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ABSTRACT 

Asphalt mixture is a widely used material for the construction of road, airfield, and 

parking lot pavements. Asphalt binder in asphalt mixture is subjected to oxidative aging, 

which causes asphalt to become stiffer and more brittle and leads to higher asphalt stress that 

makes the pavement more susceptible to cracking under a given deformation. Existing 

studies mainly focus on the aging-related issues of asphalt binder per se. It remains unclear 

how asphalt binder aging drives the mechanical property changes of asphalt mixtures and 

what factors affect asphalt binder aging in asphalt mixtures. 

The overall goal of this research is to (1) quantify the relationships between the aging-

induced chemical and physical changes of recovered asphalt binder and the property changes 

of compacted asphalt mixture, and (2) identify the key factors that affect the aging of asphalt 

binder in asphalt mixtures. The overall research goal consists of four specific objectives: (1) 

Development of a new method to simulate the long-term aging for compacted asphalt 

mixtures, (2) Quantification of the relationship between the aging of asphalt binders and 

asphalt mixtures, (3) Determination of the oxygen transport efficiency and possible oxygen 

consumption of asphalt mixtures, and (4) Identification of critical factors that affect the aging 

susceptibility of asphalt binders in compacted asphalt mixtures. 

To achieve the research objectives, two new pieces of equipment were developed. One 

piece of equipment was developed to more realistically simulate the long-term aging of 

compacted asphalt mixtures. The newly developed equipment was subsequently used to age 

a variety of compacted asphalt mixture types. The dynamic modulus values of compacted 

asphalt mixtures at different aging states were tested. Based on the results, the quantitative 
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relationship between the rheological properties of asphalt binder and the dynamic modulus 

of compacted asphalt mixtures were examined. The other new piece of equipment was 

developed to measure the oxygen diffusion and consumption coefficients of compacted 

asphalt mixtures, along with test procedures for making the measurements. The methods to 

calculate the oxygen diffusion and consumption coefficients of compacted asphalt mixtures 

were also assessed. The relationship between oxygen diffusion coefficients and mixtures’ 

volumetric parameters were examined. 

The following major findings are made through this research. (1) The newly developed 

aging method can efficiently simulate the long-term aging of compacted asphalt mixtures 

without impairing the integrity of the mixtures during the aging process. (2) The dynamic 

modulus values of compacted asphalt mixtures are well related to the aging states of asphalt 

binders. (3) The accuracy and robustness of six models for predicting the dynamic modulus 

of compacted asphalt mixtures vary with mixture types and aging states, and the Improved 

Hirsch’s Model has higher accuracy and robustness in predicting the dynamic modulus of 

compacted asphalt mixtures for different asphalt mixture types. (4) It is feasible to use the 

developed apparatus and test procedure to measure the oxygen diffusion coefficients of 

compacted asphalt mixtures. Additionally, oxygen consumption can be neglected at room 

temperature. (5) Oxygen diffusion coefficients of compacted asphalt mixtures vary greatly 

and are affected by the volumetric characteristics of the compacted asphalt mixtures. (6) The 

oxygen diffusion coefficient provides a good indication of the aging susceptibility of 

compacted asphalt mixtures. 

It is believed that this study contributes to the body of knowledge in pavement 
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engineering by having developed new methods and gained new insights into compacted 

asphalt mixture aging. The findings will also have significant implications for pavement 

engineering practices. 
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CHAPTER 1. INTRODUCTION 

1.1 Background  

Asphalt was first used as a road building material in Babylon circa 615 BCE [1]. To date, 

the Asphalt Institute and Eurobitume estimate that the total global production of asphalt is 

87 million tons per year, and approximately 85% of the production is used in various asphalt 

pavement constructions [2]. This can be attributed to the advantageous properties of asphalt 

pavements, such as lower construction cost, smoother surface, greater durability, and quieter 

driving conditions. By 2007, Europe had paved 3.2 million km of asphalt pavement, 

accounting for approximately 90% of roads in the entire road network [3]. In Hong Kong, 

of the over 2,100 km of road, approximately three-quarters had been paved with asphalt 

pavement materials by 2016 [4]. 

However, asphalt as an organic material is subjected to oxidative aging that causes 

asphalt to become stiffer and more brittle, leading to higher stresses in asphalt binder and 

making asphalt pavement more susceptible to cracking under a given deformation [5, 6]. The 

main long-term aging mechanism of asphalt binders in pavements is oxidative aging. 

