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Abstract 

The road pavement sector in countries with cold climates such as Canada currently faces a 

significant problem with the construction of asphalts demonstrating less than optimal long-term 

performance. Therefore, attention should be paid to the asphalt binder acceptance criteria used. 

This study considers how phase angle specification limits can be used in lieu of Critical Crack Tip 

Opening Displacement (CTOD) as a more practical asphalt binder acceptance property.  

Two sets of binders were tested using the Dynamic Shear Rheometer to determine the resistance 

to fatigue cracking, permanent deformation, performance at high, intermediate and low 

temperatures. The Double-Edge-Notched Tension (DENT) test was performed to measure the 

ductile strain tolerance in the presence of critical tensile stresses. Subsequently, DENT parameters 

of binders were compared with limiting temperatures where the phase angle reached either 30° or 

45° to check for a possible correlation. The results showed promising ability of 30° phase angle 

temperature  to evaluate the strain tolerance of asphalt binder. 

These results showed that 30° phase angle temperature  is slightly more useful than 45° phase 

angle temperature  to evaluate the strain tolerance of asphalt binder as well as the high temperature 

performance grade is very sensitive to additives and is more informative for asphalt long-term 

behavior prediction than intermediate and low temperature performance grades. 
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Chapter 1 

Introduction

1.1 Overview 

Roads are the indicator of the current state of society. First this was understood by Romans who 

constructed thousands of miles of roads, to create the greatest ancient civilization in modern 

history. Roads were one of the most important reasons for why they were able to build their 

gigantic empire. This is logical because roads were essential for army movements, the economy, 

domestic and external trade, and a range of other factors that contributed to the success of the 

Romans. For centuries, humanity has seen several waves of huge scientific and technological 

progress and this expression is still true. Today one is not able to reach one’s place of work, do 

their groceries, attend school, university, or travel within a country and between countries, without 

good roads.  One more astounding fact about the Roman Empire roads, even centuries after the 

empire disintegrated, is that people in Europe still used Roman roads as they remained in good 

quality for hundreds of years.  

Nowadays, building roads is extremely expensive and that is why it is important to have long-life 

cycles. For instance, the Ontario province’s infrastructure initiative started in 2014 and is expected 

to cost a grand total of $190 billion upon completion in 2028, and this is only for a single province 

in the country. Ontario manages more than 2.850 bridges and 16,900 km of highway throughout 

the province. For the planning of road construction budget, it is important to calculate the pavement 

work life duration. It is also important for this asphalt to be of high quality and durable. For 

countries with cold climate and dramatic temperature jumps it is important because of asphalt 
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cracking due to this temperature features. There are several ways to predict long-term cracking 

performance of asphalt. For instance, it is possible to predict long-term cracking performance of 

asphalt using the phase angle. My thesis will investigate how limiting the phase angle of the asphalt 

binder can prevent premature thermal cracking in the pavement.  

1.2 Asphalt Pavement 

Asphalt, which is also called bitumen, is a black material which is used for the paving of roads. 

The main content of it are hydrocarbons. It has some other definitions, for instance according to 

European Bitumen association and the Asphalt Institute: “the residual product from the distillation 

of crude oil in petroleum refining” [1], or “asphalt as a paving material is a dull black mixture of 

asphalt cement, sand, and crushed rock” [2]. Besides, road paving asphalt is used for roofing, 

airport runways, tennis courts, playgrounds, and sometimes even floors in building construction.  

1.3 Sources of Asphalt Cement 

1.3.1 Natural Deposits of Asphalt 

Natural asphalt consists of compounds of hydrogen and carbon with a small amount of nitrogen, 

sulfur, and oxygen. Sormak mining company suggests that natural asphalt was formed during an 

early stage within the breakdown of organic marine deposits into petroleum, characteristically 

contains minerals, whereas residual petroleum asphalt does not [3]. 

The Pitch Lake on the island of Trinidad is one of the biggest sources of natural asphalt. For some 

time, it was used as the primary large commercial supply, however, natural asphalt almost stopped 

to be used nowadays because of ”artificial” asphalt, which comes from petroleum. In the Shell 

Bitumen Handbook, Hunter et al. conclude that it happened because natural asphalt has several 

disadvantages in comparison with petroleum’s asphalt: 
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It is very hard, it has penetration grade 0 with a softening point between 115 and 190 °C [4].  

1.3.2 Petroleum Residue 

As mentioned before, natural asphalt did not find wide usage in road constructions, and that is why 

artificial asphalt is used, which is the heavy residue of crude oil refining processes.  

 

Figure 1.1 Crude oil refining process [5].  

Petroleum refining process consists of several stages:  

Distillation 

The refining process starts by piping the crude petroleum from a storage tank into a heat exchanger 

or tube heater where its temperature is rapidly raised for initial distillation. After this it has to be 
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moved to an atmospheric distillation tower. Here fractions vaporize and must be moved out 

through a series of condensers and coolers. After separation, further refining happens. As a result, 

such chemical products as gasoline (considered a "light" distillate), kerosene (considered a 

"medium" distillate), diesel oil (considered a "heavy" distillate), and many other useful petroleum 

products are obtained [6].  

According to Cheremisinoff et al. sometimes crude oil is “topped” by distilling off only the lighter 

fractions, leaving a heavy residue that is often distilled further under high vacuum [7].  

This topped crude сan be processed into asphalt in the future.  

Cutting Back 

Asphalt may be blended with a volatile substance that produces a product that is more malleable 

at a reduced temperature than pure asphalt. During this blended asphalt being underwent to heat 

or air the volatile elements volatilize. As the result only the solid asphalt is left. The speed of 

evaporation of the cutting agent determines the curing rate of the asphalt.  

Emulsifying 

Asphalt can be emulsified to receive a product which is better for mixing with aggregate, pumped 

through pipes, or used in spray-on applications. Throughout the emulsification process, the asphalt 

is dispersed into fine droplets and blended with water. After this the emulsifying agent must be 

added to prevent the asphalt and water from separating. Emulsifying agents involved in the asphalt 

emulsification process may include clays, silicates, soaps and/or vegetable oils.  

Pulverizing 

Hardened asphalt is sometimes pulverized to get a powder. The asphalt is pulverized and then 

sieved to produce uniform-sized granules.  
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Air Blowing 

As already mentioned, sometimes asphalt is used for other aims besides road paving. In such cases, 

the asphalt can be air blown to increase its consistency. This process produces a product which 

became soft at the temperature higher than needed one for asphalt paving. Usually air blowing 

processes are done at the refinery, at an asphalt processing plant, or at a roofing materials plant. 

The asphalt is heated to 500 °F (260 °C). Then air is bubbled through it for anywhere between 1 

and 4.5 hours. After cooling the asphalt stays in a liquid form [6]. 

1.3.3 Asphaltenes 

Asphaltene is a molecular matter which is the component of crude oil alongside with paraffins, 

naphthenes, aromatics and resins. Its composition includes molecules of sulfur, carbon, nitrogen, 

hydrogen and oxygen, plus a low amount of vanadium and nickel. Asphaltenes must be removed 

during the crude oil refining. This is because they highly contaminate such equipment as crude oil 

pipelines, pumps and compressors. As the result, asphaltenes can put an end to the production 

process. The heavy category crude oil includes high concentrations of ashphaltene but this 

concentration usually remains stable during heavy crude oil productions and hence there isn’t high 

contamination. However, it is more likely to observe contamination in comparison with a light 

category of crude oil. When a crude oil is refined, asphaltene in the form of asphalt is generated 

and is considered to be a waste material or byproduct (low-quality and low-cost material), and is 

generally used with bitumen in preparation of charcoal and further used in the preparation of roads, 

roof proofing, etc [8]. 

1.3.4 Aromatics 

According to Branthaver et al. “aromatics are non-polar molecules composed of predominantly 

unsaturated aromatic structures, naphthenic, and paraffinic carbons, and sulfur atoms” [9].  
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1.3.5 Saturates 

The saturates are also non-polar in nature and consist of branched and straight aliphatic 

hydrocarbons [9]. 

1.4 Types of Asphalt Mixes 

There are two main types of asphalt mixes: hot-mix and cold-mix. Hot-mix asphalt (HMA) is 

mainly used asphalt mix. It is used for heavy traffic main roads while cold-mix asphalt is used for 

temporary road repairing or for light and medium traffic secondary roads.  

