol-type (Figure 1.5) [10]. On the other hand, if the 

fractions of aromatics and resins are not strong or abundant enough to solvate the asphaltenes, the latter 

tend to agglomerate and form a more compact irregular structure that limits the mobility of the same; 

asphalts with these characteristics are known as gel-like structures (Figure 1.6) [10]. 

 

 

Figure 1.5 Schematic representation of sol-type bitumen [10]. 
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Figure 1.6 Schematic representation of gel-type bitumen [10]. 

 

1.6 Asphalt Oxidation 

As it was possible to observe previously, the fractions present in the asphalt, have a chemical distribution 

(polarity) characteristic to its source or obtaining method. Once asphalt is exposed to specific processes or 

environmental factors, chemical transformations are generated and favor the increase of oxygen, 

unsaturations and aromatic compounds; oxidation increases the polarity of the material and alters the 

rheological and mechanical response (increasing the elastic response) [5]. As a consequence, the asphalt 

hardens and creates an unfavorable condition, affecting the performance of the material in service 

significantly, making it more fragile and vulnerable to cracking [5, 7]. 

Several research groups have worked on the transformation and reactivity of each of the components of 

asphalt with oxygen. Corbett and Merz tracked some roads for 18 years in service and found that due to 

the low reactivity of the saturates components, there was no measurable loss of this fraction [13, 14]. On 
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the other hand, they attributed the change of the other three fractions remaining to the movement or 

transformation of the components of lower polarity to those of greater polarity [7, 15], as shown below: 

Oil (aromatic) constituents → resin constituents → asphaltene constituents. 

Upon the redistribution shown above, factors such as softening point and viscosity increase notoriously 

[7]. 

 

1.7 Performance Grading 

The characterization or specification of a material allows for the correlation and understanding of its 

intrinsic properties to predict its performance for a particular task. The chemical complexity of asphalt 

prevents its specification from contemplating this critical aspect, and instead, its classification is 

elaborated based on its rheological, physical or mechanical behavior. An adequate specification for 

asphalt binder should provide information that correlates the performance of the material under certain 

geographical conditions, variations of seasons and temperatures, in addition to the traffic to which it will 

be exposed. 

The standardization of procedures that allow the quantification of the degree of performance of a material 

is of great importance for the sustainable implementation of road infrastructure projects. In the United 

States, the standardization of these procedures is carried out by two organizations, namely ASTM 

International and the American Association of State Highway and Transportation Officials (AASHTO) 

[9]. Over the years, different types of methods have been developed in order to evaluate the quality of 

asphalt materials, but many of these fail to provide a reasonable degree of correlation with the behavior 

shown in service; for example, penetration and viscosity methods. The need to improve certain 

shortcomings in standardization brought with it the development of a new program that characterizes the 

material taking into account parameters and tests that simulate the performance of the material in a 

service time that varies from 6 to 10 years. The Strategic Highway Research Program (SHRP) was a 

project funded by the United States Congress for the improvement of the quality of the roads. SHRP was 
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an investment of $150 million of which $50 million correspond to the specification of the asphalt binder. 

As a result of this research program, SUPERPAVE was born (AASHTO M320, ASTM D6373), which 

derives its name from SUperior PERforming PAVEments [9, 16]. 

The specification of the material is based on the analysis of its rigidity concerning stages of aging and its 

correlation with maximum loadings and environmental conditions to which it will be exposed. Different 

observations, monitoring of climatic conditions and corrections were made to obtain the temperature 

average that the material will face at each season (hottest 7-day period, and estimate the temperature of 

the pavement at a depth of 20 mm). As a result, through this methodology, two temperatures are obtained 

that demarcate the limits or the range in which the material will have a favorable service performance [9]. 

In general, the Superpave specification is expressed using the PG (Performance Grade) nomenclature 

XX-YY; where the first acronym XX establishes the figures of the upper temperature and -YY is 

associated with the lower temperature, range in which the material can be exposed. For example, an 

asphalt binder that presents a PG 64-34 indicates that the asphalt can resist rutting up to a temperature of 

64°C and overcome thermal cracking at low temperatures down to -34°C. 

 

1.7.1. Elevated Service Temperature Test Methods 

 𝑮∗/ 𝐬𝐢𝐧 𝜹  

Through the use of the DSR (dynamic shear rheometer), it is possible to obtain a rheological parameter, 

𝐺∗/ sin 𝛿, which has been shown to be highly linked to the tendency of the material to permanent 

deformation (rutting). The components of this parameter are complex shear modulus (𝑮∗), and phase 

angle (𝜹); they relate to the viscous and elastic components, and thus the brittleness of the material [9]. 

 

 Multiple Stress Creep-Recovery Test 

There are asphalt binders that when modified with polymers or other additives, their behavior at high 

temperatures is transformed and have a complex response, therefore, the previous method does not 
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generate an adequate correlation. Therefore, SHRP developed a test that measures the non-recoverable 

creep compliance that relates the properties of the material at high service temperatures [9]. 

 

1.7.2 Intermediate Temperature Fatigue Test Methods 

 Loss Modulus; 𝑮∗ 𝐬𝐢𝐧 𝜹  

One of the most important failures that the asphalt material can present is fatigue or loss of stiffness. The 

loss modulus provides information on the part of the energy that is dissipated and is used for the 

generation of microcracks that ultimately lead to fatigue of the asphalt mixture [9]. 

 

1.7.3 Low Temperature Test Methods 

 Bending Beam Rheometer Test (BBR) 

The lower temperature limit is one of the most important parameters, especially in places where winter 

promotes rigid and fragile behavior on the pavement causing failure and dangerous conditions when 

traveling. This limit is determined by means of analysis of the binder in the BBR (Bending Beam 

Rheometer), which provides an indication of the ability of a binder to dissipate stresses or relax [17]. The 

method mentioned above lacks, however, of an adequate correlation with the actual performance of the 

material in service. In later chapters, you can see more detail about this and other types of failure [9]. 

 

1.8 Ontario Ministry of Transportation Test Standards 

The methods involved in the Superpave specification lack factors that are very important for the 

evaluation and correct prediction of the performance of the material. The physical aging or hardening, and 

the chemical transformations associated with aging are properties that contribute significantly to the 

response of the material after being exposed to certain processing and service conditions. The tests used 

by Superpave lack the necessary simulation and conditioning of the samples to provide an accurate result 

of their performance. Therefore, under the research conducted at Queen's University, a set of new and 



 

13 

 

modified tests were generated that more effectively predict the performance of the material [18, 19]. 

These test methods are: 

1. Extended Bending Beam Rheometer (EBBR) (LS-308) [20]; 

2. Double-Edge-Notched Tension (DENT) (LS-299) [21]; and 

3. Modified Pressure Aging Vessel (LS 228) [22]. 

 

1.9 Scope and Objectives 

A road in a deteriorated condition represents risks and high maintenance costs. These are the main 

reasons why several organizations, governmental entities, and researchers have focused their attention to 

improving the methods that allow correlating physical parameters and the pavement's design with their 

performance in service and its longevity. Besides, the development of practices that contribute to 

improving the performance of the asphalt binder or the mixture is growing. One of the advances is related 

to the use of modifiers such as polymeric additives, fillers, and modifiers that contribute significantly to 

the environment; some additives reduce the temperatures of mixing and compaction, which minimizes the 

emissions characteristic of high-temperature processes. All the contributions presented over the years 

have improved the control of the parameters that allow better management of the pavements. However, it 

is essential to highlight the deficiencies of many methods adopted for the specification of the materials, 

since the lack of correlation between their experimental laboratory analysis and their actual performance 

in the service has been demonstrated. 

One of the critical factors that have been neglected or is not linked as a critical parameter in the design or 

specification of the asphalt binder is the oxidative behavior of it. Although it has been complicated to 

cover this issue due to the structural complexity that the asphalt presents, it is essential to keep track of 

the internal or chemical changes that the binder presents over the years in service, in order to foresee its 

behavior. Also, it is important to create new methods or improve those already established, to more 

accurately recreate the actual behavior of asphalt mixtures, making the designs more reliable. 
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In the document presented below, the chemical, physical and rheological changes of asphalts coming 

from Bolivia, Costa Rica, and Canada are measured after exposing them to accelerated aging processes; 

the PAV protocol was performed to correlate and evaluate accredited procedures done to the asphalt at 

the laboratory level with their real performance in service. In this project, the protocols were slightly 

modified, by increasing the exposure time and by decreasing the amount of material in the Pressure Aging 

Vessel (PAV). The conditions in the Bending Beam Rheometer and Double Edge-Notched Tension were 

also modified, and the respective chemical and rheological responses to each modification were 

evaluated. 
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Chapter 2 

Literature Review 

2.1 Aging of Asphalt Binder and Mixtures 

The aging process that the binder and asphalt mixture present due to the continuous exposure of 

operational, environmental and service factors alters the chemical, physical, mechanical, and rheological 

properties of the material, making it more vulnerable to failure and loss of performance. Intrinsic 

properties of the mixture, such as chemical composition of the binder, type of mineral aggregate, the 

content of voids, and the thickness of the asphalt film that covers the aggregates, are own conditions that 

intervene in the aging of the mixture. In turn, external conditions, such as temperatures of mixing and 

compaction, storage, transport and construction of the asphalt layer, humidity, ultraviolet radiation, 

ambient temperature, and exposure or accessibility to oxygen, contribute significantly to the aging 

process [5, 6]. 

The effect of each of the parameters mentioned above has been the subject of study and research by 

numerous authors. It is essential to understand how these aging environments and conditions affect the 

hardening and brittle of the mixture. Concerning physical changes, it has been shown that the aging of 

asphalt causes a decrease in penetration and ductility and increases the softening point and the ignition 

point [23]. From the mechanical and dynamic point of view, an increase in the modulus is observed, 

which in turn means hardening of the material and a decrease in rutting [24, 25]. The chemical changes 

are due to a rearrangement of the SARA fractions, molecular interactions and the formation of new 

functional groups due to the reaction of the fractions with oxygen [26]. Rheologically, the phase angle 

decreases and the viscosity increases [15]. Later will be shown the effects of aging on the chemical 

composition, molecular interactions, and rheology of the asphalt binder.                                                                      
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The changes shown above occur through fifteen mechanisms or factors. The most important are the so-

called volatilization, oxidation, physical hardening (steric), polymerization reactions, and the exudation of 

oils [10]. 

 

2.2 Factors that Affect the Aging of the Asphalt Binder and Mixtures 

Many authors have worked on the prioritization of the mechanisms that contribute to the aging of the 

material. One of them was Petersen [27], who indicated the three fundamental factors that govern the 

changes that could cause the hardening of asphalt binder:  

 Loss of volatiles: Loss of oil components of asphalt due to volatility or due to exudation; 

 Oxidation: Changes in the chemical composition of the bitumen molecules by the reaction with 

oxygen in the air; and 

 Thixotropic effects (steric hardening): Molecular structure that produces thixotropic results.  

As Petersen, more authors worked on the identification of these factors, and some selected fewer 

variables than others [28] but it was Traxler [29] who generated a complete list with fifteen factors that 

can significantly affect the rheological, chemical and bonding properties of the binder. Some of these 

factors are photochemical reactions, polymerization, oil exudation, water action, chemical reactions, and 

microbiological deterioration. The list of the fifteen factors can be seen in Table 2.1. 

 

2.2.1 Irreversible Aging 

The most important mechanisms are those associated with the chemical rearrangement of asphalt and that 

produce irreversible changes: 

 Oxidation 

As noted in chapter one, the organic fractions present in the asphalt have degrees of polarity, therefore, 

when atmospheric oxygen encounters the binder, a series of reactions are generated that cause specific 

functional groups to be created and increased and alter parameters in response to oxidation. Oxidation 
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increases the carbonyl functional group, the sulfoxide content, the viscosity, the asphaltene content and, 

in turn, decreases penetration and ductility [30, 31]. The rate and magnitude of the oxidation will depend 

on the air temperature and the chemical characteristics of the asphalt binder and the asphalt mixture. 

Later, the effects of oxidation on molecular interactions, changes in the chemical and rheological 

composition of the asphalt binder can be observed more in-depth. 

 Volatilization 

It is a process characterized by the loss or evaporation of light components by heating the material during 

mixing and compaction. When this phenomenon occurs, the concentration of asphaltenes (high polarity 

components) increases, which produces an increase in the hardness and rigidity of the asphalt. This 

mechanism usually occurs at high temperatures (when the pavement is built). Therefore, it is presented as 

part of the short-term aging [32]. 

 Syneresis 

Syneresis is an exudation reaction by which less viscous oils flow towards the surface of the binder film. 

With the elimination of these oily constituents, the asphalt cement hardens quickly [32]. 

 

Table 2.1 Mechanisms that affect asphalt aging [10, 29]. 
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 Polymerization 

Polymerization is the reaction between active groups of hydrocarbon molecules present in the asphalt, 

which increase the average size of the particles and the molecular weight of the colloidal structure of the 

asphalt cement. This process is accelerated at high temperatures [30]. 

 

2.2.2 Reversible Aging  

Also known as age hardening, physical hardening, steric hardening or thixotropy, is associated with the 

slow reorganization of the asphaltene and resin molecules and crystallization of waxes [33, 34]. Steric 

hardening is a time-dependent process, takes place at ambient and below-ambient temperatures. This 

hardening effect is reversible on the application of heat. 