Researchers have studied asphalt oxidative aging for nearly one hundred years [7]. These 

studies have been conducted from the following aspects: 

(1) Developing methods to simulate asphalt binder aging in the laboratory to aging state 

in the field as closely as possible. 

(2) Evaluating the effect of aging on the chemical and mechanical properties of asphalt 

binders. 

(3) Predicting the distribution of aging state of asphalt binders as a function of time and 
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depth in field pavement as accurately as possible.  

There are numerous aging methods to simulate the oxidative aging of asphalt binders, 

loose asphalt mixtures, compacted asphalt mixtures in the laboratory [7]. These methods 

often adopt a high temperature and/or a high pressure to accelerate the aging process. For 

example, the current standardized long-term aging methods are to place asphalt binder in a 

pressure aging vessel at 90°C, 100°C or 110°C for 20 hours or to place a compacted asphalt 

mixture in an oven at 85°C for five days. Moreover, existing studies have mainly focused on 

the aging-related issues of asphalt binder per se. A comprehensive literature review by 

Glover et al. [8, 9] suggests that research considering oxygen transport into hot-mix asphalt 

(HMA) mixture and asphalt binder in the mixture is “practically nonexistent.” This finding 

is echoed by another comprehensive review by Petersen [10], who believes that “The 

pragmatic importance of differential oxidative age hardening as a function of pavement 

depth to pavement service life, … is self-evident.” and more understanding is demanded in 

this critical area. 

Existing studies on the aging of compacted asphalt mixtures are mainly based on 

experiences gained from the field. Early studies suggest that the oxidative aging of asphalt 

binders in field pavement primarily occurs at the pavement surface (less than 40 mm from 

the surface) [11, 12]. This finding has a significant influence on pavement research and 

practices and has been incorporated in the global aging model for the Mechanistic-Empirical 

Pavement Design Guide (MEPDG) [8]. However, more recent studies in Texas, USA, 

suggest that asphalt aging may penetrate into deeper HMA pavement layers [13]. Using 

binder test data obtained at various times from a heavily trafficked 36-year-old HMA 
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pavement, a study in Hong Kong examined the evolution of asphalt binder aging as well as 

variations in aging severity with pavement depth. The study also found that asphalt binders 

in deeper pavements also became severely aged.  

The aging susceptibility of asphalt binder in asphalt pavement is essentially governed by 

pavement temperature and oxygen concentration in the pavement [14]. One easily 

conceivable approach to assessing the aging susceptibility of a compacted asphalt mixture is 

to examine its total air void content [8]. Although the total air void content provides some 

indication of the oxygen accessibility of asphalt binder, it does not provide information on 

the connectivity of the air voids. After all, oxygen diffuses much more slowly through 

asphalt binder and aggregate than through interconnected air void channels. Recently, a 

research team led by Glover [8] made several investigations on this issue. For instance, an 

oxygen transport and reaction model for asphalt mixtures was developed, in which oxygen 

was modeled to be transported through air void channels and diffused into asphalt shells, 

and the average air void size and distance between adjacent pores were used to predict binder 

oxidation. Although the existing studies on oxygen transport and diffusion at the microscopic 

level have helped to gain insights into asphalt binder aging in asphalt mixtures, these studies 

have relied on X-ray computed tomography (CT) images to examine air void characteristics 

and consequently have several limitations. First, the resolution of CT images is usually 

inadequate to detect small air voids and air void channels. Second, computer programs for 

accurately calculating air void content and connectivity need to be improved. Third, many 

pavement practitioners lack access to a CT facility. Therefore, this technology cannot be 

used to assess the aging susceptibility of compacted asphalt mixtures. In addition, other 
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existing studies have mainly focused on the determination of oxygen diffusion and reaction 

coefficients based on asphalt binder aging in the laboratory. 