Asphalt cement and aggregate are combined in a mixing facility where they are heated, 

proportioned, and mixed to receive the paving mixture. There are two types of hot-mix facilities: 

permanental and mobile one’s. Hot-mix facilities may be classified as either a batch facility or a 

drum-mix facility. The batch-type uses different size fractions of hot aggregate which are drawn 

in proportional amounts from storage bins to make up one batch for mixing. The combination of 

aggregates is dumped into a mixing chamber called a pugmill. Weighed asphalt is then mixed with 

the aggregate in the pugmill. Then the material is moved from the pugmill into trucks, storage 

silos, or surge bins. The drum-mixing process heats and blends the aggregate with asphalt all at 

the same time in the drum mixer. 

When the mixing is complete, the hot-mix asphalt is being transported to the road and spread along 

the surface with a paving machine. Normally at the same time of spreading while still hot, heavy 

rolling machines moving beside the paving machine to smooth the road surface.  
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             Figure 1.2 Hot mix asphalt use for road pavement [10]. 

Advantages of Hot Mix Asphalt 

1. Weather-Resistant. Hot mix asphalt is resistant to wind and flooding. In addition, it’s 

heat absorption melts snow and ice faster than other paving materials.                                                                                                        

2. Quick Cool.  Hot mix asphalt is poured at over 300 °F, but it cools down quickly. Because 

hot mix asphalt cools so quickly, you can open the road for traffic flowing in a few hours. 

3. Strength. Hot mix asphalt is durable, that is why it is used for high traffic main roads and 

highways. Cold mix asphalt is not so lasting. 

4. Bend but Not Break. Hot mix asphalt is more flexible than it’s paving counterpart 

concrete. Asphalt’s flexibility and malleability allow it to shrink and expand during 

different temperatures without cracking or becoming damaged.  

 

Disadvantages of Hot Mix Asphalt 

1.  Expensive. Hot mix asphalt is the most expensive of asphalt paving options 

2. Temperature Window. Hot mix asphalt should only be installed when the outside 

temperature is 40 degrees or higher.  

 

 



8 
 

Advantages of Cold Mix Asphalt 

1. Affordable. Cold mix asphalt is much cheaper than hot mix asphalt. There is no need to 

use it in such a large amount as it is needed for hot mix asphalt.   

2. Helpful. Sometimes cold mix asphalt is indispensable, for instance, during cold seasons.  

Disadvantages of Cold Mix Asphalt 

It’s temporary – cold mix asphalt should only be used as temporary solution, like patches or filling 

in small cracks during the winter. Cold mix asphalt is used for one or two seasons before being 

replaced by a permanent pavement [10], [11]. 

1.5 Waxes 

Waxes are mixtures of heavy hydrocarbons and fat acids combined with esters (organic salts) of 

alcohols instead of with glycerol as in fats and oils. A wax is in liquid state with sufficient solvent 

and become solid after solvent vaporized. Approximately 90% of the commercial waxes are the 

product of petroleum. The same is for waxes contained in asphalts. There are three types of 

petroleum wax:  

1. paraffin 

2. myocrystalline wax  

3. petrolatum [12]. 

1.6 Asphalt Additives 

Asphalt additives are used for modifying the properties of the asphalt. Usually asphalt additives 

constitute only a few percent of whole mixture which is enough for receiving necessary qualities. 

The main aim for adding additives to asphalt is to increase the temperature resistance of pavement 

(temperature range at which it can be used with saving its performance). They also can be used to 
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improve the binding property of asphalt. It is achieved through strengthening the asphalt aggregate 

bond. Additives improve the film thickness of asphalt, as a result avoid asphalt cracking and 

deformity. 

The asphalt additives market is projected to reach $5.45 billion by 2026 [14]. 

Some particular examples of asphalt additives: 

• Styrene Butadiene Styrene (SBS) 

• Process Oils 

• Sulphur Prills 

• Polyphosphoric Acid 

• Surfactants for Asphalt Emulsions and Adhesion Promotion 

• Glycerine 

1.7 Asphalt Physical Properties 

Asphalt has several physical properties, but the most important one’s are: 

• Durability. It is a measure of asphalt binder physical properties behaviour with time (it is 

also called hardening).  Typically, with age asphalt viscosity increases and it becomes 

more tight and fragile. 

• Rheology. Classical definition is that rheology is the study of deformation and flow of 

matter.  

• Safety. Asphalt cement demonstrates the same behaviour as many matters as it vaporizes 

if heated. At extremely high temperatures asphalt cement can release enough vapor to 

increase the volatile concentration immediately above the asphalt cement to a point where 
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it will ignite (flash) when exposed to a spark or open flame. This is called the flash point. 

For safety reasons, the flash point of asphalt cement is tested and controlled. 

• Purity. Asphalt must be made of almost pure bitumen. Impurities are not active 

cementing components and may have a negative effect for asphalt quality [15]. 

1.8 Asphalt Specification and Grading 

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

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

modification techniques, such as air-blowing, polymer-modification, acid-modification and others, 

this system led to a range of serious difficulties. To solve this problem, the US government funded 

a major research effort that became known as the Strategic Highway Research Program (SHRP). 

This effort developed a new and improved set of asphalt binder and mixture test methods as well 

as concurrent specifications known together as the Superpave system, currently used in US, 

Ontario and Quebec [16]. Superpave assigns a Performance Grade to a binder based on 

standardized test methods. According to Zhao et al. the PG indicates the high, intermediate, and 

low temperature limits of the binder [17]. 

1.8.1 Penetration Grade 

The penetration grade of bitumen is bitumen which was refined. It is manufactured at different 

viscosities. The penetration test is used for the characterization of the bitumen. This test is based 

on the hardness. The main principle is the less viscous the asphalt, the deeper penetration by needle 

will be achieved. The penetration value depends on asphalt binder performance. The asphalt 

binders with high penetration values has name ”soft” while asphalt binders with low penetration 
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value are called ”hard”. As Diak et al. say the first one’s are used for cold climates while the second 

one’s for warm climates [18]. 

Table 1.1 Typically Penetration Grades Used with Comments [18]. 

Penetration Grade Comments 

40 – 50 Hardest grade. 

60 - 70 Typical grades used in the U.S. 

85 - 100 

120 – 150 
 

200 – 300 Softest grade. Used for cold climates such as northern Canada  
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Table 1.2 Advantages and Disadvantages of the Penetration Grading [19]. 

Advantages Disadvantages 

The test is done at 25 °C (77 °F), which is 

reasonably close to a typical pavement 

average temperature. 

The test is empirical and does not measure 

any fundamental engineering parameter 

such as viscosity. 

May also provide a better correlation with 

low-temperature asphalt binder properties 

than the viscosity test, which is performed 

at 60 °C (140 °F). 

Shear rate is variable and high during the 

test. Since asphalt binders typically behave 

as a non-Newtonian fluid at 25 °C (77 °F), 

this will affect test results. 

Temperature susceptibility (the change in 

asphalt binder rheology with temperature) 

can be determined by conducting the test at 

temperatures other than 25 °C (77° F). 

Temperature susceptibility (the change in 

asphalt binder rheology with temperature) 

cannot be determined by a single test at 

25° C (77° F). 

The test is quick and inexpensive. 

Therefore, it can easily be used in the field. 

The test does not provide information with 

which to establish mixing and compaction 

temperatures. 
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1.8.2 Viscosity Grade 

In the early 1960s, a reasonable scientific viscosity test was elaborated for the asphalt grading 

system. This test was developed with the aim to replace the penetration test which was considered 

before as crucial for asphalt binder characterization. Since then the viscosity grading system 

provided it’s reability.  

Viscosity is the inverse of fluidity. In other words, it specifies the fluid property of the bituminous 

material. Viscosity is the indicator of the matter resistance to flow. Viscosity grading is build on a 

fundamental, scientific viscosity test, which is conducted at 60˚C (it is believed to be near 

maximum pavement temperature during summer) and it’s measurement unit is stable. Viscosity 

grading can be done with both aged and unaged asphalt samples. Viscosity grade bitumen has a 

feature: the asphalt matter became soft at high temperatures and tough at low temperatures. This 

asphalt viscosity and temperature connection is used for the determination of adhesion, rheology, 

durability and application temperatures of bitumen [19, 20].  
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Table 1.3 Advantages and Disadvantages of Viscosity Grading [19]. 

Advantages Disadvantages 

Unlike penetration depth, viscosity is a 

fundamental engineering parameter. 

The principal grading (done at 25° C (77° F) 

may not accurately reflect low-temperature 

asphalt binder rheology. 

Test temperatures correlate well with: 

- 25° C (77° F) – average pavement temp. 

- 60° C (140° F) – high pavement temp. 

- 135° C (275° F) – HMA mixing temp. 

When using the AC grading system, thin 

film oven test residue viscosities can vary 

greatly with the same AC grade. Therefore, 

although asphalt binders are of the same AC 

grade they may behave differently after 

construction. 