 

2.3 Phases of Aging 

The aging of the asphalt occurs in two stages; the first is due to short-term aging caused by the loss of 

light components (volatilization); this is related to the oxidation that presents the asphalt during the 

mixing and compaction processes. A second stage corresponds to a slow process or long-term aging that 

is related to the degradation of the material due to its exposure to environmental factors and its 

performance in years of service [10]. 

 

2.3.1 Short-Term Aging 

High temperatures during the manufacturing process of the asphalt mixture cause the material to lose light 

components in a very short period. The asphalt binder must be heated to allow adequate fluidity (160°C), 

then it is put in contact with the hot aggregates (200°C-250°C) forming a layer or thin film that covers 

them. During this stage, the extreme temperature conditions and the thickness of the film (when reducing 

the thickness of the bitumen film the viscosity of the asphaltic binder increases significantly), they make 

the material react more quickly with oxygen, increasing the aging level [10]. 
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2.3.2 Long-Term Aging 

In this stage, the material is aged through the oxidative processes that occur during years of service life. 

Factors such as humidity, UV rays, and the diffusion of oxygen present in the atmosphere allow this to be 

an inevitable process. A parameter as the high contents of voids in the mixtures due to inadequate design 

or the alteration of the same when the operating conditions are not very well controlled allows a constant 

intake of air (oxygen) that substantially weakens the performance of the material [10]. The Figure 2.1 

shown below describes the correlation between the aging stages and the aging index, which can be 

established as the ratio of two values  (e.g. viscosity, stiffness, penetration) measured at different times or 

after being exposed to specific operational and environmental conditions [10, 35]. 

 

Figure 2.1 Aging of asphalt binder during mixing, during storage, transportation and application, and in 

service [10]. 

 

2.4 Fundamentals of Asphalt Oxidation 

One of the important factors for the durability of the pavement is the rheological behavior of the asphalt 

binder and how changes in time. Changes in the flow properties of asphalt can cause performance losses 
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and failure of the asphalt mixture. As mentioned before, asphalt is an organic product of high chemical 

complexity, which upon contact with atmospheric oxygen is oxidized; chemical modification because of 

oxidation affects the rheology of the material and this aging condition contributes to the embrittlement 

and the consequent cracking of the pavement [5]. The increase of molecular interactions in response to 

the appearance of highly polar functional groups is one of the first causes of oxidative hardening. 

Therefore, these molecular interactions at a macro level make the asphalt properties comparable to those 

presented in the polymeric materials [15]. 

 

2.4.1. Sensitivity of Asphalt Component Fractions to Oxidation 

The SARA fractions or the so-called Corbett fractions are characterized by their respective increase in 

molecular polarity, aromaticity, and presence or content of heteroatoms (such as S, O, N). The study of 

the reactivity of each fraction to oxidation has been the subject of research by many authors who carried 

out experiments in which they conclude that the reactivity increases with the increase in polarity along the 

fractions [36, 37].  Based on these results, it was established by Petersen, a numerical proportion, or 

classification, by which the saturates, aromatic, resins and asphaltene fractions had a sensitivity or 

reactivity to oxidation of 1:7:32:40, respectively [15]. The primary parameter on which Petersen relied to 

evaluate the fractions was also the formation of ketones, which, in turn, have a linear relationship with the 

log of viscosity [15]. 

 

2.4.2 Relations Between SARA Fractions and the Durability of Asphalt in a Compatible System 

An adequate balance between the fractions of low and high polarity produces an asphalt with properties 

that increase its durability. A compatible system is one in which the maltenes have a high power of 

solvation, and adequate dispersion of the asphaltenes is achieved. The proportion and characteristics of 

the SARA fractions will determine the type of colloidal system (sol-gel) and the overall physical 

properties that the asphalt will present [15]. Several authors have developed correlations of these fractions 
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by means of parameters, for example, Heithaus, developed a mathematical parameter in which the 

peptization of asphaltenes and the dispersive power of maltenes is related [38], and Traxler [39] 

developed a parameter called the dispersion coefficient which relates the resins plus cyclics with the 

asphaltenes plus saturates; an adequate dispersion is linked to high values in the dispersion coefficient 

[15]. 

 

2.4.3 Changes in Asphalt Chemical Composition on Oxidation 

More in-depth research on the composition and characterization of asphalt have allowed detecting 

molecular aspects; the main functional groups present in the material and those that are formed as a result 

of the aging and oxidation of the asphalt can be seen in the Figure 2.2 [15]. 

 

 

Figure 2.2 Functional groups in asphalt molecules normally present or formed on oxidative aging. (1) 

Naturally occurring (2) Formed on oxidative aging [15]. 

 

Various investigations and techniques were carried out to detect the chemical structures present. Infrared 

spectroscopy is one of the main characterization techniques based on infrared absorption which had to 
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overcome problems of overlapping and low definition in the absorption bands due to hydrogen bonding 

links that are generated between the positive residual charges coming from weak acids with residual 

negative charges of molecules with oxygen and nitrogen atoms [15]. These drawbacks were overcome 

when doing a pre-sample treatment with solvents that break the hydrogen bonds and allow an adequate 

reading in the spectrometer. Besides, procedures were developed so that the equipment eliminates any 

interference, inaccurate measurement or information coming from solvents [15]. 

The functional groups that the infrared spectroscopy technique allows to quantify are carboxylic acids, 

anhydrides, ketones, 2-quinolone types, sulfoxides, pyrrolic types, and phenolic types [40]. 

Ketones and sulfoxides are the major products formed during the oxidation of asphalt. Dorrence [41] 

claimed that ketones were produced at the first carbon of an alkyl chain attached to an aromatic ring, or in 

other words, at the benzylic carbon position. He further stated that the most reactive precursor of ketones 

is attributable to the location of the benzylic carbon tertiary (a carbon attached to an aromatic ring, two 

alkyl groups and one hydrogen atom). The hydrogen present in this carbon is highly reactive and can be 

easily removed during oxidation. Ketones are therefore produced when oxygen replaces the hydrogen 

present in the benzylic carbon atom [15]. On the other hand, the presence of sulfur in various molecules 

of the asphalt allows the formation of sulfur oxides; sulfur positions that have high reactivity are dialkyl 

or alkylaromatics. The location of this highly reactive sulfur favors a very rapid formation of sulfoxides 

even at a higher rate at which ketones are formed [15]. The relation of these and other structures as a 

result of oxidation increases the molecular interactions and generates redistribution in the fractions within 

the colloidal structure reducing molecular mobility affecting the overall performance of asphalt material. 

The observations and studies of several authors and the use of molecular models have allowed a better 

understanding of the effects and chemical changes due to aging; neat and aged asphalt models have been 

used to observe molecular movement, chemical changes, and reconstruction after being oxidized [42]. 

Next, it can be observed a study of how each of the SARA fractions change, and it is possible to identify 

the active sites described above that promote the oxidation and aging of the material [42]. 
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As for the asphaltene fraction, the fraction with the greatest polarity and size in the asphalt system can be 

represented by three structures initially proposed by Mullins [42, 43]. In Figure 2.3 the structures 

asphaltene-phenol, asphaltene-pyrrole, and asphaltene-thiophene are shown. 

 

(a) Asphaltene-phenol structure before and after oxidation. 

   

 

(b) Asphaltene-pyrrole structure before and after oxidation. 

 

(c) Asphaltene-thiophene structure before and after oxidation. 

Figure 2.3 Asphaltene fraction (Carbon: grey, sulfur: yellow, hydrogen: white, oxygen: red, nitrogen: 

blue) [42]. 



 

24 

 

Resins, also called polar aromatics, are the second most polar fraction, characterized by the presence of 

polar aromatic rings and non-polar paraffinic groups. This fraction has heteroatoms such as oxygen, 

sulfur, and nitrogen. Its stabilizing power in the colloidal system makes it a fraction of great importance 

for the stability of the material. Quinolinohopane, thioisorenieratane, benzobisbenzothiophene, 

pyridinohopane and trimethylbenzene'oxane, are five structures that can be used to represent the fraction 

of resins in the asphalt binder [42, 44]. See figure 2.4. 

 

(a) Quinolinohopane structure before and after oxidation.  

 

(b) Thioisorenieratane structure before and after oxidation. 

 

(c) Benzobisbenzothiophene structure before and after oxidation.  

 

(d) Pyridinohopane structure before and after oxidation.  

 
(e) Trimethylbenzene'oxane structure before and after oxidation.  

Figure 2.4 Resin fraction (Carbon: grey, sulfur: yellow, hydrogen: white, oxygen: red, nitrogen: blue) 

[42]. 
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Due to the high presence of aromatic rings, therefore there are a high number of sites active or sensitive to 

oxidation, the asphaltene fractions together with the resins are the ones that show the highest formation of 

ketones [42, 45]. The fractions of aromatics or naphthene aromatics are structures of low molecular 

weight and low polarity. “Perhydrophenanthrene-naphthalene (PHPN) and dioctyl-cyclohexane-

naphthalene (DOCHN), were selected as the representative aromatic fraction” [42, 44] (Figure 2.5). 

 

 

Figure 2.5 Aromatics or naphthene aromatics fraction [42]. 

 

The last fraction, saturates, are the least reactive molecules and present invariance concerning oxidation 

due to their non-polar nature and the absence of heteroatoms in their structure. Squalene and hopane 

represent the fraction of saturates [42, 44] (Figure 2.6). 

 

Figure 2.6 Saturates fraction [42]. 

 

 

 



 

26 

 

2.4.4 Effect of Oxidation on Molecular Interactions 

The molecular interaction that occurs in the asphalt molecules is due to weak secondary forces. This type 

of forces differ from the forces present in the covalent bonds (primary forces) mainly due to its 

reversibility; factors such as temperature induce the formation or breaking of this type of bonding. 

Hydrogen type, dipole-dipole, and induced dipole links are examples of the secondary types of forces that 

the asphalt presents and contribute significantly to the physical properties of each of the fractions and the 

material in general. As the asphalt is oxidized, properties such as boiling point increase as a result of an 

increase in the molecular forces and the polarity of the molecules [15]. 

 

2.5 Failure in Asphalt Pavements  

Asphalt mixture is a very convenient engineering material that meets many needs and is very adaptable to 

environmental changes and factors. The mixture is constructed so that its duration is long and prolonged. 

Unfortunately, an inappropriate design, uncontrolled operational conditions, or the wrong choice of 

materials, accelerate the aging process of the mixture, leading to early failures that require high 

maintenance costs, not foreseen in its planning. In addition to early failures, the material throughout its 

useful life is losing its capacity of recovery and adaptability to changes in temperature and traffic loads; 

therefore, pavements end up accumulating efforts that result in the appearance of failures or distresses. 

Next, the most common types of failures will be discussed: rutting or permanent deformation, moisture 

damage, fatigue cracking and low temperature cracking. 

 

2.5.1 Rutting or Permanent Deformation 

Permanent deformation is a type of failure that pavements present mainly at high temperatures when non-

recoverable deformations accumulate due to repetitive loads. This failure is characterized by the presence 

of depressions in the surface that follow the pattern of travel of the wheels and upheavals to the sides. 

These depressions are the result of downward movement (linked to the compaction contributed by traffic) 
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and lateral movement (as a result of a shear failure). The asphalt binder tends to flow when exposed to 

high temperatures, occupying empty spaces established in the design; due to the previous condition and 

the repeated exposure of loads, the material is compacted and allows a molding by traffic causing it to 

lose volume and therefore, increase its density [46, 47]. In response, there is a decrease in the layer of 

asphalt that covers the aggregates, and there may also be a displacement of the mixture in the lateral 

sectors of the pavement (Figure 2.7) [47]. The dynamic shear rheometer allows determining the viscous 

component of the stiffness, which is an indicator of the resistance of asphalt to deform permanently. 

Using the 𝐺∗/𝑠𝑖𝑛𝛿  factor, it is possible to predict the resistance of the material to the deformation at 

specific temperatures [8]. 

 

Figure 2.7 Typical rutting mechanism [48]. 

 

2.5.2 Stripping or Moisture Damage 

When the asphalt mixture encounters moisture, there is a loss of strength and durability of the material. 

The humidity favors the detachment of the asphalt binder from the surface of the aggregate, creating a 

condition or type of failure called stripping. The phenomenon begins at the bottom of the asphalt mixture 

and evolves towards the surface of the pavement. One of the leading causes of loss of adhesion between 

these materials is when the aggregate has a high affinity to absorb moisture, and therefore displacement of 

the binder occurs (Figure 2.8) [49, 50]. Environmental conditions such as high temperatures, the action of 
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traffic, poor quality of materials and inadequate design processes contribute to the advance damage and 

develop rutting conditions, detachment of aggregates and cracking [8]. 

The affinity between the asphalt binder and the aggregate can be improved through the addition of 

specific chemical components that can change the nature of the materials and make their mutual affinity 

increase. Antistripping agents, such as hydrated lime, are frequently used to treat this type of failure [49]. 

 

 

Figure 2.8 Detachment of aggregate binder due to moisture [50, 51]. 

 

2.5.3 Fatigue Cracking 

Fatigue cracking, also known as alligator cracking, has been the subject of research and discussion for 

many years. The main causes of this deterioration are the repeated and numerous traffic loads with values 

lower than the tensile strength of the material. The way in which the failure develops consists of three 

steps [52, 53]: 

 Crack initiation, development of microcracks; 

 Propagation of microcracks and formation of macrocracks; and 

 Disintegration of the material due to the development and the transverse and longitudinal union 

of the cracks. 
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The second stage is the most representative and can be modeled through Paris law, which relates the 

speed of growth of the cracks with the number of repetitions of load, dynamic factors of the intensity of 

stress (k) and specific factors of the mixture [52]. 