1.2 Problem statement 

To accelerate compacted asphalt mixture aging in the laboratory, high temperatures 

and/or high pressures are frequently used in ongoing studies. However, there are two major 

limitations of these aging methods. First, many researchers did not take the drain-down of 

asphalt binder into account during the development of the aging method for compacted 

asphalt mixtures; drain-down may occur at temperatures higher than the softening point of 

an asphalt binder [15]. Hence, it is necessary to develop an aging method that simulates the 

actual aging process as closely as possible based on the above considerations. Second, the 

accelerated aging methods at high temperatures are inconsistent with the actual aging 

process that occurs in the field as the aging mechanism of asphalt binder at high temperatures 

is different with that at low temperatures [10, 16]. Moreover, very limited studies have been 

conducted to examine the effect of oxidative binder aging at low temperatures on the 

mechanical property changes of asphalt mixtures. It remains unclear how asphalt binder 

aging realistically drives the mechanical property changes of asphalt mixtures.  

Previous studies utilized various indexes to characterize the aging susceptibility of 

asphalt binder in asphalt pavement [17-19]. However, two critical parameters, oxygen 

diffusion and reaction coefficients in asphalt pavement, were not taken into account. These 

parameters represent how fast oxygen diffuses into asphalt pavement and how much oxygen 

is consumed during the diffusion process. To my best knowledge, no published study has 

been made to determine the oxygen diffusion and consumption coefficients of compacted 
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asphalt mixtures. 

1.3 Objectives 

The objectives of this study are as follows: 

(1) Development of a new method to simulate the long-term aging of compacted asphalt 

mixtures. 

(2) Quantification of the relationship between aging of asphalt binder and asphalt 

mixture. 

(3) Determination of the oxygen diffusion and possible consumption coefficients of 

compacted asphalt mixtures. 

(4) Identification of key factors that affect the aging susceptibility of asphalt binder in 

the compacted asphalt mixtures. 

1.4 Outline of the Dissertation 

This dissertation consists of eight chapters. In Chapter 1, a general background is 

presented followed by a description of the current limitations of oxidative aging of asphalt 

and then main objectives. Chapter 2 presents a literature review on the aging mechanisms of 

asphalt binder and asphalt mixture, artificial aging methods, aging indicators, and oxidation 

models. Chapter 3 describes research methodologies and experimental methods. Chapter 4 

compares four different aging protocols by using an oven and a customized autoclave and 

then determines a new long-term aging method for compacted asphalt mixtures. Chapter 5 

validates a new micro-extraction and recovery method for extracting and recovering asphalt 

binder from microcores; and then investigates the relationship between rheological and 

chemical properties of recovered asphalt binder. Chapter 6 discusses the effect of the 
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oxidative aging on the dynamic modulus of compacted asphalt mixtures. This chapter also 

evaluates the effect of the oxidative aging on the accuracy and robustness of six predictive 

models for dynamic modulus of compacted asphalt mixtures. In Chapter 7, oxygen diffusion 

coefficients of compacted asphalt mixtures are determined based on the oxygen 

concentrations changes with time, measured by using a customized diffusion apparatus. The 

predictive model of oxygen diffusion coefficient for compacted asphalt mixture is then 

developed. Finally, Chapter 8 summarizes the major conclusions of this dissertation and 

provides some recommendations. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Asphalt binder aging  

2.1.1 Aging mechanism of asphalt binder  

Asphalt is subjected to oxidative aging that causes asphalt to become stiffer and more 

brittle, leading to higher stresses in the asphalt binder and making asphalt pavement more 

susceptible to cracking under a given deformation[5, 6]. Asphalt aging has been studied for 

nearly one hundred years by researchers [7]; it is one of the major research fields in pavement 

engineering. The aging mechanisms of asphalt binder can be classified into four types [20]： 

a. Oxidation；  

b. Evaporation of volatiles；  

c. Exudative evaporation；  

d. Steric or physical hardening.  

Oxidation  

Johansson [21] states that oxidation is the most probable cause of asphalt aging, and is 

an irreversible chemical reaction between the components of asphalt and atmospheric 

oxygen. The reaction results in the changes of oxygen-containing functional groups in 

asphalt, such as sulfoxide (oxidation of sulfide), carboxylic acid, ketone, and dicarboxylic 

anhydride [22-25]. 

Corbett and Mertz investigated a road in Michigan after 18 years of service, concluding 

that oxidation had an influence on the weight variation of aromatic, resin, and asphaltene 

and had no significant loss of the saturate fraction [26]. Farcas further found that aromatic 

fractions decrease, first becoming resins and then asphaltene [27]. This process is due to 
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oxygen functional groups forming in the asphalt molecules, resulting in the decrease in resins 

and aromatic fractions and increase in asphaltene fractions [28-31].  