Temperature susceptibility (the change in 

asphalt binder rheology with temperature) 

can be somewhat determined because 

viscosity is measured at three different 

temperatures (penetration only is 

measured at 25° C (77° F)). 

The testing is more expensive and takes 

longer than the penetration test. 

Testing equipment and standards are 

widely available. 
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1.8.3 Performance Grade 

Performance Grade (PG) bitumen is bitumen which is graded based on its performance at different 

temperatures. According to this system all asphalts are categorized depending on their behaviour 

in extreme hot and cold temperatures. The main purpose of bitumen performance grade system 

classification is to make sure that the binder has the necessary properties for environmental 

conditions in the field. PG asphalt binders are chosen according to local climate conditions, load 

on the pavement (traffic conditions), and aging considerations.  

The Long-Term Pavement Performance (LTPP) is used to calculate the temperature of the 

pavement based on the temperature of the air above it. For this some calculations must be done to 

determine highest and the lowest temperatures of the pavement. Then the asphalt which is suitable 

for necessary temperature is chosen. Penetration grading and viscosity grading has some 

limitations for complete characterization of asphalt for use in Hot Mix Asphalt (HMA) pavement. 

That’s why new binder tests and specifications were developed for application in HMA pavements. 

These tests and specifications are specifically developed for such HMA parameters such as rutting, 

fatigue cracking, and thermal cracking. The Superpave performance Grade (PG) Bitumen’s main 

principle is that an HMA asphalt binder’s properties should be corresponded to the conditions it 

will be used in.  

Therefore, the PG system uses a common series of tests but specifies that a particular asphalt binder 

must pass these tests at specific temperatures that are dependent upon the specific climatic 

conditions in the area of use. This idea is not innovative – selection of penetration or viscosity 

graded asphalt binders follows the same logic – but the relationships between asphalt binder 

properties and conditions of use are more complete and more accurate with the Superpave PG 
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system. Information on how to select a PG asphalt binder for a specific condition is contained in 

the Superpave mix design method.  

 

Figure 1.3 How asphalt performance grading system works [22]. 

Performance Grading should: 

• Include measures describing stress 

– strain relationships under field loading. 

• Consider the pavement conditions 

– temperature, traffic speed, traffic volume, and pavement structure. 

• Include acceptance limits derived from experience and actual field performance [22]. 
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1.9 Asphalt Areas of Use and New Trends 

There are several new trends in asphalt pavement area, such as: 

Bio binders: 

1. Plant based 

2. Algae 

3. Animal based 

Environmentally friendly pavements: 

1. Growing interest in 100% recycling 

2. Cold in Place Recycling 

3. Hot in Place Recycling 

4. Full Depth Reclamation 

5. Perpetual Pavements 

6. Leave in place for 50+ years with minimal surface renewal 

7. Porous Asphalt Pavements 

One more trend is connected with asphalt area equipment, particularly screeds. Most of the experts 

in the field agree that the modern trend regarding electrically heated screeds will be continued and 

will possibly become wide spread in pavement manufacturing. This trend with electric screeds is 

provoked by fuel efficiency. Electric screeds decrease the use of diesel fuel and the resulting 

fumes. Moreover, it is also an easier way to control heat. 

John Hood, Bomag Americas' sales manager for paving and milling products in the United States 

says: “These screeds have been around the large asphalt paver market for nearly 15 years and have 

entered into the commercial paver market in the last three years” [23].  
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The screed seems to be getting the most attention when it comes to innovations. In addition to 

electric screeds, manufacturers such as Dynapac are incorporating dual screeds to help compact 

asphalt. Tom Chastain, Dynapac's product manager for paving and milling says: “Dynapac's 

Compact Asphalt unit has dual screeds which allows you to lay two lifts of asphalt. By laying these 

lifts simultaneously it offers better integration of the mix design and better adhesion for a stronger 

surface” [24]. 

Another screed option is a high-density screed such as the tamping bar screeds used in Europe. 

“These high-density screeds precompact materials before screeding, eliminating a portion of the 

compaction differential”, Sunkenberg says. It is believed that these high-density screeds could 

become the common world wide standard for asphalt pavement market, and such companies as 

Vogele and Volvo are already thinking about starting to use these screeds on their pavers in the 

U.S. market. 

Chastain says:  

“Another new idea for asphalt paver manufacturers is to focus on operator comfort. As 

manufacturers we are all trying to figure out - if I was running this paver, would I be 

comfortable sitting here for 8 to 10 hours a day operating. And if I put someone new in that 

operator's station are the controls simple enough or laid out well enough. So, the main idea 

here is to focus on ergonomics, visibility, and comfort of operator” [25]. 
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Chapter 2 

Literature Review 

2.1 Rheology of Asphalt 

Rheology of asphalt includes the study and evaluation of the flow and permanent deformation of 

bitumen, which is stressed (shear stress, extensional stress) due to the applied force. The 

rheological properties of bitumen are measured using conventional tests including softening point, 

viscosity (at 65°C and 135°C), elastic recovery (at 25°C by using a ductilometer), storage stability 

(penetration point, softening point), flash point and tests after thin film oven ageing (softening 

point, viscosity, elastic recovery) [26].  

Nowadays, the dynamic shear rheometer test (DSR) is usually used for measuring the rheological 

properties of bitumen. This method was firstly introduced during the Strategic Highway Research 

Program (SHRP) in 1993. The DSR is a very powerful tool because it determines many parameters 

such as the elastic, viscoelastic and viscous properties of bitumen over a wide range of 

temperatures and frequencies. The rheological properties of bitumen can’t be discussed without 

complex modulus (stiffness) and phase angle (viscoelastic) master curves. Such tests as a bending 

beam rheometer (BBR) and a direct tension test (DTT) are used to measure the rheological 

properties of asphalt at very low temperature.  The rheological data of bitumen is presented in the 

following forms: 

• Isochronal Plot:  An equation or a curve on a graph representing the behaviour of the system at 

a constant frequency (time of loading).  For example, curves of complex modulus as a function of 

temperature at constant frequency are isochrones.  
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• Isothermal Plot:  An equation of a curve on a graph representing the behaviour of a system at a 

constant temperature. For example, curves of complex modulus as a function of frequency at 

constant temperature are isotherms.  

• Black Diagram: A graph of complex moduli versus phase angles. The requencies and 

temperatures are eliminated from the plot, which allows all the dynamic data to be presented in  

one  plot  without  the  need to  perform  the  time-temperature  superposition  principle  (TTSP) 

manipulations on the raw dynamic shear data.  

• Cole-Cole Diagram: A graph of loss moduli as a function of storage moduli.  This plot provides 

a means of presenting the viscoelastic balance of the bitumen without incorporating frequencies 

and/or temperatures as one of the axes.  

• Master Curves:  It was invented that there is a relationship between temperatures and times of 

loading which, through time-temperature shifts, can incorporate measurements done at different 

temperatures to fit into one overall continuous curve at a reduced frequency. According to Mahdi 

the curve, known as a master curve, represents the binder behaviour at a given temperature over 

a wide range of frequencies [27]. The rheology of bitumen can be enhanced with the addition of 

modifiers. For instance: fillers, extenders, polymers, fibres, oxidants and anti-oxidants, anti-

stripping agents and hydro-carbons [28]. As an example, the addition of polymer modified 

bitumen (PMBs) helps improve the rheology over a wide range of temperatures and times of 

loading. The stiffness modulus and elasticity values of PMBs are significantly increased. 

According Goodrich and Ferry they are more resistant to rutting, abrasion, cracking, fatigue, 

stripping, bleeding and ageing at high temperatures and brittle fracture at low temperatures 

[29,31]. In summary, the rheological property of bitumen is an important parameter and reflects 

the actual flexible pavement performance. 
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2.2 Physical Hardening 

The physical hardening phenomenon was firstly reported nearly 100 years ago by Hubbard and 

Pritchard (1916) [32]. Since that moment this theme stays controversial and discussed. 

Physical hardening is a process that occurs at low temperatures in asphalt cement. The effect of 

this is an increase of stiffness. It is also proven that physical hardening is responsible for the 

volume (density) and yield stress that could be described by the Avrami equation for the growth 

of imperfect crystals as discussed by Airey et al. [33]. Unstable gel-type asphalts suffer more from 

physical hardening than sol-type materials. Freeston et al. discussed that the hardening process is 

reversible: when the asphalt binder is heated to room temperature or above, the effect of physical 

hardening is completely removed [34]. 

The hardening rate depends on the chemical composition of the asphalt binder (e.g., length of 

molecular chains and wax content).  