𝑑𝑐

𝑑𝑁
= 𝐴(∆𝐾)𝑛 

Where: 

c = crack length (m), 

N = number of load repetitions,  

∆𝐾 = difference between maximum and minimum stress intensity factor K in dynamic loading (𝑁/𝑚
3

2), 

A, n = Paris law fracture parameters for asphalt concrete. 

 

In thin pavements, failure originates from the base bottom up where the values of tension stresses and 

deformations are higher under the action of traffic; the form of propagation towards the surface is due to 

longitudinal crack in parallel until, by repetitive action, the fissures are connected forming a pattern like 

an alligator's back on the surface [54]. This type of failure is called bottom-up cracking and is the most 

classic representation of fatigue distress. In thick pavements, the initiation occurs on the surface, where 

the stresses are located because of the interaction or contact of the asphalt layer with the tires of cars and 

trucks, and the failure is called top-down cracking [55].  

 

Figure 2.9 Representation of fatigue cracking [55]. 

(1) 
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The possible causes associated with this type of failure in addition to the continuous loads by traffic are 

inefficient or inadequate drainage systems and weakness or poor installation in the layers underlying the 

asphalt (base and sub-base). The fatigue resistance of the asphalt binder can be evaluated through the 

parameter or factor, (𝐺∗𝑠𝑖𝑛𝛿), using the dynamic shear rheometer. The 𝐺∗ represents the complex 

modulus and 𝛿 is the phase angle [8]. 

 

2.5.4 Low Temperature Cracking 

It is a type of failure that occurs in places where low temperatures are experienced, including countries 

such as Canada, a large part of the United States, Russia, Ukraine, and other countries in which winter 

brings extremely low temperatures. Under these conditions, the concrete asphalt shrinks and reduces its 

volume. When the temperature falls, the material responds by contraction, but the thermal tensions 

associated with this process are not released [56]. These stresses accumulate until the resistance of the 

material is reached, which leads to the formation of cracks in order to release these tensions. The 

initiation of failure or cracking may be due to the event of a rapid temperature drop or by specific changes 

or oscillations of warm-cold environments that are then propagated by the reappearance of low 

temperatures and the presence of traffic loads. The way in which this type of failure is characterized is 

through the appearance of transverse cracks that are perpendicular to the direction of vehicular flow 

(Figure 2.10) [56]. 

 

Figure 2.10 Representation of thermal cracking [57]. 
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The asphalt binder at low temperatures has an elastic behavior, the stiffness of the material increases as 

the temperature decreases. In an asphalt with lower viscosity, the stiffness of the material varies 

(increases) gradually as it is exposed to low temperatures making the material less susceptible to cracking 

at low temperature. Certain factors make the asphalt binder more susceptible to failure by low thermal 

cracking, such as the physical and chemical changes associated with the aging of the material; therefore, 

the composition and or distribution of its fractions plays an important role when facing circumstances of 

extreme temperatures. Design factors such as the thickness of the asphalt layer, types of underlying 

layers, a suitable choice of materials, contribute to the pavement achieving higher resistance to this type 

of failure. Using the bending beam rheometer, it is possible to measure the stiffness of the material and its 

performance when subjected to loads and low temperatures simultaneously [8]. 

 

2.6 Viscoelastic Nature of Asphalt  

The study of rheology allows knowing the response that the material presents when subjected to loads and 

can be considered for those that exhibit solid characteristics as well as liquid characteristics. An ideal 

solid material behaves elastically when subjected to loads or stresses, and this means that its deformation 

is recovered once the load is removed. On the other hand, the liquids present a viscous behavior, since, 

when removing the load, the deformation is permanent or non-recoverable [10]. Within these ideal 

extremes, materials that exhibit behaviors that reflect a partially viscous response and a partially elastic 

response can coexist, these materials are called viscoelastic. Factors such as the response of the material 

to the loads, under certain conditions of temperature and time of application of the stress, can give 

essential information on the properties of the performance of the asphalt binder [10]. The purely elastic 

solid materials, as mentioned above, respond immediately to the applied stresses and instantly recover 

their shape when the loads are removed, obeying a behavior of proportionality described by Hooke's law: 

𝜏 = 𝐺𝛾 

𝜏 = Shear stress; G = Modulus; 𝛾 = Shear Strain. 

(2) 
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On the other hand, the viscous component in a viscoelastic material is what gives it the ability to flow. 

This component is easily influenced by parameters such as temperature, speed and the type of load 

applied. The hydrodynamic theory deals with the properties of viscous liquids according to Newton's law 

[10]; the applied stress is directly proportional to the shear stress. The proportionality constant is called 

the viscosity coefficient  𝜂. 

𝜏 = 𝜂
𝑑𝛾

𝑑𝑡
 

Factors such as the response of the material to loads under certain conditions of temperature and time of 

application of the load, can give critical information about the performance properties of the asphalt 

binder [8, 10, 51]. The stress-strain behavior related to the time of an elastic, viscous and viscoelastic 

material can be observed in Figure 2.11. As can be seen, the viscoelastic materials show the combination 

of the behaviors of Hooke's law and Newton's law; its dual nature makes creep and relaxation appear in 

the material [8, 10]. 

 

2.7 Asphalt Testing Specification   

2.7.1 Conventional Test of Asphalt Binder 

Over time, the need to standardize, classify and evaluate the properties of asphalt binder, has made this 

material subject to various methods or laboratory tests as a criterion for their choice in specific road 

infrastructure projects. Prior to the 1990s, the methods employed consisted of empirical type evaluations 

such as penetration, viscosity and softening point [10]. The continuous research on the properties of the 

binder and its observation in the field concluded that although the methodologies mentioned above did 

not evaluate the performance of the material in service, it is possible to obtain from them important 

engineering properties such as high-temperature viscosity and the stiffness modulus [10]. 

The three methods allowed for the development of three grading systems: penetration (PEN), viscosity 

(AC), and aged residue (AR) grading [10]. 

(3) 
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Figure 2.11 Responses of elastic (a), viscous (b), and viscoelastic materials (c) [8]. 

 

2.7.1.1 Penetration 

The use of this test in order to characterize the hardness of the asphalt binder began thanks to Bowen in 

1889 [58]. In this test, a needle with specific dimensions and characteristics penetrates the asphalt sample 

under the action of a load of 100 g, at a temperature of 25°C and for a time of 5 s (normalized conditions). 

The penetration measurement is the length that the needle penetrated the asphalt binder in units of 0.1 mm 

[59, 60]. Therefore, a bitumen cataloged with 60-70 penetration under standard evaluation conditions 

indicates that the needle penetrated 60 to 70 tenths of a millimeter. The measurement of this parameter at 

different temperatures (different from 25°C) allows establishing the susceptibility to the temperature that 

the material has. The equation that allows us to measure this relationship is the following [10]: 
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log 𝑃 = 𝐴𝑇 + 𝐾 

Where,  

P: Penetration value; T: Temperature; A is the susceptibility to temperature (also known as the 

Penetration Index) and K is a constant. In Figure 2.12, it is possible to observe the experimental setup in 

which this test consists. 

 

Figure 2.12 Penetration test [10]. 

 

2.7.1.2 Softening Point  

The consistency of the asphalt binder can also be measured through the softening point test (also known 

as ring and ball test). In the process, a pair of balls (3.5 g) of aluminum is placed on rings containing the 

binder, the system immersed in distilled water or glycerin is heated at a constant speed (5°C per minute). 

The process continues until by action of the heat, the binder begins to soften or flow and does not 

withstand the weight of the balls causing them to fall and touch a base that is 25 mm below the position of 

the rings. The use of water or glycerin depends on the expected temperature at which the binder will 

soften, therefore the water will be used when the system or operating temperatures below 80°C and 

glycerin when temperatures are higher than this [10, 51]. 

(4) 
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Figure 2.13 Softening point test [51]. 

 

2.7.1.3 Viscosity 

This important property called viscosity provides information on the flow behavior of the material 

concerning a temperature or range of temperatures [10]; it is a measure of resistance to flow and is 

expressed as the ratio of the applied shear stress and the shear rate. The absolute viscosity or dynamic 

viscosity is expressed through the units Pa s (1Pa s = 10 Poise) and can be evaluated employing a sliding 

plate viscometer [51]. 

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 =
𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠

𝑆ℎ𝑒𝑎𝑟 𝑅𝑎𝑡𝑒
 

On the other hand, the kinematic viscosity is expressed in units of m2/s or centipoise and it can be 

evaluated by using a capillary tube viscometer and can be related to dynamic viscosity employing the 

following equation [10]: 

𝐾𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 =
𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦

𝐷𝑒𝑛𝑠𝑖𝑡𝑦
 

 

The test can be evaluated on an unaged or an aged sample (RTFO), obtaining results that allow the 

classification of the binders like AC and AR, respectively. AC and AR are parameters analyzed to 

(5) 

(6) 
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observe the changes that the material has before and after the manufacturing, mixing and compaction 

processes of a hot mix asphalt (HMA) [10]. 

 

2.7.2 Superpave Test 

The shortcomings presented by the methods and conventional assessment criteria mentioned above were 

the starting point of the development of a project carried out by SHRP called Superpave, in which the 

specifications are intended to cover performance parameters such as rutting, fatigue cracking, and thermal 

cracking. The Superpave system uses a set of tests with parameters that the sample must pass or approve 

under certain temperature conditions that simulate the climatic conditions of the area or site in which it 

will be implemented. Through this system it was possible to be more specific when characterizing 

asphalt, relating the performance in service and taking into account engineering principles. The tests 

adopted by Superpave are designed to simulate the conditions of manufacture and service to which the 

asphalt is subjected. The RFTO test is responsible for simulating the first stage in which the asphalt is 

mixed and compacted together with the aggregate, and the PAV simulates long-term aging conditions or 

its condition after 8-10 years of service. Other tests such as BBR, DSR, DENT, are responsible for 

evaluating and characterizing the asphalt under these aging conditions. Each one of these tests will be 

described in more detail below. 

 

2.7.2.1 Rolling Thin Film Oven (RTFO) 

The objective of this test is to simulate the short-term aging and to evaluate the amount of volatiles that 

the asphalt binder loses during the mixing and compaction processes. In the procedure, samples of 35 g of 

binder arranged in glass bottles are introduced in an oven that keeps the samples in constant rotation, at a 

temperature of 163°C for 85 minutes and under hot air injection [61, 62]. One of the changes observed 

after submitting the sample to this procedure is a reduction in mass and penetration, and an increase in the 

softening point; the above can vary in asphalt binders that have been modified with polymers, where the 
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long structured polymers can disintegrate and react with the binder molecules creating new structures 

[10]. The continuous rotation of the bottles keeps the sample homogeneous and dispersed. In addition, the 

thin layer that surrounds each bottle makes it possible to simulate the layer of binder that covers the 

aggregate material. The RTFO is an improved version of the TFO (Thin Film Oven) test in which the 

rotation is not considered and in which the time used in the test is 5 hours. Figure 2.14 shows the RTFO 

representation. 

 

Figure 2.14 RTFO test; the bottle in the left is after the RTFO test [62, 63]. 

 

 

2.7.2.2 Pressure Aging Vessel (PAV)  

This test was designed in order to predict the changes in the properties of the asphalt binder during its 

service life (5-10 years approximately), or during the aging or oxidation experienced in the field. The test 

simulates the long-term conditions when submitting the sample (previously aged in RTFO) to conditions 

of high temperatures and in a pressurized environment. The preparation of the test consists of placing 4-

10 pans of 125 mm in diameter containing 50 g (in each pan) of the binder that has already been aged in 

the RTFO in a vertical track that is consecutively arranged in the oven [64]. Once the material is entered 

into the furnace, important safety measures must be taken into account since the furnace must be 

subjected to a pressurized environment with air at 2.01 MPa for 20 hours in a range of 90°C-110°C [9]. 
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Figure 2.15 PAV equipment. Pan with sample [51]. 

 

2.7.2.3 Dynamic Shear Rheometer (DSR)  

Through this equipment, it is possible to evaluate rheological properties and responses of virgin material, 

aged in RTFO, and aged in PAV materials. The evaluation is done by confining the sample in a pair of 

plates of known geometry at a controlled temperature and applying an oscillating sinusoidal force (Figure 

2.16) [10, 65]; through a transmitter, it is possible to obtain the response or strain of the material to the 

force applied as a function of the frequency. 

 

 

Figure 2.16 The dynamic shear rheometer test [10]. 
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The characteristics of the binder at intermediate and high temperatures can be evaluated by measuring the 

parameters of the G* complex modulus and the phase angle. The complex modulus is a measure of the 

resistance of a material to deformation when repetitive loads are applied to it; the modulus is also called 

stiffness. The phase angle is an indicator of the deformable and recoverable proportion presented by the 

material. It is the difference in phase between the applied effort and its deformation. An angle of 0° is 

attributable to a purely elastic material, while an angle of 90° represents those purely viscous. The 

materials that are in the middle of these values reflect properties of a viscoelastic body [10]. 

 

Figure 2.17 Stress-strain response during oscillatory testing [10]. 

 

Through the torque and the angle of rotation, the resulting stress and strain can be calculated; the 

equations that show the relationship are the following [10]: 

𝜏 = 𝜏𝑚𝑎𝑥 sin(𝑤𝑡 + 𝛿) 

𝛾 = 𝛾𝑚𝑎𝑥 sin 𝑤𝑡 

𝐺∗ =
𝜏𝑚𝑎𝑥

𝛾𝑚𝑎𝑥
 

where τ𝑚𝑎𝑥 is the peak shear stress; γ𝑚𝑎𝑥 is the peak shear strain; w is the angular frequency in rad/s, and δ 

is the phase angle. 