Evaporation of volatiles 

Volatile components in asphalt evaporate during the processes of mixing, transport, and 

paving [32]. Zupanic and Baselice reported three main sources of asphalt volatility [33]: 

(1) Existing molecules in asphalt, 

(2) Newly synthesized molecules through reaction between oxygen and existing 

molecules in asphalt, 

(3) Newly generated molecules through thermal cracking of existing molecules  

During the production, storage, transport, and paving procedures, asphalt is exposed to 

high temperature at which light asphalt fractions begin to evaporate quickly. More 

specifically, when asphalt contacts with aggregate at or above 150°C , aromatic fractions 

rapidly evaporate, while the weight of asphaltenes can increase by 1-4% [27]. This is the 

reason why fume and steam are observed during these stages. In addition，the evaporation 

causes the loss of the light components in asphalt that, in turn, increases the viscosity of the 

asphalt binder and makes it stiffer. It was found that the asphalt viscosity would be increased 

by 150-400% during these procedures [34, 35]. 

Exudative evaporation 

Exudative evaporation is also an irreversible process that oily components in asphalt 

exude into mineral aggregates, resulting in the hardening of asphalt binder [36, 37]. 

Although exudative evaporation is not a major contributor to asphalt hardening, it also 

results in the compositional changes of asphalt and affects the asphalt properties [38].  
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Steric or physical hardening 

Steric hardening, also called physical hardening, is a reversible process [21]. Steric 

hardening leads to the increases in viscosity and slight volume contraction due to the slow 

crystallization of waxes in asphaltene fractions at room temperature [28]. The viscosity of 

asphalt binder returns to its original value as storage temperature increases to 70°C [39].  

2.1.2 Factors affecting asphalt aging 

Asphalt binder aging has been widely studied for many years. Traxler (1963) 

summarized 15 different factors that affect asphalt aging, as listed in Table 2.1. It shows that 

asphalt aging is highly dependent on temperature, time, oxygen concentration and sunlight. 

Table 2.1 Factors affecting asphalt aging [30] 

 

Influenced by Occurring 

Time Heat oxygen sunlight 
Beta 
and 
rays 

At the 
surface 

In the 
mixture 

Oxidation (in dark) √ √ √   √  
Photo-oxidation (direct 
light) √ √ √ √  √  

Volatilisation √ √    √ √ 
Photo-oxidation 
(reflected light) √ √ √ √  √  

Photochemical (direct 
light) √ √  √  √  

Photochemical 
(reflected light) √ √  √  √ √ 

Polymerization √ √    √ √ 
Steric or physical √ √    √ √ 
Exudation of oils √ √    √  
Changes in nuclear 
energy √ √   √ √ √ 

Action by water √ √ √ √  √  
Absorption by solid √ √    √ √ 
Absorption of 
components at a solid 
surface 

√ √    √  

Chemical reactions √ √    √ √ 
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Influenced by Occurring 

Time Heat oxygen sunlight 
Beta 
and 
rays 

At the 
surface 

In the 
mixture 

Microbiological 
deterioration √ √ √   √ √ 

2.1.3 Effect of aging on chemical composition changes of asphalt binder 

Two approaches are usually used to describe the chemical composition changes of 

asphalt binder:  

1) Multiple-phase system (traditional approach) 

This approach is explained by using four functional groups (saturates, aromatics, resins, 

and asphaltenes). The asphalt is defined as a semi-solid phase in which asphaltenes are 

covered by a protective layer of resin dispersing in a liquid phase consisting of aromatics 

and saturates [6]. The schematic diagram of asphalt is shown in Figure 2.1. During the 

oxidative aging process, non-polar fractions decrease and form polar fractions followed by 

asphaltenes; while saturates are considered to be essentially unchanged due to its low 

chemical reactivity, as shown in Figure 2.2 [30, 31, 40]. Siddiqui and Ali further found that 

the formation rate of asphaltene was linear with increasing aging time, and the asphaltene 

contents increased by 6-7% in 340 minutes at 163°C. This pattern was also observed with 

the asphalt extracted and recovered from an field pavement which had serviced for 90 

months under southern French climate [41].  
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(a) Sol-type 

 
(b) Gel-type 

 
Figure 2.1 Schematic representation of (a) sol-type asphalt; and (b) gel-type asphalt [42] 
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Figure 2.2 SARA fractions for various asphalt before and after RTFOT aging for 85 

min and 340 min [31] 

2) Single-phase system (SHRP approach) 

In SHRP A-367 report, asphalt is defined to be a continuous and homogeneous material 

consisting of organic molecules that are composed primarily of carbon and hydrogen. In 

addition, the majority of molecules contain one or more heteroatoms, such as nitrogen, sulfur, 

oxygen, and a trace amount of metal (e.g., vanadium, and nickel) [22]. During the oxidative 

aging process, molecules in asphalt binder react with oxygen and form carbonyl species, 

which further form larger and more complex molecules. 