2.3 Effect of Additives on Performance Properties 

2.3.1 Warm Mix Additives 

Nowadays one of the most attracting interest which is only growning type of asphalt additives are 

warm mix asphalt additives. Warm mix asphalt technology relies on the additives which are 

considered to decrease high shear viscosity during compaction to contribute temperature 

reductions of 30 °C to as high as 50°C [39, 40, 41, 42]. Warm mix additives consist of waxes, 

surfactants and other proprietary modifiers. The advantages of warm mix additives are 

environmental (reduced energy costs and emissions) and improved compaction. Surfactants and 

dispersants also can be used to expand the useful temperature interval (Superpave™ grade span) 

[43, 44] and phase stability of asphalt cements [38,45,46,47,48,49,50]. Surfactants also enhance 
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durability of asphalt through reduced hardening [39]. Warm mix additives are beneficial for cold 

climate countries because they allow road paving out of usual season. However, WMA-modified 

binders demonstrate risk of long-term rutting and cracking performance [38]. 

A large amount of surfactant-based WMA demonstrates a tendency to decrease binder stiffness at 

intermediate temperatures, without showing significant changes in the high temperature Superpave 

grade or grade span. As a conclusion, caution is needed to prevent premature rutting due to such 

additives. 

2.3.2 Waxes  

For many years it was believed that waxes have a negative influence on the asphalt performance. 

Some road companies add waxes to asphalt mixtures to decrease the final cost but this leads to 

asphalt performance properties deterioration. Generally, it is believed that waxes enhance the 

hardening rate and stiffness of asphalt [36,37]. In addition, many scientists say that waxes decrease 

the asphalt viscosity [38,39]. It is believed that waxes begin to influence asphalt when their content 

is 3-4% of whole mixture. It has also long been believed that an increased paraffin content 

decreases the adhesion of bitumen to the mineral surface. However, some scientists challenge this 

theory.  Kolbanovskaya stated that the increased paraffin content in asphalt does not change its 

adhesion to the mineral surface [40].  
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2.4 Testing of Asphalt Cement 

2.4.1 Conventional Methods of Testing  

2.4.1.1 Penetration Test 

The penetration test of bitumen determines the hardness or softness of bitumen. This is achieved 

by the measuring the depth (mm) a standard loaded needle can penetrate vertically in five seconds 

with the temperature of the bitumen sample at 25 °C. 

Also, the penetration test of bitumen is used to measure the consistency of bitumen. This test is 

almost limited in usage by asphalts. 

The apparatus consists of the penetration apparatus, needle, container, water bath, thermometer for 

water bath and stop watch. 

 

 

Figure 1.4 Penetration test apparatus [52].  
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Procedure includes several steps.  

In the beginning the asphalt sample is heated until it becomes fluid. Afterwards it is poured in a 

container to a depth such that, when cooled, the depth of sample must be at least 10 mm greater 

than the expected penetration. Sample is allowed to cool to an atmospheric temperature and the 

needle is needed to be clean and a weight placed above the needle. A water bath is used to maintain 

the temperature of specimen. The needle is mounted on bitumen so that it just touches the surface 

of the sample. A stop watch is started and the penetration needle is allowed to penetrate freely at 

same time for 5 seconds. After 5 seconds penetration must be stopped. 

The result will be the grade of bitumen. Normally at least 3 reading are used. 

The penetration value of different types of bitumen used in road construction range between 20 to 

225. However, 30/40 and 80/100 grade bitumen are more common for road construction depending 

upon the type of construction and climate conditions. In hot climates 30/40 bitumen is preferred. 

The value of temperature affects the use of the bitumen. A lower penetration grade is used in warm 

climate conditions to avoid softening and a high penetration grade range of 180/210 are used in 

cold climate conditions to prevent it from excessive brittleness. 

As a conclusion, the Penetration test of Bitumen is used for the Grade of bitumen material in terms 

of its hardness [53]. 

2.4.1.2 Softening Point Test 

The softening point is defined as the temperature at which a bitumen sample can no longer support 

the weight of a 3.5g steel ball.  This test is mainly popular in Europe, in USA and Canada. Mainly 

it is used for roofing asphalts.  Basically, two horizontal disks of bitumen, cast in shouldered brass 

rings, are heated at a controlled rate in a liquid bath while each supports a steel ball. The softening 



25 
 

point is reported as the mean of the temperatures at which the two disks soften enough to allow 

each ball, enveloped in bitumen, to fall a distance of 25 mm (1.0 inch) [54]. 

The apparatus required for this test consists of ring and ball apparatus, thermometer. 

 

 

 

 

Figure 1.5 Softening point test [55]. 
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Procedure to determine Softening Point of Bitumen 

A) Materials of softening point below 80° C: 

The apparatus assembled with the rings, thermometer and ball guides in position. The beaker is 

filled with boiled distilled water at a temperature 5.0 ± 0.5°C per minute. With the help of a stirrer, 

the liquid is stirred and the heat applied to the beaker at a temperature of 5.0 ± 0.5°C per minute. 

The heat continues to be applied until the material softens and allows the ball to pass through the 

ring. The temperature at which the ball touches the bottom is being recorded, is the softening point. 

B) Materials of softening point above 80°C: 

The procedure is the same as described above. The only difference is that instead of water, 

glycerine is used and the starting temperature of the test is 35°C. 

2.4.1.3 Viscosity Test  

Viscosity is the opposite of fluidity. It shows the resistance of asphalt to flow.  

Apparatus for this test consists of saybolt viscometer and bath; withdrawal tube; thermometer 

support; saybolt viscosity thermometers; bath thermometers - saybolt viscosity thermometers, or 

any other temperature indicating means of equivalent accuracy; filter funnel; receiving flask; timer, 

graduated in tenths of a second, and accurate to within 0.1% when tested over a 60min interval. 

Electric timers are acceptable if operated on a controlled frequency circuit. 

Procedure starts with the establishing of bath temperature and control of it at the selected test 

temperature. A cork stopper is inserted having a cord attached for its easy removal, into the air 

chamber at the bottom of the viscometer. The cork shall fit tightly enough to prevent the escape of 

air, as evidenced by the absence of oil on the cork when it is withdrawn later as described.  
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If the selected test temperatures is above room temperature, the test may be expedited by 

preheating the sample in its original container to not more than 1.7° C above the test temperature.  

The sample is stirred well, then strained it through a wire cloth of appropriate mesh directly into 

the viscometer until the level is above the overflow rim.  

For liquid asphaltic road materials having highly volatile components such as the rapid curing and 

medium curing cut-backs, preheating in an open container shall not be permitted. The material 

shall be poured at room temperature into the viscometer of if the material is too viscous to pour 

conveniently at room temperature, it shall be warmed sufficiently by placing the sample in the 

original container in a 50° C water bath for a few minutes prior to pouring. Filtering through a wire 

cloth shall be omitted. The viscosity of steam-refined cylinder oils, black lubrication oils, residual 

fuel oils and similar waxy products can be affected by the previous thermal history. The following 

preheating procedure should be followed to obtain uniform results for viscosity below 95° C. To 

obtain a representative sample, the sample is heated in the original container to about 50° C with 

stirring and shaking. The bottom of the container is probed with a rod to be certain that all waxy 

materials are in solution. 100 ml of sample poured into a 125 ml Erlenmeyer flask. Stopper loosely 

with a cork or rubber stopper. The flask is immersed in a bath of boiling water for 30 min. Well 

mixed sample is to be removed from the bath, and strained through a 0.07mm (No. 200) sieve 

directly into the viscometer already in the thermostat bath. The viscosity test is to be completed 

within 1 hour after preheating.  

The sample in the viscometer is stirred with the appropriate viscosity thermometer equipped with 

the thermometer support a circular motion at 30 to 50 rpm is used in a horizontal plane. When the 

sample temperature remains constant within 0.05° C of the test temperature during 1 min of 

continuous stirring, the thermometer is removed. 
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The tip of the withdrawal tube is immediately placed in the gallery at one point, and suction is 

applied to remove oil until its level in the gallery is below the overflow rim. The overflow rim with 

the withdrawal tube is not to be touched; the effective liquid head of the sample would be reduced. 

The receiving flask must be in proper position; then the cork is snapped from the viscometer using 

the attached cord and the timer is started at the same instant. The timer is stopped at the instant the 

bottom of the oil meniscus reaches the graduation mark on the receiving flask. The efflux time is 

recorded in seconds to the nearest 0.1 s [55]. 