As stated above, the complex modulus is an indicator of the material's resistance to deformation and has a 

storage modulus component, and a component called the loss modulus. The first describes the amount of 

energy that is stored and is reflected or responds elastically in each oscillation, 𝐺′, and the second 

(7) 

(9) 

(8) 
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describes the energy dissipated during the dynamic test, 𝐺′′, the equations that are shown below allow to 

correlate the previously mentioned parameters [10]:  

𝐺′ = 𝐺∗ cos 𝛿 

𝐺′′ = 𝐺∗ sin 𝛿 

 

Figure 2.18 Relationship between the shear modulus and the phase angle [10]. 

 

As part of the specification and the conditions to which the test will be carried out, there are geometries of 

8 mm and 25 mm for low and high temperatures, respectively; the gap between the plates is 1 mm and 2 

mm. 

The criteria developed by Superpave allows for an evaluation of the susceptibility of the material to 

rutting and fatigue employing the parameters G */sin δ and G * sin δ, respectively. 

The G */sin δ parameter must be higher than 1.00 kPa for unaged binders, and 2.20 kPa for RTFO-aged 

samples. The parameter G *sin δ must be less than 5000 KPa for a PAV residue [10, 16, 65]. 

 

2.7.2.4 Bending Beam Rheometer 

Employing this test allows one to measure the deflection of an asphalt beam under the action of a constant 

load at a temperature corresponding to the lowest temperature at which the material in service will be 

exposed; said deflection allows to measure the strain rate in order to obtain the stiffness of the beam. The 

load tries to simulate the stresses that the material experiences and which gradually increase as 

temperatures fall [10, 66]. 

(11) 

(10) 
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Figure 2.19 BBR test [10]. 

 

Using BBR, two parameters can be determined, one is the creep stiffness, and the other is the creep rate; 

the first represents the resistance of the binder when it is subjected to constant loads, and the other is a 

measure of how the rigidity of the material changes when the load is applied. These parameters are 

indicative of the ability of the binder to resist the low temperature cracking. Because this failure 

mechanism occurs mainly in old pavements, the test is evaluated in asphalts that have been previously 

aged in the PAV [10]. 

The conventional test uses a beam sample of asphalt with measurements or standard specifications (125 x 

12.5 x 6.25 mm); the sample is placed on a stand and submerged in a cold bath. The load is then applied 

to the center of the beam, and its defection is evaluated concerning time. The rigidity of the material is 

evaluated, and also its capacity for relaxation or dissipation of stress (m-value). The criteria adopted by 

Superpave establishes that the sample is considered acceptable for a given temperature when the stiffness 

is less than or equal to 300 MPa and the m-value is higher than or equal to 0.300, both parameters 

measured after exactly 60 s of loading [9, 66]. The defection is monitored over time and is used to 

calculate the stiffness as a function of time (Figure 2.20), employing the following equation [67]: 
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𝑆(𝑡) =
𝑃𝐿3

4𝑏ℎ3𝛿(𝑡)
 

Where: 

𝑆(𝑡) =Creep stiffness at time t=60 s (standard); P = applied constant load (100 g); L= distance between 

beam supports (102 mm); b= beam width (12.5 mm); h= beam thickness (6.25 mm); δ(t) = deflection at a 

specific time (60 s). 

 

 

Figure 2.20 Deflection measured against time in the BBR test [68]. 

 

Employing this test allows one to measure the deflection of an asphalt beam under the action of a constant 

load at a temperature corresponding to the lowest temperature at which the material in service will be 

exposed; said deflection allows to measure the strain rate in order to obtain the stiffness of the beam. The 

load tries to simulate the stresses that the material experiences and which gradually increase as 

temperatures fall. 

Despite the significant contribution and progress in the evaluation and specification of asphalt binders 

through the Superpave methodology, it has been shown that this does not correlate or predict with 

accuracy the performance of the material in service. One of the reasons why there is no correct prediction 

is the improper conditioning of the sample (physical conditions and chemical aging) before its subsequent 

evaluation or analysis and the lack of tests that measure parameters taking into account the high strain 

level present in the failures at low temperature cracking [8]. 

(12) 
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In order to improve the performance grading of test methods, the extended BBR (LS-308 [69]), and the 

Double-Edge-Notched Tension (DENT) (LS-299 [70]) tests were developed, which were elaborated by 

Queen's University and are part of the specification system protocols by the Ministry of Transportation of 

Ontario (MTO). The detailed description of these tests will be given below. 

 

2.7.3 Ministry of Transportation of Ontario (MTO) Protocols 

2.7.3.1 Extended BBR  

The extended BBR test aims to determine if the asphalt binder meets the requirements of low-temperature 

grade after being subjected to aging processes (reversible or physical hardening). The regular BBR test 

(AASHTO T313 [66]) uses one hour of conditioning the sample, and then, it is subjected to flexure at a 

temperature 10°C warmer than the design temperature of the pavement and by means of the criterion 

(stiffness equal to 300 MPa and m-value greater than or equal to 0.300) determines if the sample passes or 

fails. On the other hand, the extended BBR test protocol uses 1, 24 and 72 hours of conditioning (to 

simulate the increase in physical aging that can occur over time) at two different temperatures (10°C and 

20°C above the specification temperature) [69]. The creep deflection is measured at two temperatures in 

order to determine, through extrapolation, the limiting temperature according to each condition of 

temperature and time [66]. The worst grade loss is obtained through the difference between the warmest 

and the coldest limiting temperature. The criterion used determines that the maximum grade loss must be 

less than 6°C after 72 hours of conditioning. By means of this analysis, it is possible to determine the 

quality of the asphalt and with a high degree of confidence to prevent cracking distress associated with 

cold temperatures. 

 

2.7.3.2 Double-Edge-Notched Tension (DENT)  

The DENT test had as the main precursor the ductility test, which was one of the methods that 

accompanied the conventional procedures of penetration and softening point. This test measures the 
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ability of the asphalt binder to deform plastically before reaching ductile fracture [70]. This procedure 

was developed by Dow [71] who correlated elongation with performance in service. Binders that failed at 

low elongations and abruptly were associated with poor performance. After this, several researchers 

carried out studies in order to improve the utility and correlation of the method with parameters such as 

fatigue performance of the binder in service. One of them was Andriescu who affirmed that his type of 

failure includes ductile and brittle processes. He developed the DENT method that uses the fundamentals 

of fracture mechanics and fracture energy and is based on previous studies on essential and plastic works 

of failure [72]. 

The test allows after conditioning of the sample one to evaluate the parameters such as the essential work 

of fracture, the plastic work of fracture, and the approximate critical crack tip opening displacement 

(CTOD) at a specified temperature and rate of loading (LS-299 [70]). 

 

The essential work of failure (We) represents the work that is needed to separate two fault surfaces present 

in a localized area under which the material experiences a high constraint. The plastic work, (Wp), is 

related to dissipated work away from the failure zone (plastic zone). The total energy involved in the 

ductile fracture is determined by means of the area under the force-displacement curve and is then 

associated with the sum of parameters We and Wp as shown below [73]: 

 

𝑊𝑡 = 𝑊𝑒 + 𝑊𝑝 

 

Where Wt (J) is the total failure energy; We (J) is the essential work; Wp (J) is the plastic work. 

 

(13) 
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Figure 2.21 Essential and plastic zones [74]. 

 

The terms shown in the above equation are related to the cross-sectional area and the volume of the 

plastic zone. According to the above, the equation can be expressed in a more specific way, as observed 

as follows: 

𝑤𝑡 = (𝑤𝑒 × 𝐿𝐵) + (𝑤𝑝 × 𝛽𝐿2𝐵) 

Where L (m) is the ligament length; B (m) is the specimen thickness, 𝑤𝑒 (J.m-2) is the specific essential 

work of failure, 𝑤𝑝 is the specific plastic work (J.m-3) and β is a constant that describes the shape of the 

plastic zone (π/4 for a cylinder) [73]. 

Dividing by BL and arranging the previous expression: 

𝑤𝑡 =
𝑊𝑡

𝐵𝐿
= 𝑤𝑒 +  𝛽𝑤𝑝 × 𝐿 

The above equation allows to linearly correlating the specific total work of failure 𝑤𝑡 as a function of 

ligament length, L. The parameters we and 𝛽𝑤𝑝 are obtained from the intercept and the slope of the line, 

respectively [51, 73]. 

Observations made by Andriescu and collaborators emphasizes that an asphalt with relatively high values 

of 𝑤𝑒 and 𝑤𝑝 is capable of resisting fatigue cracking and ductile fracture [72, 75]. 

(14) 

(15) 
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Another parameter of high relevance is the critical crack tip opening displacement or CTOD, which 

provides information on the tolerance to deformation in the ductile regime and can be obtained from the 

we and the net section stress in the smallest ligament length (L = 5mm): 

𝐶𝑇𝑂𝐷 = 𝛿𝑡 =
𝑤𝑒  

𝜎𝑛𝑒𝑡,𝑠𝑒𝑐𝑡𝑖𝑜𝑛

 

Where 𝛿𝑡 is the crack tip opening displacement parameter (m), and 𝜎𝑛𝑒𝑡 is the net section stress or yield 

stress (N/m2), obtained from the 5 mm ligament length DENT specimen [72]. 

 

Below there is a diagram of the molds used for the development of the procedure. The ligaments are 5, 

10, and 15 mm; the standard conditions of conditioning are 3 hours in a water bath at a temperature of 

15°C, after which the material is subjected to a stretch at a speed of 50 mm/min until the binder fails [72]. 

 

Figure 2.22 Double-edge-notched tension specimen design and experimental arrangement before 

stretching [75, 76]. 

 

(16) 
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2.7.3.3 Modified Pressure Aging Vessel Protocol 

Because the regular PAV method does not condition the asphalt binder adequately, the operation 

parameters of the test can be modified in order to accelerate aging and obtain a better correlation to 

predict fatigue and thermal cracking. The three methods or protocols to simulate aging are A, B and C. 

Method A is the regular PAV AASHTO R28. Method B is characterized by the reduction of the weight of 

the asphalt sample in the pans, from 50 +/- 0.5 grams to 12.5 +/- 0.5 grams (with this reduction of 75%, 

the thickness of the binder produced is approximately 0.8 mm). In Method C, the variant is the aging 

time, modifying from 20 to 40 hours, keeping the sample quantity constant (50 g). After these changes, 

the samples are exposed to physical analysis in order to evaluate their quality [77]. 
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Chapter 3 

Materials and Experimental Methods 

3.1 Materials 

3.1.1 Highway 655 (Sections 655-1 and 655-4) 

The materials used in this study were part of the original samples of two sections (655-1 and 655-4) used 

for the construction of a Northern Ontario pavement trial near Timmins in 2003 (Phase I). This highway 

was a project-oriented by the Ontario Ministry of Transportation to carry out research to improve testing 

and grading specifications, with low temperature cracking and fatigue as the main parameters [78, 80]. 

The highway 655 trial has a total number of seven sections, of which sections 655-1 and 655-4 stand out 

for the best and worst performance after more than ten years in service. The following table lists the 

details, modifications and the performance grade of each section of highway 655. In the modifier column 

there are acronyms which define in summary form the type of modifier used; RET refers to reactive 

ethylene terpolymer, PPA means polyphosphoric acid, Ox stands for oxidized asphalt, SBS relates to 

styrene-butadiene block copolymer, and P31 stands for an additive containing phosphorous (PPA and/or 

zinc dialkyldithiophosphate, which is in waste engine oils). 

 

Table 3.1 Investigated bitumen compositions [73, 78, 79,]. 

Section 

Modifier 

Base AC PGAC Intermediate 

Bitumen 

Code 
Source Grade, °C Grade, °C 

655-1 RET+PPA Lloydminister 64-34 9.8 

655-2 Ox+SBS unknown 64-34 10.1 

655-3 SBS unknown 64-34 7.8 

655-4 SBS + P31 unknown 64-34 9.1 

655-5 SBS 
Western 

Canadian 
64-34 9.7 

655-6 Ox+P31 unknown 58-34 7.1 

655-7 P31 unknown 52-34 6.7 
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3.1.2 Bolivian and Costa Rican Samples 

The two additional binders analyzed in this study come from Costa Rica (CR1) and Bolivia (CR2) and do 

not contain any additive or previous modification; these are neat binders. The Costa Rica binder (CR1) is 

obtained from Corpus Christi, Texas and has a Performance Grade of 64-22 and 25°C as the Intermediate 

grade [5]. On the other hand, the binder of Bolivia was obtained from Russia and has a Performance 

Grade of 64-28. 

 

3.2 Aging of Asphalt Binders 

 

Figure 3.1 Processes used to get different aging conditions prior characterization; a, b represent the 

processes of aging in the laboratory, and c refers to the state of aging achieved by exposing the material to 

environmental conditions for a year. 

a) b) c) 
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3.2.1 Accelerated Laboratory Aging  

The summary of the methodology used in the laboratory to age the samples can be seen in Figure 3.1 (a, 

b). Specifically, all four samples were aged following the standard protocol of RTFO aging (ASTM 

D2872, AASHTO T240, Effect of Heat and Air on a Moving Film of Asphalt [61]. A total of 35 g of 

asphalt binder was aged at 160°C for 85 minutes in a moving oven. Subsequently, they were oxidized in 

the PAV oven following the standard protocol (ASTM D6521, AASHTO R28. Accelerated Aging of 

Asphalt Binder Using a Pressure Aging Vessel [64]. A total of 50 g of asphalt binder was aged in each 

pan at a temperature of 100°C and pressure of 2.01 MPa for 20 hours). The protocols were carried out in 

order to simulate the short-term and long-term aging conditions suffered by the samples in the mixing-

compaction stages (RTFO, Short-term) and the stage in which it is exposed to various environmental and 

traffic conditions during approximately 5-10 years of service (PAV, Long-term). See pages 36 and 37 for 

more details on the development and experimental assembly of these two protocols. Additionally, 

samples in the RTFO state were subjected to PAV modified aging protocols. These protocols are more 

severe and expose the sample to more extended periods and in thinner layers. 

As mentioned above, modifications were made to the standard PAV protocol, by varying the parameters 

amount of mass exposed in each pan and oxidation time in the oven. Several cycles were carried out with 

the mentioned conditions to obtain or force rigorous aging states. Table 3.2 shows the PAV protocols 

carried out, and the parameters set for the development of the test are specified. In the development of 

this chapter and discussing the results, the code or aging condition shown in the Table 3.2 will be used 

after the name of the binder to refer to each oxidation state of it (example, CR1 1PAV, CR1 2PAV, CR1 

20H PAV, etc.).  

 

3.2.2 Environmental Aging Oxidation 

In this part of the investigation, the four samples in the RTFO state were subjected to aging under 

environmental conditions (outdoor conditions). Fixed quantities equivalent to 1 mm-thick film were 

placed in a non-stick mold. The samples were exposed for a year, from 1 May 2017 to 1 May 2018, to the 
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conditions and temperatures included in this period in the City of Kingston, Ontario. Temperatures varied 

between -31°C (lowest registered, Jan 1, 7:00 am) and 28°C (Highest registered, Sep 27, 4:00 pm [80]) 

during the twelve months. After that period, the samples were removed from the molds and analyzed in 

the following lab tests to observe the influence of environmental conditions on the chemical structure, 

rheology and binder performance. As was mentioned before, there are aging condition codes to identify 

the PAV protocol used; ENV will be used as the aging condition code to identify the sample that was 

aged at environmental conditions.  

Table 3.2 Modified pressure aging vessel protocols and their nomenclature.    

AGING CONDITION 
AGING TIME, h BITUMEN WEIGHT/PAN, g 

CODE 

1PAV* 20 50 

2PAV 40 50 

20H PAV 20 12.5 

40H PAV 40 12.5 

60H PAV 60 12.5 

*1PAV represents the standard protocol (ASTM D6521, AASHTO R28). 

 

3.3 Chemical Analysis 

3.3.1 X-Ray Fluorescence (XRF)  

One of the most relevant discoveries regarding the chemical composition of asphalt binders is related to 

the presence of heavy metals such as zinc and molybdenum in recovered binders that showed poor 

performance in service [81, 82]. The presence of these metals was attributable to the modification of the 

original binders with waste engine oil residues. WEO is a low-cost additive which allows maximizing or 

extending the performance grade of the binder so that it meets specific criteria, but unfortunately, over 

time this additive ends up affecting the performance of the binder; the material present a high physical 

and chemical hardening when modified with WEO [81].  
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Figure 3.2 Handheld Bruker Tracer III analyzer [83]. 

 

The X-ray fluorescence analysis was carried out in the four original samples in order to identify the 

presence of heavy metals and other constituents using a handheld Bruker Tracer III analyzer (Figure 3.2). 

The samples were arranged in small containers with a plastic bottom, which acted as an interface or 

contact with a sample stage inside a compartment covered with a metal cap. The metal cap has the 

function of isolating the surroundings of the exposure of unwanted X-ray to the environment because they 

can pose a hazard to human health. The samples were irradiated for 20 seconds. Besides, a sample of 

WEO was analyzed to obtain a reference spectrum in order to quantify the components or heavy metals 

present in the target samples. 

The procedure or mechanism that the analyzer uses is as follows: The surface of the material is irradiated 

with X-rays of high energy (40 keV), which causes the internal electrons (level K) of the atom to be 

expelled causing its ionization. As a consequence, electrons located at higher levels (layers L and M) 

descend and occupy the vacancy located in the lower level causing an emission energy X-ray photon 

characteristic of the element that is radiating as is shown in Figure 3.3 [81, 82]. This emitted energy is 

detected by the XRF analyzer which generates a graph or spectrum that allows quantifying the presence 
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of various elements according to the location of their respective peak energies, as shown in Table 3.3. The 

energies that come from the L shell are called K∞ and those coming from higher levels like the M level 

are called Kβ [81, 82] As mentioned above, the quantification of the element must be carried out taking 

into account a reference spectrum, in this case, a WEO sample was used for the identification and 

quantification of Zn and Mo. 

 

Figure 3.3 Schematic of the X-ray fluorescence process [82]. 

 

Table 3.3 Elements detected by XRF and their respective fluorescence energies [81]. 

 

 



 

54 

 

3.3.2. Infrared (IR) Spectroscopy 

The identification and appearance of functional groups such as carbonyl and sulfoxide is associated with 

the susceptibility that the oxidized material will show poor performance in service (physical and chemical 

aging) [5, 15]. In this project, all the samples (Unaged, RTFO, PAV, 20H PAV, etc.) were analyzed using 

a PerkinElmer Spectrum ™ 400 infrared spectrometer. A disk of potassium bromide (KBr) is preheated at 

140°C for 3 minutes on the spectrometer. The samples or asphalt binders were spread on the KBr disc 

using a couple of drops of toluene in order to obtain a thin layer correctly spread on one of the faces of 

the disk. Following this, the evaporation or drying of the solvent was allowed so that it did not intervene 

in the reading and spectrum profile. Before arranging the sample, a background scan was performed on 

the disk using the software in order to calibrate the instrument. 

After preparing the sample and making the background in the software, it is possible to carry out the test 

locating the KBr disc with the binder film in the IR spectrometer and the IR software was used to run the 

test with 16 scans over a wavenumber range of 4000 cm-1 to 400 cm-1. Each binder showed a 

characteristic spectrum at different aging states. The evaluation and quantification of the functional 

groups is carried out through the valley-to-valley integration of the peaks of interest located at specific 

wavelengths associated with each functional group, as shown in Table 3.4 and Figure 3.4 [84]. In order to 

obtain the indexes of the corresponding functional groups, the value of each area was rationalized with 

the area obtained from the CH2 group, which is established as standard due to its invariability throughout 

the different oxidation states; the functional indexes are calculated as it shows in the next formula: 

 

𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝 𝐼𝑛𝑑𝑒𝑥 =
𝐴𝑟𝑒𝑎 (𝑣𝑎𝑙𝑙𝑒𝑦 − 𝑡𝑜 − 𝑣𝑎𝑙𝑙𝑒𝑦 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛) 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝

𝐴𝑟𝑒𝑎 (𝑣𝑎𝑙𝑙𝑒𝑦 − 𝑡𝑜 − 𝑣𝑎𝑙𝑙𝑒𝑦 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛) 𝑜𝑓 𝐶𝐻2 𝑔𝑟𝑜𝑢𝑝
 

 

 

 

 

(17) 
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Table 3.4 Infrared peak positions of the compounds and their integration limits [84]. 

 

 

 

Figure 3.4 Identification and location of the different functional groups of interest in an IR spectrum;    

X-axis is the wavenumber and Y-axis is the absorbance [8]. 

 

One of the objectives of the use of IR spectroscopy in this project was to evaluate the standard aging 

protocols and to affirm if these are adequate for replicating the condition of 5 to 10 years in service of the 

asphalt binders. Besides, it’s important to identify the laboratory protocol that provides greater accuracy 

when replicating the aging condition of samples that have been exposed to environmental conditions for a 

year. 

 

 



 

56 

 

3.4 Rheological Analysis 

3.4.1 Dynamic Shear Rheometer (DSR)  

This test evaluates two fundamental parameters associated with the performance of the material. One is 

related to the rutting resistance or permanent deformation of the asphalt binder at high temperatures and 

the other with the fatigue cracking resistance of the material at intermediate temperatures. All samples 

UNAGED, ENV, RTFO, PAV, and PAV modified, were evaluated in the TA instrument AR2000 DSR 

under specific procedures and geometries depending on the temperature range and the type of material to 

be evaluated, as shown in Table 3.5. 

The samples were heated to a point where they showed a fluid behavior and were poured in non-stick 

molds containing the diameter corresponding to the two types of geometries used for the development of 

the test. These molds allow handling a reasonable measure of material that will be used in the test. Figure 

3.5 shows the two sample size molds.  The material was removed from the molds and was arranged in the 

middle of the plates or geometry selected and previously configured in the equipment (according to the 

type of analysis that is required) at a temperature of 64°C, enough for the material to adhere to the surface 

of the plates. It is important to mention that before starting the test, zero gap or calibration was performed 

between the selected plates [61]. 

After having the material in the middle of the plates at 64°C, the gap was modified obeying an ideal 

standard to compress the binder, and under this condition (1050 microns and 2100 microns, for the 

geometries of 25 mm and 8 mm, respectively) was removed the excess material of the geometry using a 

previously heated spatula (the plates were kept fixed without mobility during trimming). After removing 

the exceeding material, the gap was changed again, which compressed the material a bit more so that at 

the corners of the geometry the binder had a slight bulge (Figure 3.5, b), and under this condition the test 

was started. The software will follow the steps introduced in the procedure considering the parameters 

shown in Table 3.5. It is important to mention that the strain or torque selected was adequate for the 

binder to present a linear behavior. 
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Table 3.5 DSR specifications for evaluating and grading the asphalt binders. 

 
CR1 and CR2 655-1 and 655-4 

Parameter 
High Temperature 

Grade 

Intermediate 

Temperature Grade 

High + Intermediate 

Temperature Grade 

Sample Dimensions 
1 mm thickness; 25 

mm diameter 

2 mm thickness; 8 mm 

diameter 

2 mm thickness; 8 mm 

diameter 

Spindle Geometry 25 mm 8 mm 8mm 

Trimming gap and 

Trimming 

Temperature 

1050 µm; 64°C 2100 µm; 64°C 2100 µm; 64°C 

Testing gap 1000 µm 2000 µm 2000 µm 

Testing Temperature 

Range 

34 to 82°C 

intervals of 12°C 

(-14°C) to 34°C 

intervals of 12°C 

(-14°C) to 82°C 

intervals of 12°C 

Strain 1% 0.1% 0.2% 

Frequency sweep 0.1-10 rad/s 0.1-10 rad/s 0.1-10 rad/s 

Equillibration time at 

each Temperature 
15 minutes 15 minutes 15 minutes 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.5 Sample sizes in a) the non-stick molds [83], and b) the DSR plates. 

 

When stress and strain are applied to the material, it responds by presenting a behavior that combines its 

viscous appearance and its elastic aspect, typical of a viscoelastic material. Parameters such as phase 

a) b) 
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angle (δ) and the complex shear modulus (G*) are measured by the rheometer after carrying out the 

cycles or the established procedure. The combination of these parameters is used to determine the high-

temperature grading in the unaged and RTFO samples from the ratio G*/sin δ and the intermediate-

temperature grade for the PAV-aged samples from the relation G*sin δ. The criteria for the determination 

of these temperatures establishes that G*/sin δ must be greater than 2.20 kPa for RTFO and greater than 

1.1 kPa for unaged, and G *sin δ less than 5,000 kPa for the PAV condition [10, 16, 65].  

 

3.4.2 Regular Bending Beam Rheometer (BBR) 

This test is carried out on all PAV aged samples, including those in which the PAV protocol was 

modified to obtain the specification of the low-temperature grade of the material following the AASHTO 

M320 protocol [2]. The test has been used for many years to simulate the conditions to which the material 

would present low temperature cracking and thermal fatigue cracking of the pavement in service for 

several years. In order to prepare the samples in the BBR molds, the binder must first be heated to a 

temperature of approximately 160°C for 45-60 minutes to allow the binder to flow and be poured in the 

silicone molds with the dimensions established in Figure 3.6. 

 

Figure 3.6 Asphalt mould assembly and dimensions of asphalt beam [85] 
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After the step mentioned above, the sample was allowed to cool at room temperature for a period of 45 to 

60 minutes, and then a hot spatula was used to remove the excess material from the molds in order to 

obtain a well-defined beam, with the standard dimensions to carry out the test. 

The material is carefully removed from the silicone molds and placed in cooling baths of methanol at 

specific temperatures (depending on the performance grade of each binder) for 1 hour. Each binder was 

conditioned following the Tdesign + 10°C and Tdesign + 20°C specification. After conditioning the sample 

for 1 hour, the test was performed by placing each beam in the two-point support that has the BBR 

equipment also immersed in a methanol bath, which was previously conditioned to the temperature the 

binder have to be evaluated. Each binder was tested according to the Tdesign + 10 °C and Tdesign + 16°C 

specification. A load of 980 mN was applied at the midpoint of the beam for a time of 240 seconds. The 

software automatically monitored the deflection that the binder presented versus time and at the end of 

the 240 s generated a table of results in which the creep stiffness and the creep rate is observed in the time 

of 60 seconds. AASHTO M320 states that these two parameters must obey the criteria in which the creep 

stiffness is less than or equal to 300 MPa at 60 s, and the slope of the creep stiffness or m-value is higher 

than 0.300 at 60 s for quality low-temperature performance [2]. Therefore, the low-temperature grade was 

determined from the hottest temperature where the creep stiffness, S (t), reached 300 MPa and the slope 

of the creep stiffness master curve, m (t), reached 0.3 after 60 s of loading; both conditions must be 

fulfilled in order to define the grade of the material [2]. 