2.4.1.4 Fraass Breaking Point Test 

The breaking Point Apparatus is used to determine the breaking point of solid and semisolid 

bitumen. The Fraass Breaking Point is the temperature at which bitumen first becomes brittle, as 

indicated by the appearance of cracks when a thin film of the bitumen on a metal plaque is cooled 

and flexed in accordance with specified conditions. 

The apparatus consists of stainless steel plaque, cooling and bending apparatus, thermometer IP 

42° C (- 38° C/+30° C), plate and stand [56]. 
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Figure 1.6 Fraass breaking point test [56]. 

2.4.2 Superpave Testing Methods 

2.4.2.1 Direct Tension Test 

The Direct Tension Test (DTT) measures low temperature stiffness and relaxation properties 

of asphalt. These parameters are used to determine the ability of asphalt to resist low temperature 

cracking. The same as other Superpave binder tests, the actual temperatures anticipated in the area 

where the asphalt binder will be placed determine the test temperatures used. 
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Figure 1.7 Direct tension tester [57,58]. 

The basic DTT test measures the stress and strain at failure of a specimen of asphalt binder pulled 

apart at a constant rate of elongation. Test temperatures must be so that the failure will be from 

brittle or brittle-ductile fracture. The test is of little use at temperatures where the specimen fails 

by ductile failure (stretches without breaking). DTT tests are conducted on PAV aged asphalt 

binder samples [57,58]. 
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2.4.2.2 Rolling Thin Film Oven Test 

Rolling Thin Film Oven (RTFO) Test measures the effect of heat and air on a moving film of hot 

mix asphalt binder. It simulates short-term aging of pavement. This is crucial for investigation and 

prediction of early age HMA pavement behavior and distress. 

RTFO test procedure starts with heating of the asphalt binder sampled with the following 

dispensation into special glass specimen bottles. The bottles are mounted horizontally in a carousel 

in the oven. The bottles are rotated at 15rpm for 85 minutes as a jet of 325° F heated air is directed 

into them. At the completion of the RTFO test, the mass change, viscosity, and other rheological 

properties are measured.  

The measurements are then compared to values from unheated samples. 

 

 

Figure 1.8 Rolling thin-film oven test [59]. 
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2.4.2.3 Pressure Aging Vessel 

The Pressure Aging Vessel (PAV) is an aging procedure proposed by the Strategic Highway 

Research Project to simulate long-term field oxidative aging of asphalt binders. It ages asphalt by 

around 10 years. The development of the PAV included evaluation of the factors affecting the 

PAV procedure as well as validation of the PAV as a procedure to mimic field aging of binders 

[61].  

 

Figure 1.9 Pressure aging vessel [62]. 

The basic PAV procedure takes RTFO aged asphalt binder samples, places them in stainless steel 

pans and then ages them for 20 hours in a heated vessel pressurized to 305 psi (2.10 MPa or 20.7 

atmospheres). Samples are then stored for use in physical property tests. 
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The standard Pressure Aging Vessel procedure is found in: 

AASHTO R 28: Accelerated Aging of Asphalt Binder Using a Pressurized Aging Vessel (PAV) 

 

Figure 2.1 PAV pan (with a 

quarter for scale) [62]. 

Figure 2.2 Pan holder with one 

PAV sample inserted [62]. 

Figure 2.3 PAV viewed from the 

top with the pan holder inserted 

[62]. 

 

• Aging temperature is based on the climate where the material is expected to be used. For 

climates where a PG 52 or lower is specified, the PAV is performed at 194° F (90° C). 

For climates where a PG 58 or higher is specified, the PAV is performed at 212° F (100° 

C). For desert climates, it is recommended to perform the PAV at 230° F (110° C) [62]. 

http://www.pavementinteractive.org/wp-content/uploads/2011/04/Pav_pan.jpg
http://www.pavementinteractive.org/wp-content/uploads/2011/04/Pan_holder.jpg
http://www.pavementinteractive.org/wp-content/uploads/2011/04/Pav_top.jpg
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Figure 2.4 Vacuum oven [62]. 

2.4.2.4 Dynamic Shear Rheometer  

 Several programs have been undertaken to find possible correlations between the results of 

traditional empirical test methods (such as the penetration test) for bitumen and the Strategic 

Highway Research Program Performance Grading parameters as determined using a dynamic 

shear rheometer (DSR). The DSR is used to characterize the viscous and elastic behaviour of 

bitumen. This is achieved by measuring the viscous and elastic properties of a thin bitumen binder 

sample sandwiched between an oscillating and a fixed plate [63,64]. In another words, the 

Dynamic Shear Rheometer (DSR), is an equipment that tests rheological properties, such as the 

complex modulus (G∗) and the phase angle (δ) of material. The most common testing setup used 

http://www.pavementinteractive.org/wp-content/uploads/2011/04/Vacuum_oven.jpg
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for DSR is the “parallel plate” configuration. Here the bitumen is placed between two parallel 

plates, one of them is fixed (stator) and another one oscillates (rotor). The oscillation of the rotor, 

around its own axis, creates a shear within the bitumen binder and the resulting response, such as 

strain/stress, are measured. The complex modulus (G∗), also known as dynamic modulus, 

represents the stiffness of material; it is the ratio of stress to strain under vibratory conditions 

(calculated from data obtained from either free or forced vibration tests, in shear, compression, or 

elongation). The phase angle (δ) is the phase difference between stress and strain in harmonic 

oscillation. If δ equals 90⁰, bitumen is assumed to be purely viscous in nature, if δ is equal to 0° C 

this means bitumen has a purely elastic behaviour [65]. The complex modulus magnitude and 

phase angle are often the two parameters that represent the Linear Viscoelastic rheological 

properties of bitumen [65].  

 

Figure 2.5 Dynamic shear rheometer [65]. 
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Figure 2.6 DSR and its accessories [65]. 

Standard DSR test is described in standard AASHTO T315 [65].  

2.4.2.5 Bending Beam Rheometer  

According to the Superpave TM specification, thermal cracking is related to the low temperature 

performance of asphalt binder, and the Bending Beam Rheometer (BBR) test can be used to 

evaluate this performance [66,67,68]. BBR tests provide a measure of low temperature stiffness 

and the relaxation properties of asphalt binders. These parameters represent an asphalt binder’s 

ability to struggle low temperature cracking. The basic BBR test is conducted on PAV aged asphalt 

binder samples. BBR uses the small asphalt binder beams, which is simply supported and 

immersed in a cold liquid bath. A load of 100 grams is applied to the center of the asphalt binder 

beam, and beam deflections are measured according to time. The beam dimension is 12.5 mm 

(width) by 6.25 mm (height) by 102 mm (length). Stiffness is calculated based on the measured 

deflection and standard beam properties. Also, the measure of how asphalt binder relaxes the stress 
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induced by load is carried out. The test method is similar to the three-point flexural beam test 

[66,69].  

 

Figure 2.7 Bending Beam Rheometer (BBR) [70]. 

 

Figure 2.8 Close-up of the BBR beam on its supports [70]. 
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Specifically, flexural creep stiffness (S) and stress relaxation capacity (m-value), i.e. the slope of 

the stiffness versus time curve in a log–log scale, are measured in three-point bending on a beam 

of asphalt binder (6.4 ± 0.1 mm thick, 12.7 ± 0.1 mm wide and 127 ± 5 mm long) [71,72].  

According to Liu et al. and Garili et al.: 

A load of 980 ± 50 mN is applied for 240 s at the mid-point of the sample, which is 

immersed in a cold liquid bath (temperatures lower than 0 C, generally between -30° C and 

-10° C). The beam deflection (δ) is measured with respect to loading time using a linear 

variable differential transducer. According to the elementary Bernoulli-Euler theory of 

bending for prismatic beam the mid-point deflection at time t (δ(t)) can be calculated by 

using equation:  

δ(t)= 
𝑃𝐿3

48𝐸𝐼
 

where: 

 P is the applied load,  

L is the span length,  

E is the elastic modulus  

I is the moment of inertia of the section.  

For a viscoelastic material the displacement depends on the loading time, so the elastic 

modulus can be replaced by the time-dependent flexural creep stiffness (S(t)) which is 

determined by equation: 

 S(t)= 
P𝐿3

4bh^3δ(t)
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where b and h are the beam width and thickness, respectively [71,73].  

The m-value, which ranges from 0 to 1, expresses the material response type: 0 corresponds to the 

limit conditions of elastic solid and 1 to the limit conditions of viscous fluid. 