    

3.4.3 Extended Bending Beam Rheometer  

This test was carried out on the PAV samples with the standard protocol (50 g, 20 h). One of the 

objectives of this procedure is to condition the samples under prolonged periods of time to make more 

rigorous and accurate the comparison of the state that the binder presents in service during the winter. The 

preparation of the sample follows the same procedure used for the development of the regular BBR, but 

in this case 12 beams are conditioned in two ethanol baths set at different temperatures (six beams under 
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the condition Tdesign + 10 and six beams at Tdesign + 20) and immersed for 1 h (standard procedure), 24 h 

and 72 h. As mentioned in the previous chapter, Tdesign corresponds to the minimum temperature specified 

according to the location in which the contract will be exposed. The binders were tested at two different 

temperatures Tdesign + 10°C and Tdesign + 16°C after their conditioning period [69]. Table 3.6 shows in 

detail the temperatures at which each of the binders was conditioned and tested. As in the development of 

the regular BBR, it is necessary to fulfill the two criteria for the creep stiffness and the m-value after 60 s 

of loading the software. By extrapolation, the limiting grades were calculated for each condition (bath 

temperature and conditioning time). The low temperature limiting grade is obtained by selecting the 

hottest temperature between the limiting grades mentioned above. Using this test, it was also possible to 

calculate the grade loss that experienced the material after 72 h conditioning. 

 

Table 3.6 Summary of the parameters set to run the EBBR test. 

SAMPLE 
LOWER 

PERFORMANCE 
GRADE 

CONDITION 
TEMPERATURE 

TEST 
TEMPERATURE 

CR1 -22 

-12 -12 

-2 -12 

-12 -6 

-2 -6 

CR2 -28 

-18 -18 

-8 -18 

-18 -12 

-8 -12 

655-1  
AND  
655-4 

-34 

-24 -24 

-14 -24 

-24 -18 

-14 -18 

 

 

3.5 Ductile Failure Analysis 

3.5.1 Double Edge Notched Tension (DENT) 

The purpose of the DENT test is to evaluate the strain tolerance of the materials when subjected to a 

pulling or stretching in specific conditions until it causes its failure in the ductile state. All the residues of 
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the PAV protocol were used to carry out the DENT test. As part of the preparation of the material, it is 

necessary to heat and homogenize the sample at a temperature of approximately 160°C for 40-60 minutes 

to allow it to flow and be poured in the silicone molds with the dimensions outlined in Figure 3.7. Six 

samples were prepared (2 of each type of ligament length). After having the samples in the molds, they 

were left to cool at room temperature for one hour. The excess material was removed using a hot spatula, 

in order to have a well-shaped or mold with the required measures. Afterward, the molds are submerged 

in a water bath previously conditioned at 25°C, and the samples remained in it for a time of 3 h [70]. 

Once the conditioning time was achieved, the samples were carefully removed from the molds to prevent 

their deformation; the samples were always kept under the surface of the water. Before placing the molds 

in loading pins, the thickness of each sample was measured, and these data were entered in a previously 

configured file to visualize the parameters of the specific binder. The three geometries were subjected to 

pulling under a constant loading rate of 50 mm/min until each mold showed the fracture. Parameters such 

as the maximum load (5 mm) and total work of failure were subtracted from the load-displacement graph 

provided by the software to calculate we, βwp, and CTOD [70]. 

 

Figure 3.7 DENT silicone molds and sample dimensions [85].  
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3.6 Thermo-Analytical Test 

3.6.1 Modulated Differential Scanning Calorimetry (MDSC) 

In order to obtain information concerning the morphology and the thermodynamic properties of the 

material, all samples (original and aged) were evaluated in the TA instruments model Q2000 DSC under 

modulation in the heating and cooling processes of the sample. Before running the test, it was checked 

that the equipment had dry Nitrogen gas, since a constant flow of 50 mL/min was needed for the 

development of the test, and also, calibration was carried out with Indium standards. Approximately 

10mg of material was carefully arranged in the Tzero aluminum hermetic pans. The most important 

parameters that were taken into account in the development of the procedure were the thermal history of 

the sample, the heating/cooling speed, and the period of modulation and the amplitude of the modulation 

[86, 87]. The procedure programmed in the software was as follows: 

1. Heating of the sample to 140°C; remained isothermally in this condition for 10 min in order to 

clear the thermal history of the sample. 

2. Four cooling processes were carried out from the temperature of 140°C to -24°C using different 

rates (100°C/h, 30°C/h, 10°C/h, and 3°C/h), and modulation processes (± 0.270 °C every 60 s).  

3. The cooling process was continued from -24°C to -80°C using the fastest rate; remained 

isothermally in this condition for 10 min. 

4. Then the sample was heated from -80°C to 140°C at a rate of 10°C/min, while modulating the  

temperature with  an amplitude  of  ± 0.010°C  and  a  period  of  60 s. 
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Chapter 4 

Results and Discussion 

4.1 Chemical Analysis 

4.1.1 X-Ray Fluorescence (XRF)  

X-ray fluorescence was carried out in order to verify the presence of various metals that in turn confirm 

the use of waste engine oil residue as an additive to extend the specification grade of the material. 

Significant amounts of metals in the asphalt cause its performance to decline, be vulnerable to physical 

hardening, and present premature failures. Besides, the highly paraffinic character of the WEO causes 

higher precipitation of the asphaltenes that have been formed during the oxidation in service. On the other 

hand, paraffins can also affect the adhesion of the asphalt to the aggregate and promote stripping which is 

one of the primary distresses in asphalt pavements [83]. 

The most critical metals for the analysis and study of the samples are zinc and molybdenum. These two 

metals allow for the detection of WEO in asphalt binders [83]. Table 4.1 shows the relative content 

calculated based on the total counts detected of each metal over the 20 seconds employed in the 

irradiation; the identification of the metals was made following Table 3.3, with the detection of Kα in the 

spectrum and correlating with fluorescence energies corresponding to each element. 

 

Table 4.1 Relative metal counts obtained from the XRF analysis of samples; the data is expressed in 

counts/second. 

SAMPLE 

ID 

Relative Zn 

counts/s  

Relative Mo 

count  

Relative Fe 

count  

Relative Ni 

count 

Relative Cu 

count  

CR1 26.72 ----- 41.76 152.2 28.67 

CR2 7.15 ----- 51.26 228.1 58.01 

655-1 32.87 ----- 50.27 160.42 33.06 

655-4 345.55 14.58 267.76 144.06 42.09 
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Figure 4.1 shows the different spectra obtained for each sample. The profile of each spectrum provides 

valuable information regarding the content of metals present in the binders. 

 

 

Figure 4.1 Spectra for all unaged samples. a) CR1, b) CR2, c) 655-1, and d) 655-4. The spectrum d 

shows the peaks corresponding to the zinc and molybdenum content present in sample 655-4. 

 

As can be seen in Table 4.1 and in the spectrum corresponding to sample 655-4, the presence of peaks in 

the fluorescence energies 8.64 and 17.48 keV, affirm contents of Zn and Mo, respectively from the level 

energy Kα. This asphalt binder has shown poor performance in service, and one of the reasons for this 

behavior is that it was modified with WEO, granting great vulnerability to chemical and physical aging 
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subsequent thermal cracking. Concerning the other samples, there was no evidence of molybdenum, and 

zinc amounts were rather low so likely these were free of waste engine oil residue. 

 

4.1.2 Infrared Spectroscopy (IR) 

This technique quantifies the presence or formation of the main groups produced by oxidation, which are 

carbonyl and sulfoxide. Also, the study allows a comparison between the oxidation obtained due to 

conventional laboratory procedures and the aging due to a year of environmental oxidation. The 

importance of this quantification is that the appearance of these functional groups allows predicting which 

materials are more vulnerable to cracking at low temperatures. Although the performance of a material 

responds to many variables, the source or chemical composition of the material and its oxidation rate are 

the most critical variables in the physical response of the asphalt binder [5, 15]. Another critical 

parameter product of oxidation is the content of aromatics, which is associated with UV irradiation [5]; 

UV rays are a variable not adopted within the PAV aging protocols. It can be seen in Table 4.2 the lack of 

the prediction of aromatic components and the degree of unsaturation, commonly produced by photo-

oxidation. The indices of each component were calculated by normalizing the peak area with the 

methylene area. The content of methylene remains relatively constant during the aging processes and 

under the low presence of fine aggregates. The samples were aged following the standard protocols 

AASHTO T 240 and R 28 (RTFO and PAV, respectively). 

 

4.1.2.1 Carbonyl Index 

It is possible to observe that the carbonyl content is dependent on the source of the asphalt binder and this 

index shows a tendency to increase when increasing the time of thermal oxidation. Also, this tendency is 

observed when the amount of sample in PAV pans decreases. The reason for this behavior is attributable 

to the severe conditions of air pressure and high temperatures during the consecutive cycles of PAV 

which force the oxidation reactions in the asphalt binders [5, 15]. 
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Table 4.2 Summary of IR results.  

Sample 

ID 

Functional 

Groups 

Index (x103) 

Unaged 

RTFO PAV PAV PAV PAV PAV Recovered 

85 min 50g 50g 12.5 g 12.5 g 12.5 g 1 year  

163°C 20 h  40 h  20 h  40 h  60 h    

CR1 

Carbonyl 0.00 0.00 4.65 7.36 7.66 9.55 15.76 4.23 

Sulfoxide 3.97 4.53 11.35 12.38 13.63 13.82 13.57 9.15 

Aromatic 10.32 9.64 10.96 9.34 12.59 11.33 9.60 14.39 

Styrene --- --- --- --- --- --- --- --- 

Butadiene --- --- --- --- --- --- --- --- 

CR2 

Carbonyl 0.00 0.00 3.16 12.62 11.68 16.23 15.72 4.01 

Sulfoxide 5.72 6.21 10.19 9.97 7.70 9.19 8.29 6.99 

Aromatic 15.17 14.48 13.34 10.87 9.49 11.38 11.46 18.24 

Styrene --- --- --- --- --- --- --- --- 

Butadiene --- --- --- --- --- --- --- --- 

655-1 

Carbonyl 4.86 5.80 7.44 9.62 9.04 12.80 14.55 11.10 

Sulfoxide 2.82 2.57 5.43 7.61 8.88 9.67 8.59 7.83 

Aromatic 6.52 6.92 6.91 14.26 15.35 16.55 18.59 15.99 

Styrene --- --- --- --- --- --- --- --- 

Butadiene --- --- --- --- --- --- --- --- 

655-4 

Carbonyl 1.93 2.72 9.48 14.27 9.30 15.47 19.85 8.38 

Sulfoxide 1.05 1.89 6.38 6.37 8.71 8.86 8.05 7.23 

Aromatic 7.95 8.67 7.00 6.66 13.45 14.10 14.41 14.42 

Styrene 0.63 0.68 0.65 0.61 1.50 1.60 1.57 1.86 

Butadiene 1.69 1.67 1.55 1.51 2.13 2.07 1.99 2.18 

*Note: The values are expressed in (x 103). The blank spaces within the table correspond to non-

detectable areas for given functional group. 

 

 

Figure 4.2 Carbonyl indices for asphalt binders at different aging conditions. 
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When comparing the aging of the sample that was exposed to environmental conditions during one year 

with the RTFO and PAV procedures, it is possible to observe that it presented severe oxidation in a short 

period. Therefore, it can be affirmed that these laboratory protocols do not correctly simulate the expected 

oxidation condition of 5-10 years in service. The values yielded from the protocols are inferior or very 

similar to the results of the binder that was exposed for just one year. Figure 4.2 shows the variation in the 

carbonyl index concerning oxidation conditions and the different sources of asphalt used. 

 

4.1.2.2 Sulfoxide Index 

Regarding the sulfoxide content, the environmentally aged CR1 and CR2 samples have lower values than 

those after following the standard protocol PAV (Figure 4.3, gray column, 20H PAV and 50 g). The 

opposite case can be observed in the last two samples, 655-1 and 655-4, for which the environmentally 

exposed films have a higher sulfoxide index concerning the PAV protocol (gray column). Generally, It is 

possible to observe that the sulfoxide indices of the samples exposed to environmental conditions are 

lower but close to the indices at rigorous thermal exposures (40H, and 60H PAV using 12.5 g). The lack 

of the correlation of the sulfoxide content with the aging protocols is attributable to the temperatures used 

by these procedures (100°C), which can affect and decompose the functional group and generate residues 

such as sulphonic acids and other products causing an incomplete measurement in the FTIR [5]. Besides, 

it has been claimed that the sulfide most prone to oxidation is that which is primarily limited to the 

aliphatic fraction [5, 15]. Figure 4.3 shows the corresponding sulfoxide index changes according to the 

several aging conditions. 

 

4.1.2.3 Aromatic Index 

The formation of aromatics during aging is a factor of great importance, since this fraction allows for a 

greater peptization of the asphaltenes, preventing the creation of the gel-like structure that affects the 

performance of the material at low temperatures [15]. In Figure 4.4 it is possible to observe that the 
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aromatic fraction content in samples exposed to environmental conditions is higher than the PAV 

protocols (conventional or modified); these methods fail to simulate the production of unsaturated and 

aromatic compounds. The reason for the low correlation is mainly by the lack of UV radiation inclusion 

in the experimental assemblies. 

 

Figure 4.3 Sulfoxide indices for asphalt binders at different aging conditions. 

 

 

Figure 4.4 Aromatic indices for asphalt binders at different aging conditions. 
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4.1.2.4 Butadiene and Styrene Indices 

As can be seen in the description of the materials and binders involved in this project (Table 3.1), the only 

binder that was modified with SBS (Styrene-Butadiene-Styrene) was the 655-4 sample. Therefore, it is to 

be expected that this binder shows the presence of these compounds after being analyzed in IR. Table 4.2 

shows that sample 655-4 was the only one that presented styrene and butadiene contents but the values 

product of the PAV protocols (conventional and modified) do not replicate the data obtained when 

exposing the sample to environmental conditions. The same happens with the data of butadiene index, 

which are inferior to the environmentally aged sample (Figure 4.5). One of the hypotheses that could be 

related to these results is that the conditions of the PAV protocols are not ideal to allow for the oxidation 

of butadiene and styrene. Next, a comparison of the degradation rate of butadiene is made when 

subjecting the sample to aging at lower temperatures in order to see how the temperature affects its 

behavior.  

 

Figure 4.5 Styrene and butadiene indices for sample 655-4 at different aging conditions. 

 

4.1.2.4.1 Rate of Butadiene Degradation Compared to Oxidative Aging for Sample 655-4        

The previous analysis concerning the inability of the laboratory methods to oxidize butadiene generated 

the hypothesis that the high temperatures used in the protocols (100°C for PAV, and 163°C for RTFO), 
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inhibit in some way the oxidation of this component. Figure 4.5 shows how butadiene experiences a small 

decrease when the oxidative cycle is more rigorous. In order to corroborate the exposed above, sample 

655-4 was aged at lower temperatures (90°C, 70°C, and 50°C) during certain periods and the degradation 

of butadiene and oxidation aging was monitored; oxidation aging was measured using the carbonyl 

content in each phase. In Figure 4.6, it is observed that the butadiene degrades at a higher speed with 

respect to the oxidative aging (carbonyl production) when the material is subjected at low temperatures. 

The set up temperature in the aging protocols do not allow replicating the degradation that this component 

presents under normal service conditions. Therefore, after this comparison, it can be said that the 

degradation of butadiene is inversely related to the temperature and the change in the carbonyl index is 

always positive as the temperature and exposure time increase. 

 

Figure 4.6 Change in butadiene divided by change in carbonyl for binder 655-4 at three tested 

temperatures. 

 

4.1.2.5 IR General Observations 

A relevant observation can be extracted from the information presented above. The carbonyl index of the 

standard protocol for PAV achieves a match with the index of the environmentally aged samples. This 

relationship allows judging strongly the accuracy of the PAV procedure used for the specification of the 

binders. Besides, the fact that the protocol also fails in the correlation with the other indices makes 
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necessary a rigorous modification to the procedure involving lower temperatures, thinner binder layers, 

prolonged times and a medium that simulates UV irradiation.  

Previous studies have shown that the changes made to the PAV protocol improve the prediction of aging 

of core samples recovered after 8 years of service [84], therefore, the implementation of more strict 

protocols would allow a more correct evaluation of the materials preventing this way the pavements 

present early failures and favor the performance and longevity of it. 

 

4.2 Rheological Analysis 

4.2.1 Dynamic Shear Rheometer Analysis 

4.2.1.1 High Temperature Grading 

A parameter of great importance for the characterization of asphalt binders is the limiting maximum 

temperature. The high temperature grade gives information about the rutting resistance of the sample 

[10]. A material with a higher high temperature grade value will show better resistance to rutting and will 

show better performance in service. According to Figure 4.7, the samples with the highest rutting 

resistance are the CR1 and 655-4 samples. 

 

Figure 4.7 High-temperature grades for all samples. 
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4.2.1.2 Intermediate Temperature Grading 

This parameter correlates the susceptibility or resistance that asphalt binders will have to fatigue cracking. 

Low values of this temperature are associated with lower susceptibility to fatigue cracking. Figure 4.8 

shows that when increasing the cycles of aging in the PAV, the limiting temperature also increases. Also, 

all the samples exposed to environmental conditions during a year have higher values of intermediate-

temperature grading concerning the samples aged in the standard protocol PAV, and is even higher than 

rigorous cycles as 2PAV, and 20HPAV. According to this information, samples aged environmentally 

will have greater susceptibility to fatigue cracking than the standard PAV; this data shows an under-

design and discrepancy with the PAV protocol. The CTOD parameter obtained from DENT analysis will 

give a better accuracy correlating fatigue cracking.  

 

 

Figure 4.8 Intermediate temperature grades of all PAV conditions and environmentally exposed samples. 
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4.2.1.3 Black Space Diagrams 

Black space diagrams were used to determine if the asphalt samples have simple or complex rheological 

behavior. Through this method it is possible to observe if the material presents a single or multiple 

phases. The presence of multiple phases or heterogeneity in the asphalt makes its behavior difficult to 

predict and correlate. The curves that are discontinuous and fail to show a smooth pattern are those that 

represent materials with complex rheological behavior. Asphalt modified with polymers is prone to 

exhibit complex behavior and phase separation [8]. In the figure shown below, the Black space diagram 

of each sample involved in this project is displayed, and it is related to different aging conditions at low 

and high temperatures. 
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Figure 4.9 Black space diagrams for binders at different aging conditions and separating the low (-14°C 

to 34°C) and high temperature behavior (34°C to 82°C). The frequency was kept constant at 10 rad/s. 
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Figure 4.10 Black space diagrams for binders at different frequencies (0.1 rad/s to 10 rad/s) over a range 

of temperatures (-14°C to 82°C). 

 

As can be seen from Figures 4.9 and 4.10, the Black space diagrams for the material of samples 655-1, 

and 655-4 show a discontinuous pattern indicating thermorheologically complex behavior (i.e., phase 

separation), especially at low stiffness (high temperatures). It is possible to observe that when increasing 
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the temperature, there is an increase in the phase angle and a decrease in the complex shear modulus, 

responding to the viscous behavior. However, as mentioned above, samples 655-1 and 655-4 show a 

discontinuity causing their behavior not to follow a regular viscoelastic character. 

When taking into account the effects of oxidation, it is possible to observe that having a material with a 

higher degree of aging causes the phase angle to decrease. As the material hardens, the storage modulus 

increases, making its elastic recovery increase, and the response is faster by decreasing the phase angle. 

 

4.2.2 Regular Bending Beam Rheometer (BBR) Analysis 

The regular BBR test was carried out on all samples, and at different aging conditions; the limiting grade 

temperature was performed following the AASHTO M320 protocol. This method characterizes the 

asphalt binders in order to replicate the state that will have the material when overcoming more than five 

years of service. Figure 4.11 shows the different temperature limiting degrees and shows the variation of 

this value at different aging cycles. Also, Figure 4.12 makes a comparison of this parameter obtained at 

the laboratory level and at different aging sequences with that calculated on a recovered sample after 

having been exposed for eight years in service (information available for samples 655-1 and 655-4). 

 

     Figure 4.11 Limiting grade temperature according to AASHTO M320 protocol. Regular BBR. 
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Figure 4.12 Limiting grade temperature. Comparison BBR and recovered samples after 8 years of service 

(2011). 

 

According to the data observed for the regular BBR grading, the samples that were aged following the 

conventional PAV protocol have lower values than the specified grade. Knowing the real service 

performance of the samples 655-1 and 655-4 during eight years, it is possible to observe that the PAV 

protocol does not replicate the condition of aging that the material presented. The sample 655-4 recovered 

has a limiting grade temperature 12.72°C warmer than the grade given by the standard PAV condition 

and following the M320 protocol; the difference is more than two full grades (~12°C). The performance 

in service of this sample did not follow the expectations proposed by the conventional grading procedure.  

The figures also show how the different modifications to the PAV protocol make the limiting grade 

specification more rigorous and more accurate. 

 

4.2.3 Extended Bending Beam Rheometer (EBBR) Analysis 

One of the significant advances linked to the characterization of asphalt binders is the development of the 

LS-308 protocol, which exposes the material at extended conditions before it is analyzed; EBBR extends 

the conditioning times to carry out a more efficient and accurate study of the stiffness S(60 s) and the 
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slope of the creep stiffness master-curve m(60 s). Below, the limiting temperatures are shown at the two 

conditioning periods; the protocol was evaluated on the samples that presented the first PAV aging cycle 

(standard procedure). 

 

Figure 4.13 LS-308 specification grades for all asphalt binders. 

 

Figure 4.14 shows the grade losses of each sample after 72 hours of conditioning; this parameter is of 

great relevance since it provides information regarding the performance of the binder. 

 

Figure 4.14 LS-308 grade loses after 72 hours of extended BBR conditioning 
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Through the EBBR protocol, it was possible to improve the limiting degree of the samples and obtain 

valuable binder information such as the grade loss after 72 h of conditioning. Comparing samples 655-1 

and 655-4, the latter showed a higher grade loss, reflecting its poor performance in service. 

CR2 also showed a higher grade loss than sample 655-4. High values in this parameter are linked with 

high vulnerability to physical hardening of the sample, which will not be able to relax thermal stresses 

causing severe crack formation. When observing this parameter, it is possible to affirm that the sample 

CR2 was subjected to air blown processes; these processes modify the performance grade of the material 

to ensure its commercialization. Unfortunately, this mechanism promotes the gel-type structure in the 

samples, making them more vulnerable to poor performance at low temperatures [88]. 

 

4.2.4 Limiting Phase Angle Temperatures 

An analysis was developed taking into account the parameters limiting temperature for the AASHTO 

M320 and the protocols BBR and EBBR with the temperature at which the phase angle reaches the values 

45° and 30°; phase angles were developed in the measurement of the intermediate DSR grade (10 rad/s 

and 15 min conditioning). These two parameters have proven to be important criteria for the control of 

thermal cracking distresses and going further they could allow predicting and optimizing the methodology 

that characterizes and evaluates the asphalt binders [89, 90]. Table 4.3 shows a summary of the main 

results obtained using BBR, EBBR, and DSR; also, shows the temperatures where the phase angles 

reaches 30° and 45°.  

The limiting temperature grade calculated according to the BBR and EBBR protocols were compared 

with the temperature at which the phase angle reached 45° (gelation point) and 30°. The trends reached a 

high degree of correlation when the phase angle was 30°; the correlation also increased when compared 

with the temperatures obtained according to the EBBR protocol. 
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Table 4.3 DSR, BBR, and EBBR results of asphalt binders at different aging conditions.  

  
SAMPLE RBBR, °C EBBR, °C 

T(δ =30°), 

°C 

T(δ =45°), 

°C 

ITPG, 

°C 
HTPG, °C 

C
R

1
 

UNAGED     -0.63 11.37 
  

66.32 

 

RTFO     0.32 14.34 
 

1PAV -23.6 -20.7 5.89 22.69 24.81 

2PAV -22   10.31 30.44 26.48   

20H  -22.3   8.71 28.64 25.71   

40H -19.5   15.92 42.44 30.55   

60H -12.2   29.08 63.88 35.92   

ENV     9.96 26.11 26.82   

C
R

2
 

UNAGED     -3.13 12.35 
  

61.99 RTFO     -2.47 14.33 
 

1PAV -28.8 -22.8 3.83 26.26 18.98 
 

2PAV -25.9   8.56 34.02 20.12   

20H  -26.7   8.41 34.66 20.41   

40H -25.4   17.62 52.46 23.40   

60H -19.1   28.51 73.04 25.77   

ENV     8.76 29.17 19.91   

6
5
5

-1
 

UNAGED     -12.56 1.26 
  

62.12 RTFO     -11.73 1.53 
 

1PAV -34.88 -33.3 -7.99 9.89 7.83 
 

2PAV -33.8   -2.75 29.93 12.46   

20H -24.8   -0.98 30.75 11.64   

40H -23.6   14.13 60.96 16.14   

60H     33.32 102.58 19.53   

ENV     1.80 23.93 17.14   

6
5

5
-4

 

UNAGED     -23.59 -7.79 
  

69.33 RTFO     -7.43 6.38 
 

1PAV -36 -32.3 -3.39 19.88 8.08 
 

2PAV -33.6   5.92 32.40 11.89   

20H -29.3   4.61 30.08 11.86   

40H -12.1   21.12 54.25 18.03   

60H -9.8   37.01 79.50 23.2   

ENV     -0.58 20.32 12.93   

ITPG is the temperature where G*sin δ reaches 5.0 MPa. The frequency for T(δ=30°), T(δ=40°), ITPG, 

and HTPG was kept constant at 10 rad/s and time conditioning of 15 minutes. 
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The adoption of this method (parameter) for the specification or criteria of control of thermal cracking 

distress would make the evaluation of quality assurance testing easier due to the need of a small amount 

of binder to perform the test. It was also found that T (δ = 45°) and ITPG values are close. According to 

previous studies, these two parameters are closer when the sample exhibits good performance in service 

[89]. Taking into account the above and visualizing the data in Table 4.3, the worst performance in 

service was revealed by the sample 655-4 which in turn showed a significant difference between the 

parameters T(δ = 45°) and ITPG; opposite case happens with sample 655-1. 

Figures 4.15, 4.16, and 4.17 show the correlation of the limiting phase angle temperatures with the regular 

BBR and EBBR protocols. Figures 4.15 and 4.16 show all aging conditions and the relationship between 

the regular BBR and the temperature where the phase angle was 30° and 45°. On the other hand, Figure 

4.17 shows the correlation between EBBR and the temperature where the phase angle was 30° and 45° 

just for the first PAV condition. 