  M(t)=|
dlog[S(t)]

dlog(t)
| [73]     

 

2.4.2.6 Extended Bending Beam Rheometer 

The Extended Bending Beam Rheometer (EBBR) test was developed to account for the reduction 

in the resistance to thermal cracking of asphalt binders due to extended periods of conditioning 

which are thought to more realistically reflect in-service conditions as opposed to the single hour 

conditioning conducted under current Superpave protocols [74]. In the EBBR test, the Low 

Temperature Limiting Grade (LTLG) and grade loss of an asphalt binder are measured after 

extended conditioning at 10°C and 20°C warmer than the lower design temperature of the 

pavement. According to the developers of the test protocol: “Grade losses are highly sensitive to 

the presence of deleterious additives (waxes, air blown residues, pitches, acids, bases, etc.)” 

[74,75,76].  

As a conclusion, EBBR test equipment, working principle is the same as at BBR, the difference is 

that EBBR measures grade at 72 hours and grade losses after 24 hours and 72 hours at T design 

+10° C and T design +20° C. 
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2.4.2.7 Double Edge Notched Tension Test 

The double-edge-notched tension (DENT) test provides an accurate measure of ductile strain 

tolerance in the presence of critical tensile stresses [77,78,79,80]. In another words, the DENT test 

determines an essential work of failure, a plastic or non-essential work of failure term and an 

approximate critical crack tip opening displacement (CTOD), the latter of which provides a 

measure of strain tolerance. The DENT test ensures a thorough energy analysis of the yielding, 

drawing and tearing processes [81]. 

The double-edge-notched tension test was first used by Cotterel and Reddel [82,83] to separate 

essential and plastic works of failure, w(essential) and w(plastic), relies on ideas of Broberg 

[84,85]. The essential work of failure, we, provides the full work necessary to split two failure 

surfaces in a localized area of a specimen under high limitation. The plastic work, wp, is the work 

cleared away from the failure zone. The total failure energy, Wt (J), is determined from the area 

under the force–displacement curve and can be considered as the total amount of essential 

work, we (J), and plastic work, wp (J): Wt = we  + wp,  

In some cases it can be rewritten in a such way: 

Wt =wt × LB =we × LB +wp  × β𝐿2B 

Where:  

L (m) is the ligament length,  

B (m) is the specimen thickness,  

wt  (J/𝑚2) is the specific total work of failure,  
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 we (J/𝑚2) is the specific essential work of failure which scales with the ligament cross sectional 

area LB,  

 wp (J/𝑚2) is the specific plastic work of failure which scales with the volume around the ligament 

β𝐿2B (β provides a constant that describes the plastic zone shape).  

Dividing both sides of previous equation by the cross sectional area of the ligament, LB, such 

equation can be obtained: 

 Wt= we + β wp× L 

This equation is used for the determination of the specific essential work of failure, we (a measure 

of strength and toughness), by plotting the total specific work of failure, wt , versus the ligament 

length, L. The intercept provides  we  and the slope provides a measure of the specific plastic work 

of failure, wp. By dividing the essential work of failure by the net section stress in the specimen 

with the smallest ligament length (5 mm in MTO LS-299 and AASHTO TP 113-15, one can obtain 

an approximate measure of the critical crack tip opening displacement, CTOD  

CTOD =we ∕δnt,5mm 

where CTOD (m) provides a measure of strain tolerance in the ductile state under severe tensile 

constraint. 

The CTOD is typically in the range of 10–50 mm which is rather large compared to the typical 

failure strains encountered in asphalt mixtures. This is due to the fact that the net section stress 

between coarse aggregate particles is typically much higher than what is found in the 5 mm 

ligament specimens. Further, the pressure aging vessel (PAV) fails to reflect the level of oxidative 

aging in service. Finally, fatigue cracking possibly occurs at higher rates of loading which would 
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also involve higher net section stresses and thus smaller CTOD values. The CTOD has been used 

to explain cracking in the Federal Highway Administration Accelerated Loading Facility (FHWA 

ALF) [85,86,87] as well as in large numbers of Ontario commercial paving contracts [88,89]. More 

recently, the DENT test has been used to explain how REOB negatively affects asphalt cement 

strain tolerance [83,84,90,91,92]. It has been consistently shown that when the asphalt cement 

structure is unstable that the strain tolerance reflected in CTOD and the essential work terms suffer 

[83,84,93,94].  

 

Figure 2.9 Double Edge Notched Tension (DENT) Test [95]. 

2.4.2.8 Rotational Viscometer 

The rotational viscometer is the apparatus which is used for determination of the flow 

characteristics of asphalt. The viscometer operates by rotating a spindle inside the specimen test 

tube and measuring the torque required to rotate the spindle at a given speed, normally 20 RPM. 

Based on the torque, the viscometer determines the viscosity of the specimen in units of centipoises 

(cP). The rotational viscometer apparatus consists of two components: a temperature control 
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system and a viscosity measuring system. The temperature control system consists of a 

thermocontainer and temperature controller. In the beginning the specimen must be placed in an 

aluminum test tube, then be placed into the thermocontainer. For asphalt testing, the test 

temperature must be either 135°C or 165° C. The viscosity measuring system consists of a motor, 

spindle, control keys, and digital readout. As the spindle spins inside the specimen, a torsional 

spring is wound as the torque required to rotate the spindle increases. The spindle’s shape is best 

described as a “plumb bob.” Different-sized spindles are available, depending on the specimen 

that is being tested [96]. 

 

Figure 2.10 Rotational Viscometer (RV) [97]. 
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2.5 Phase Angle 

As it was said previously, the phase angle is an important indicator of asphalt viscosity. High 

values of it indicate that the material has high viscosity. Low values of phase angle are desirable 

at high temperatures since they indicate that the elastic properties are maintained and there is better 

performance under creep loading. In simple words, asphalt binder tends to be more viscous at 

higher phase angles and more elastic at lower phase angles.    

The phase angle is a very sensitive parameter to small change in rheology as the phase angle is 

approximately equal to the derivative of the logarithm of the stiffness with respect to frequency 

according to the following equation: 

δ (ω,T) = 
π

2
 [

d(lnG∗(ω,T)

dlnω
] [98] 

 

Figure 2.11 Definition of the phase angle [99]. 

The phase angle also can be represented by the following equation: 

δ=tan-1 (
𝐺′′(𝜔)

𝐺′(𝜔)
) [100] 
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Chapter 3 

Materials and Experimental Methods 

3.1 Materials 

3.1.1 Asphalt Binder Recovery 

Dissolution of Core Samples 

First of all, asphalt samples received from manufactures were put in an oven at 80-90 °C for an 

hour to heat, allowing for the easy breaking of pieces of hot mix asphalt. After this, around 7 kg 

of broken samples were placed in empty metal cans along with a small amount of dichloromethane 

solvent. They were left for a night for the binder to be dissolved. After this the matter from the 

cans was washed with DCM again for several times. During next step, the binder solution was 

twice passed through a high speed centrifuge machine and placed in well labelled bottles to remove 

impurities and receive the binder mixture. 

Distillation by Rotary Evaporator 

The received solution from the previous mixture extraction was placed in the rotary evaporator 

and heated at a temperature of 70 to 80 °C at an aspirator pressure of 180 mbar. The rotary 

evaporator evaporates DCM solvent and collects it an prepared empty bottle. The pressure was 

slowly decreased until almost all the solvent was extracted. The temperature was then increased to 

160 °C at a constant pressure of 10 mbar to eliminate any trace of the solvent present in the asphalt 

binder residue. The asphalt binder was collected in a glass container which is a part of the rotary 

evaporator.  After this the asphalt binder was poured into a well labelled beaker for further sample 

tests. 
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Figure 3.1 Rotary evaporator [101].  

3.2 Asphalt Binder Aging  

Long-term aging was simulated using the PAV to approximate 8-10 years in service.  
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3.2.1 Long-Term PAV Aging 

The asphalt binder was weighed into labelled stainless-steel pans. The samples were placed in the 

PAV. After this the PAV machine was tightly closed to prevent any leakage of air pressure and 

temperature loss. The pressure was set to 2.08 MPa and the temperature to 100°C. Samples were 

kept under this condition for 20 hours. After the 20 hours, samples were removed.  

 

 

Figure 3.2 PAV samples prepared for ageing [102]. 
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Figure 3.3 PAV samples before and after bubbles removing [103]. 
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3.3 Dynamic Shear Rheometer  

For predicting the performance of the binders, the rutting and fatigue cracking resistance at high 

and intermediate temperatures were measured using the DSR. Both aged and unaged with PAV 

samples were measured from 82C to -2C at an interval of 12C. The samples were prepared by 

melting the asphalt binder in an oven for an hour to make them less viscous and easy to pour. After 

this the samples were poured into thin disc-like silicon molds of 8 mm diameter. The equipment 

was configured according to the required conditions needed for the testing. In the already 

configured and calibrated equipment, the samples were placed on the preliminalry heated 8 mm 

lower plate and the upper plate was gently lowered onto the sample. The trimming gap was set to 

2,100 microns as specified in standard protocols. At a temperature of 64C, the sample in the plates 

was heated for about 10 minutes and a trimming tool was used to carefully trim the sample around 

the edge of the test plates. The testing gap was set to 2,000 microns to create a slight 58 bulge in 

the binder’s perimeter. After this the machine automatically measured the phase angle (δ) and the 

complex shear modulus (G*) data after the finishing cycle of the procedure. 