 

Figure 4.15 Comparison between limiting phase angle temperatures (15 min conditioning, δ=30°, at 

10rad/s) with regular BBR grades according to AASHTO M 320 (1 h conditioning) for all samples at all 

aging conditions. 
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Figure 4.16 Comparison between limiting phase angle temperatures (15 min conditioning, δ=30°, δ=45°, 

at 10rad/s) with regular BBR grades according to AASHTO M 320 (1 h conditioning) for all samples at 

1PAV aging condition. 

 

 

Figure 4.17 Comparison between limiting phase angle temperatures (15 min conditioning, δ=30°, δ=45°, 

at 10rad/s) with EBBR grades (72 h conditioning). 
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4.3 Ductile Failure Analysis 

4.3.1 Double Edge Notched Tension (DENT) 

The resistance to fatigue of the material can be evaluated using the DENT protocol that takes into account 

the concept of essential work of failure to estimate the performance of asphalt binders; the binder is 

subjected to a stretch under specific conditions until the material fails. The failure of the material in 

ductile state is a measure that correlates some parameters called, we, wp, and CTOD, which associate the 

yield or tolerance to deformation; high values of these variables indicate a good performance and quality 

of the material increasing the fatigue life. Within these parameters, the CTOD is the calibrated parameter 

for the grading of binders since it allows correlating the failure of the material when it is highly confined 

between coarse aggregate particles [79]. 

The test was carried out according to the Ministry of Transportation of Ontario protocol LS-299. The 

standard temperature used for the water bath that conditions the samples is 15 °C, but for the development 

of this project, it was modified at 25°C to ensure all materials failed in the ductile state. The speed of 

stretching is the same used in the standard protocol, 50 mm/min. 

As can be seen in the figures shown below, the method used is highly reproducible; The stress-

displacement profile is characteristic according to each ligament (5, 10 and 15 mm) and confirms the 

process or sequence of stretching, yielding and tearing by which each binder is submitted. 

As it is possible to observe, the test presents the same profile (reproducibility) for each sample, but the 

trend varies from one sample to another. The reason for the previous statement is due to the origin and 

composition of each sample, which makes its performance and behavior to stretching unique. Besides, by 

analyzing the shape of the curve for each binder, it is possible to observe that sample 655-1 has higher 

resistance to deformation and the material maximizes the deformation versus stress area before failure. 
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Figure 4.18 Representative force-displacement patterns for the DENT test on a) CR1, b) CR2, c) 655-1, 

and d) 655-4. Aging condition: Second Cycle Standard PAV (40H PAV, using 50g). 

 

 

One way to more strictly identify the fact that all samples fail following the same sequence is utilizing the 

peak load over thickness graph (Ppeak/B) versus the ligament length, which must show a linear behavior. 

Figure 4.19 shows the validation made to the data where it can be seen the self-similarity or the existence 

of high accuracy linear correlation between Pmax/B vs. L. 

 

a) b) 

d) 
c) 
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Figure 4.19 Plots of Ppeak/B versus L following straight lines with high accuracy, showing self-similarity. 

a) CR1, b) CR2, c) 655-1, and d) 655-4. Diamonds for 1PAV, squares for 2PAV, triangles for 20H PAV, 

circles for 40H PAV, and stars for 60H PAV. 

 

Table 4.4 gathers all the information concerning the DENT analysis. It presents the main parameters such 

as CTOD, specific plastic work of fracture (βwp), specific essential work of fracture (we) and parameter 

R2; the latter shows the high level of correlation that the data presents concerning the following equation: 

𝑤𝑡 =
𝑊𝑡

𝐵𝐿
= 𝑤𝑒 +  𝛽𝑤𝑝 × 𝐿 

 

In addition, the table presents the data on the slopes and the intercepts when linearly correlating Ppeak/B 

versus L to show the self-similarity (Figure 4.19). 
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Table 4.4 Essential work of failure analysis and self-similarity for asphalt binders. 

LABEL ID 
CTOD, 

mm 

specific 

plastic 

work of 

fracture 

(βwp, 

MJ.m-3) 

Specific 

essential 

work of 

fracture 

(we, 

kJ.m-2) 

R2 
Slopes, 

N/mm2 

Intercepts, 

N/mm 
R2 

CR1 

20H PAV(50g)      16.9 0.19 7.7 0.92 0.15 1.6 0.99 

40H PAV(50g)       12.9 0.34 11.9 0.82 0.31 3.1 1.00 

20H PAV(12.5g)  11.6 0.38 10.2 0.97 0.32 2.8 0.99 

40H PAV(12.5g)  8.1 0.64 12.3 0.99 0.59 4.7 1.00 

60H PAV(12.5g)* 7.4 0.61 8.6 0.96 0.41 3.8 1.00 

CR2 

20H PAV(50g)      13.7 0.11 4.4 0.99 0.11 1.1 0.99 

40H PAV(50g)       10.1 0.22 6.1 0.97 0.22 2.0 0.99 

20H PAV(12.g)  10.5 0.18 6.1 0.86 0.21 1.9 1.00 

40H PAV(12.g)  7.0 0.41 7.2 0.93 0.45 3.0 1.00 

60H PAV(12.g)  6.2 0.46 9.0 0.99 0.62 4.3 1.00 

655-1 

20H PAV(50g)      85.0 0.29 7.1 0.91 0.02 0.3 0.99 

40H PAV(50g)       32.6 0.43 8.0 0.99 0.09 0.8 1.00 

20H PAV(12.5g)  29.1 0.47 8.2 0.95 0.10 0.9 1.00 

40H PAV(12.5g)  15.0 0.48 9.1 0.98 0.21 2.0 0.99 

60H PAV(12.5g)  8.3 0.55 8.8 0.82 0.49 2.9 1.00 

655-4 

20H PAV(50g)      28.3 0.16 4.5 0.95 0.06 0.5 0.99 

40H PAV(50g)       15.7 0.16 5.0 0.96 0.10 0.8 0.99 

20H PAV(12.5g)  18.3 0.15 4.7 0.98 0.13 1.0 1.00 

40H PAV(12.5g)  8.4 0.28 6.3 0.99 0.31 2.2 1.00 

60H PAV(12.5g) 5.1 0.22 6.5 0.95 0.58 3.5 1.00 

*The test was performed at 35°C. 

By analyzing the table shown above, it is possible to observe that conditions 2PAV and 20H PAV (12.5) 

reproduce very similar values in each one of the parameters for all binders, also showing a high 

correlation in the slopes and intercepts. 

 

4.3.1.1 Specific Essential Work of Failure (we) 

The specific essential work of fracture is a property of the material and is a parameter that allows 

evaluating the performance of the fatigue material and cracking at low temperatures. Therefore, according 

to the data shown in Figure 4.20, it is to be expected that between the binders 655-1 and 655-4, the 

sample 655-4 shows a lower performance in service, which is consistent with the results that are available 

from the road built with this binder. It is also possible to see that as the asphalt suffers more aging, it 
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develops a higher capacity to the deformation in the ductile state. Although this parameter is strongly 

linked to the performance of the sample in service, the CTOD shows a better correlation and a more 

accurate prediction of the performance of the material. 

 

Figure 4.20 Specific essential work of failure for asphalt binder at different aging rates. 

 

4.3.1.2 Plastic Work of Fracture (βwp)  

This property is associated with the energy used in the deformation of the material outside the fracture 

zone and is not considered a property of the material; therefore it is dependent on its geometry. In Figure 

4.21, the plastic work or non-essential work is plotted at different aging conditions and it is possible to 

observe that the values of βwp are smaller in comparison to the work essential of fracture. In spite of this, 

it is a property which also provides relevant information regarding the binder's performance. According to 

the above, sample 655-4 shows lower values and is expected to present a weaker performance in service. 

Also, it is possible to observe that the trend seen in the essential work of fracture is maintained. When 

aging increases, the values of plastic work of failure also increase. Again, it is important to clarify that the 

parameter that best correlates the performance of the binder is the CTOD, which will be shown below. 
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Figure 4.21 Specific plastic work of failure for asphalt binders at different aging rates. 

 

4.3.1.3 Critical Crack Tip Opening Displacement (CTOD) 

The evaluation of this parameter allows determining the resistance of the material to the deformation in 

the ductile state. Its quantification makes it possible to measure with greater accuracy the performance of 

the asphalt binder with the resistance to fatigue and cracking at low temperatures. 

Figure 4.22 shows that the CTOD decreases as the aging conditions become more severe; the parameters 

of essential work of fracture and plastic work of failure showed the opposite effect. By comparing 

samples 655-1 and 655-4, it is possible to see that the first one has higher values of CTOD for each aging 

state suggesting that this material will be able to tolerate to a great extent the deformation in a ductile 

state and will have high resistance to fatigue and cracking at low temperatures. It is possible to attribute a 

high degree of confidence to the CTOD parameter, knowing in advance the real performance in service of 

these two samples. Besides, as was observed in the XRF analyzes, the sample 655-4 has a high content of 

Zn causing it to perform poorly and to promote the physical hardening more easily. 

Also, according to the specification proposed for binders with a PG-34, the minimum acceptable limit of 

CTOD is 20 mm. Therefore, the fact that the sample 655-1 has a better performance concerning to sample 
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655-4 sample is corroborated. 655-4 suffers a fall in the CTOD from the second condition of aging, thus 

preventing reaching the minimum value required.  

According to the CR1 and CR2 samples, it is possible to observe that they also have low CTOD values. 

Although there is no data on the pavements built with the CR1 and CR2 binders, it is correct to assume 

that the performance of these materials would transmit to the pavement a low resistance to fatigue and 

high susceptibility to premature fractures. Sample CR2 could be associated to air blown processes 

affecting significantly the performance. 

 

Figure 4.22 Critical crack tip opening displacements for asphalt binders at different aging rates. 
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4.4 Thermo-Analytical Test 

4.4.1 Modulated Differential Scanning Calorimetry (MDSC) 

This technique helps to observe the physical changes that the samples present when exposed to cooling 

and heating processes. The glass transition temperatures of each binder respond uniquely to the procedure 

used, and it is important to take into account the conditions in which the analysis was carried out and also 

the thermal history of the material. Changes in the reversible process of heat flow vs. temperature signals 

are correlated with this property, which, in turn, is affected by the different oxidation states of the 

material. The higher the oxidation, the greater the presence of carbonyl groups and sulfoxides, which in 

turn, transfer rigidity to the binder and make the glass transition temperature to increase [5]. Figure 4.23 

shows how the Tg grows as the aging conditions are more rigorous. Also, Figure 4.24 shows the heat flow 

vs. temperature pattern and how it changes when the sample present a physical rearrangement. This 

change helps to obtain the glass transition temperature. 

 

Figure 4.23 Glass transition temperatures for all bitumen at different aging conditions. The data was 

obtained at a cooling rate of 30°C/h.  

 

Key Observations: 

 Tg (Glass transition) experiences an increase when the oxidative aging condition is higher. The 

tendency is more marked at smaller cooling rates (3°C / h and 10°C / h) 

 For the same sample when the cooling rate increases there is a decrease in the Tg. 
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 The majority of the samples evidenced the presence of a second Tg. 

 The CR2 sample showed the presence of a melting point and also at higher aging conditions 

evidenced a second Tg; the appearance of the second Tg became more evident at higher cooling 

rates. The evidence of the melting point was presented in the non-reversible signal. 

The presence of two glass transition temperatures can be attributed to the different components of the 

asphalt binder. Therefore, the lower temperature corresponds to the maltenes and the higher temperature 

to the asphaltenes. 

 

 

 



 

94 

 

 

 

Figure 4.24 Reversible signal tendencies for all asphalt binders at a cooling rate of 30°C/h and different 

aging conditions. 
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Chapter 5 

Summary and Conclusions 

 

 The presence of metals such as Zn and Mo in the 655-4 binder is linked to the modification of the 

material with waste engine oil residue. This residue affects the performance of the asphalt mixture 

significantly, granting great vulnerability to chemical and physical aging and subsequent thermal 

cracking. This modification contributed to the poor service of the material over its 15 years in 

service. 

 

 It was observed through the FTIR analysis that the standard protocols for the characterization of the 

asphalt binder do not correctly simulate the expected oxidation condition of 5-10 years in service. 

The values of carbonyl yielded from the protocols were lower or very similar to the results of the 

binder that was exposed for just one year. The fact that the protocol PAV also fails in the correlation 

with sulfoxide, aromatics, styrene and butadiene indices makes necessary a rigorous modification to 

the procedure involving lower temperatures, thinner binder layers, prolonged times and a medium 

that simulates UV irradiation. 

 

 Through the EBBR protocol, it was possible to improve the limiting low temperature of the samples 

and obtain valuable binder information such as the grade loss after 72 h of conditioning. Comparing 

samples 655-1 and 655-4, the latter showed a higher grade loss, reflecting its poor performance in 

service. CR2 showed a higher grade loss than sample 655-4. High values in this parameter are linked 

with high vulnerability to physical hardening of the sample, which will not be able to relax thermal 

stresses causing severe crack formation. When observing this parameter, it is possible to affirm that 

the sample CR2 was subjected to air blown processes; these processes modify the performance grade 
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of the material to ensure its commercialization. This mechanism promotes the gel-type structure in 

the samples, making them more vulnerable to poor performance at low temperatures. 

 

 The high degree of correlation between the temperature at which the phase angle reaches 30° and the 

limiting low temperature obtained through the EBBR protocol could allow predicting and optimizing 

the methodology that characterizes and evaluates the asphalt binders, improving as well the criteria 

for the control of thermal cracking. The adaptation of these criteria would help in the minimization 

of analysis and conditioning times, besides, of requiring small amounts of sample. 
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