3.4 Double Edge Notched TensionTest 

In this test, the PAV aged asphalt samples were melted and then freed of air bubbles. After the 

samples were poured into a silicon form with six aluminum end pieces with ligaments 5 mm, 10 

mm and 15 mm. The samples were allowed to cool for 1 hour at room temperature. After they 

were removed from the silicon forms and were conditioned for 3 hours at 15 °C in a temperature 

controlled water bath of the DENT apparatus. The samples were careful removed after 

conditioning to prevent excessive deformation, and the thicknesses were recorded and then the 

samples were loaded through the end pieces onto the apparatus’ loading pins. The test commenced 

by pulling the samples by their ends at a constant rate of 50 mm/min until ductile fracture was 
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reached. Replica samples were also prepared and tested in the same manner for reproducibility of 

results. 

3.5 Extended BBR Testing 

The PAV-aged binders were used in this test to analyse the thermal cracking and physical 

hardening resistance of the binder. The samples were melted in the oven for 1 hour until fluid, 

poured into rectangular silicon forms and were then left to cool for 1 hour. The resulting six asphalt 

beams were conditioned at 8 °C and 18 °C in ethanol baths for 1, 24 and 72 hrs. Next, the samples 

were tested at 18 °C and 12 °C after conditioning according to the standard procedure. The m-

value and creep stiffness of the asphalt binder were obtained with software.  

3.6 X-Ray Fluorescence Analysis  

The aim of this test is to find out whether waste engine residue was added into the asphalt binder 

as a form of modifier or additive. Asphalt binders were analyzed for the presence and amount of 

heavy metals such as Zn and Mo using a hand-held Brucker Tracer III analyzer. The sample was 

melted in the oven for 1 hour for the asphalt to be at liquid form. After it was poured into the small 

plastic form and closed with a circular piece of plastic in the bottom and thin transparent film in 

the top. The sample was put in the XRF machine for 5 minutes. The software gave the results of 

analysis: the chemical composition and quantity of each element. 
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Chapter 4 

Results and Discussion 

4.1 Introduction 

A total of 14 samples were tested for this research obtained from two user agencies, one from 

Canada and another from the USA. In addition, 335 lab samples test results from last 10 years 

were chosen to be used to provide an enhanced analysis and therefore a more accurate result. 10 

obvious outliers caused by testing errors and 19 samples that failed in a brittle manner were 

excluded. 17 samples with negative values of w(essential) and w(plastic) were excluded as well. 

112 samples for which the limiting phase angle temperature could not be determined by 

interpolation or extrapolation by less than 3 °C were also excluded. In the end total of 191 samples 

were used for thesis research. 

The typical error limit was ±1 for DSR and phase angle and ±2 for EBBR. 

Agencies A and B were used as a benchmark. Agency A is an Ontario municipality which 

implemented acceptable specifications based on extracted and recovered asphalt binders 

properties. Contract requirements for agency A are PG 64-28, while agency B from the USA hasn’t 

establish their enhanced requirements yet and is only using the imperfect Superpave specification 

based on tank samples.  

Regular AASHTO M 320 grades, critical crack tip opening displacements (CTOD), extended 

bending beam rheometer (EBBR) limiting low temperature grades (LLTG), limiting phase angles 

grades T(δ = 30°) and T(δ = 45°) and complex modulus T(G* = 60 MPa) and

T(G*=100MPa), were determined for tank-sampled and extracted and recovered materials. While 
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work in our lab isn’t part of the quality assurance it provided for a high level of research on 

effectiveness of phase angle specification grading approach for asphalt long term performance 

prediction.  

4.2 AASHTO M320 Grading 

The results for the high, intermediate and low temperature performance grade tests on recovered 

asphalt binders according to AASHTO M 320 are shown in Figs. 4.1, 4.2 and 4.3. From Figure 

4.1, it can be seen that most of the recovered asphalt binders of A series samples met their HTPG 

contract requirements, except for A97, which graded slightly below the requirement. The reason 

for this maybe that the polymer in asphalt didn’t fully recover. In addition, for much of A series 

the values are more than 70°C, which might mean that the asphalt will not be flexible enough 

during the summer and as a result we will see asphalt cracking in long-term performance since the 

stiffness is too big.  

In contrast, for B series around 33% of samples failed to meet contract requirements by minor 

amounts (B1, B2, B9, B11, B13). This means that these asphalts have only half of the required 

stiffness. It may be possible because of several reasons such as: failure to fully extract polymer; 

switching of samples; testing error as the Dynamic Shear Rheometer test isn’t perfect. The same 

as observed for A agency samples, some B samples showed an excessive stiffness problem which 

results in long-term cracking performance problem. 

The results for the intermediate temperature performance grade tests on recovered asphalt binders 

are shown in Figure 4.2. It can be seen that all A series samples met the contract requirements of 

+22°C. However, they all did it in a very different way. In particular, there are concerns about A42 

and A56 samples since they showed low stiffness and high phase angles. The complex modulus 

G* isn’t known to be accurate with the cracking performance and that is why it wasn’t used for 
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analysis. It should be mentioned that gel materials with low phase angles can easily pass contract 

requirements with the addition of motor oil. However, long term performance for them won’t be 

satisfying. For the B series samples 33% (B4, B5, B8, B15, B16) failed contract requirements of 

+19 °C, +22 °C, +28 °C but by minor amounts. It also should be noted that ITPG results do not 

relate to cracking hence aren’t essential. 

From Figure 4.3 it can be seen that all Agency A series samples met contract requirements for low 

temperature performance of -28°C. Results for sample A56 showed that the binder may age faster 

on the surface than others. Most of  the recovered asphalt binders of Agency B series also met their 

contract requirements, except for B12, B15, B16 which graded slightly below the requirement. 

Therefore, we can see that for the most part the contractors were able to meet the contract 

requirements. However, some of these pavement sections are expected to show premature 

cracking, based on a simple AASHTO M 320 assessment.  

To provide a more accurate assessment of the low temperature grade, the EBBR method was used 

to determine what were closer to true performance grades after complete blending. 

The EBBR test results are shown in Figs. 4.4 and 4.5. For D samples it can be seen that, after 72 

h of conditioning, the low temperature grades for these binders changed to varying degrees which 

is due to the reversible aging phenomenon. A22, A40, A43, A55, A77, A82, A99   binders didn’t 

meet the contract requirements for the EBBR LLTG showing that some inappropriate ingredients 

were added to make material cheaper for production. In contrast absolutely all of the B series 

sample failed the contract requirements of -28 °C and -34 °C, often by significant amounts showing 

that the required recipe wasn’t followed.  
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Further, Figure 4.5 shows that A43, B8, B10, and B16 failed to meet the requirement that the grade 

loss remains below 6 °C. A grade deficit of 6 °C typically brings the concerns that in any given 

year the pavement is not exposed to damaging temperatures from the intended 98% to around 50%. 

Hence, these findings raise serious concerns about pavement life cycles for agency B. The reasons 

of this can be the presence of reclaimed asphalt pavement (RAP), inferior asphalt binders, 

overheating of asphalt during the production or other unknown factors. 

 

 

Figure 4.1. High temperature DSR grades for recovered asphalt cements. Note: The dashed line 

provides the contract requirements for each binder as indicated on the top of each graph. 
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Figure 4.2. Intermediate temperature DSR grades for recovered asphalt cements. Note: The dashed 

line provides the contract requirements for each binder as indicated on the top of each graph. 
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Figure 4.3. Low temperature BBR grades for recovered asphalt cements. Note: The dashed line 

provides the contract requirements for each binder as indicated on the bottom of each graph. 
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Figure 4.4. Low temperature EBBR LLTG results for recovered asphalt cements. Note: The 

dashed line provides the contract requirements for each binder as indicated on the bottom of each 

graph. 
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Figure 4.5. Low temperature EBBR grade losses for recovered asphalt binders. Note: The dashed 

line provides the contract requirements for each binder as indicated on the top of each graph. 
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Figure 4.6 shows the CTOD values of the recovered asphalt cements. It shows that the samples 

from agencies A largely meet the requirement of a minimum 14 mm CTOD value for a PG −28 

climatic zone, except A22, A34, A43, A55, A91, A97 which failed by a minor degree. Besides, 

samples A38, A52, A56 showed large of a CTOD value meaning that binder was polymer modified 

more than it is required. As a result, in the long term asphalt structure destabilization will be 

observed. In contrast, most of the B series samples didn’t meet the requirement of a minimum 14 

mm CTOD value for a PG −28 climatic zone although largely met the requirement of 20 mm for 

a PG −34 climatic zone. The same road pavement cracking will occur in long term run. 

The XRF test showed that none of the samples contained motor oil. 
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Figure 4.6. Double-Edge-Notched Tension results for recovered asphalt cements. Note: The 

dashed line provides the contract requirements for each binder as indicated on the top of each 

graph. 
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4.3 Comparison of DENT properties with DSR properties 

4.3.1 How T (δ = 30°), T (δ = 45°) correlate with CTOD 

Figure 4.7 shows a comparison between limiting phase angle temperatures, T (δ = 30°) and T (δ = 

45°), and CTOD. It can be seen that for this limited set of data the correlation between T (δ = 30°) 

and the CTOD is quite good for core  and loose mix samples with 𝑅2 values of 0.8378 and 0.7472, 

respectively, and quite poor for tank samples with an 𝑅2 value of 0.5722. Tank samples showed a 

great scatter of data in contrast with core and loose mix samples, hence it can be assumed that tank 

samples didn’t provide accurate results for the research. As a conclusion, T (δ = 30°) might be 

slightly more useful than T (δ = 45°) to evaluate in a more practical manner the strain tolerance of 

asphalt binder. 

 

Figure 4.7. Comparison between limiting phase angle temperature T(δ=30) and T(δ=45) and 

CTOD. Note: ∆T (δ=45°), ○T (δ=30°); green colour represents core samples, red colour 

represents tank samples, blue colour represents loose mix samples.   
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4.3.2 How T (δ = 30°), T (δ = 45°) correlate with essential work of fracture 

Figure 4.8 shows the comparison between essential work of fracture and limiting phase angle 

temperatures. The essential work of fracture shows how much energy is needed to fracture a 

material, while the plastic work of fracture is the energy necessary for the plastic deformation 

outside the fracture zone. Very little correlation was found between these two ratios, hence it can 

be assumed that comparison between essential work of fracture and plastic work is not useful for 

an asphalt binder’s characterization and both properties are likely of importance.  

 

Figure 4.8. Comparison between limiting phase angle temperatures T(δ=30°) and T(δ=45°) and 

w(essential). Note: ∆ is for T (δ=45°), ○ is for T (δ=30°); green colour represents core samples, 

red colour represents tank samples, blue colour represents loose mix samples.   
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4.3.3 How T(δ=30°), T(δ=45°) correlate with plastic work of fracture  

Figure 4.9 shows comparison between plastic work of fracture and limiting phase angle 

temperatures T(δ=30°) and T(δ=45°). Very little correlation was found between them, hence 

comparison between plastic work of fracture and phase angle didn’t find any practical use for the 

topic of the study. 

 

 

Figure 4.9. Comparison between limiting phase angle temperatures T(δ=30°) and T(δ=45°) and 

w(plastic). Note: ∆ is for T (δ=45°), ○ is for T (δ=30°); green colour represents core samples, red 

colour represents tank samples, blue colour represents loose mix samples.   
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4.3.4 How HTPG, LTPG, ITPG correlate with essential work of fracture 

The comparison of high temperature, intermediate temperature and low temperature performance 

grades and essential work of fracture is represented on Figure 4.10. Despite the fact that no 

correlation was found for ITPG and LTPG, an interesting phenomenon was observed while 

comparing the high temperature performance grade and the essential work of fracture. The clear 

separation of binders by class of core samples, loose mix samples and tank samples was observed.  

Moreover, it is clear that this phenomenon is not to the same extent for high, intermediate and low 

temperature performance grades. It is observed more for the high temperature performance grade, 

less for the low temperature performance grade and the intermediate temperature performance 

grade.  

All of this leads to several conclusions: 

First of all, this phenomenon can indicate the high polymer modifier amount in asphalt concrete.  

Secondly, this means that the high temperature performance grade might be more informative for 

asphalt long-term behaviour prediction than intermediate and low temperature performance 

grades. 
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Figure 4.10. Comparison between HTPG, LTPG, ITPG and w(essential). Note: green colour 

represents core samples, red colour represents tank samples, blue colour represents loose mix 

samples.   
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4.3.5 How HTPG, LTPG, ITPG correlate with plastic work of fracture 

The comparisons of high temperature, intermediate temperature and low temperature performance 

grades and plastic work of fracture are represented on Figure 4.11. The same observation as for 

the essential work of fracture and performance grades relationship can be made, with no correlation 

for HTPG, ITPG, LTPG and plastic work of fracture being found.  

Again, however, the separation of binders by class of core samples, loose mix samples and tank 

samples for high temperature performance grade and plastic work of fracture is absolutely clear.  

The phenomenon is the clearest for high temperature performance grades and less for intermediate 

and low temperature performance grades.  

This leads to the conclusion that the high temperature performance grade is very sensitive to 

additives (agent) and must be therefore informative for asphalt long-term behavior prediction.   
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Figure 4.11. Comparison between HTPG, LTPG, ITPG and w(plastic). Note: green colour 

represents core samples, red colour represents tank samples, blue colour represents loose mix 

samples.   
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4.3.6 How HTPG, LTPG, ITPG correlate with CTOD 

The relationship between CTOD and high, intermediate, low temperature performance grades is 

represented on figure 4.12. The clear separation of binders by class of core samples, loose mix 

samples and tank samples for the high temperature performance grade can signal about the aging 

phenomenon for asphalt binder.  

It is observed more for high temperature performance grades, less for low temperature 

performance grades and the least for intermediate temperature performance grades. According to 

logic this phenomenon should be observed to greater extent for the intermediate rather than the 

low temperature performance grade. The reason why the opposite situation is observed is not clear 

and should be researched in the future studies. 

 

 

Figure 4.12. Comparison between HTPG, LTPG, ITPG and CTOD. Note: green colour represents 

core samples, red colour represents tank samples, blue colour represents loose mix samples. 
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4.4 Comparison of DENT Properties for Different Agencies 

The comparison of CTOD values of agencies A and B is represented in Figure 4.13. It can be 

observed that agency A demonstrates a lagger average CTOD value than agency B. This leads to 

the conclusion that binders of agency A were more polymer modified than the one’s of agency 

B. The higher amount of polymer will improve the flexibility of asphalt mixture at high and 

intermediate temperatures, decreasing rut. However, at the same time too high amount of 

polymer makes pavement more flexible, what leads to frequent maintenance being required, 

increasing in cost as a result. In addition, flexible pavement is more likely to be damaged from 

chemicals than the more rigid one.  

 

 

Figure 4.13. Comparison of CTOD values for agencies A and B. Note: dashed lines represent 

average values for agencies. 
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Figure 4.14. Comparison of essential work of fracture of agencies A and B. Note: dashed lines 

represents average values for agencies. 

The comparison of essential work of fracture for agencies A and B is represented on Figure 4.14. 

It is clear that the average value of the essential work of fracture of agency A is slightly bigger 

than the one for agency B, hence A agency samples are more fracture resistant. However, the 

difference is insignificant. 
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Figure 4.15 Comparison of plastic work of agencies A and B. Note: dashed lines represents 

average values for agencies. 

The comparison of plastic work of fracture for agencies A and B is represented on Figure 4.15. It 

is clear that for the average values of the plastic work of fracture of agency A is bigger than the 

one for agency B. However, the difference is insignificant. 
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Chapter 5 

Summary and Conclusions 

Given the results and discussions presented, the following summary and conclusions are offered:  

• The phase angle is an important feature for asphalt long-term behavior prediction. The 

limiting phase angle temperatures T (δ = 30°) and T (δ = 45°) show a high correlation with 

CTOD values. Therefore, this DSR-based property needs to be further explored in future 

studies for cold climate cracking specification of asphalt binder. 

• T (δ = 30°) was found to be slightly more correlated with CTOD than T (δ = 45°) to evaluate 

the strain tolerance of asphalt binder. 

• The correlation between essential work of fracture and plastic work with phase angle is not 

strong hence both may need to be used for asphalt binder’s characterization in the years to 

come until there is a better understanding about the importance of both these properties 

individually.  

• The high temperature performance grade is very sensitive to additives (agent) and might 

therefore be informative for asphalt long-term behavior prediction. 
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