Since the 1960s, many studies have been conducted to identify and characterize polar 

and heteroatom-containing functional groups related to oxidation [23-25, 43, 44]. Two 

general conclusions of these studies are that ketone and sulfoxide are two major oxidation 

products, and anhydrides and carboxylic acids are also discovered but in small amounts, as 
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shown in Figure 2.3 and Table 2.2.  

                     

Polynuclear aromatic (1)       Phenolic (1)            2-quinolone type (1) 

                        

Pyrrolic (1)        Pyridinic (1)       Sulfide (1)        sulfoxide (2) 

                        
Anhydride (2)            Carboxylic acid (1,2)          Ketone (2)  

Note: (1) Naturally occurring; (2) Formed on oxidative aging 

Figure 2.3 Chemical functional groups in asphalt molecules initially present or formed on 
oxidative aging [45]  

 

Table 2.2 Chemical functional groups formed in asphalt during oxidative aging [45] 

Type of 
asphalt 

Source of 
asphalt 

Concentration (mol/L) Average 
hardening 

index2 Ketones Anhydrides1 Carboxylic 
acids Sulfoxides 

B-2959 Mexican 0.50 0.014 0.008 0.30 38.0 

B-3036 Arkansas 
Louisiana 0.55 0.015 0.005 0.29 27.0 

B-3051 Bosan 0.58 0.020 0.009 0.29 132.0 
B-3602 California 0.77 0.043 0.005 0.18 30.0 

Note: 1Naturally occurring acids have been subtracted from report value. 

     2Ration of viscosity after oxidative aging to viscosity before oxidative aging. 

Peterson (1998) simulated asphalt binder aging at 130°C  in the laboratory and found that 
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the chemical composition of asphalt increased as aging time increased, as shown in Figure 

2.4. Note that ketones and sulfoxides rapidly formed during the initial stage of oxidation. 

However, formation rates of ketones and sulfoxides became slower over aging time, 

especially for sulfoxides. This trend is highly consistent with Branthaver’s findings [22].  

 
Figure 2.4 Oxidation products vs. oxidation time for Boscan asphalt at 130°C  [46] 

As previously stated, ketones and sulfoxides are two major oxidation products. Therefore, 

formation mechanisms of ketones and sulfoxides were investigated by Petersen’s team [47, 

48] and Mill and Tse [43] 

For the formation mechanism of ketones, Deorrence et al. (1974) provided strong 

evidence that the ketone is generated at the benzylic carbon position (the first carbon of an 

alkyl chain attached to an aromatic ring). More precisely, the lone hydrogen attached to the 

carbon adjacent to the aromatic ring on the tertiary benzylic carbon is very reactive and is 

easily removed during the oxidation process. Mill and Tse (1990) further found that a 

majority of benzylic hydrogen belong to tertiary (methine) types. The carbon-hydrogen bond 
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in the tertiary (methine) types is orders of magnitude more reactive than unbranched aliphatic 

hydrocarbons.  

For the formation of sulfoxides, Peterson et al. (1981) found that sulfoxides result from 

the oxidation of organic sulfide on many asphalt molecules. More specifically, the sulfide 

forms sulfoxides by the reaction with hydroperoxide intermediates from the oxidation of 

asphalt hydrocarbons. Although sulfoxides are rapidly formed during the oxidation process, 

it is thermally unstable [5]. Moreover, sulfoxides content depends on not only the initial 

sulfur content in asphalt but also the oxygen diffusion rate in the asphalt [5].  

2.1.4 Effect of aging on physical properties of asphalt binder 

As mentioned in the previous section, aging leads to the decrease in aromatic content 

and subsequently increase in resin and asphaltene contents. Furthermore, asphaltene content 

has a significant effect on the physical property change of asphalt. The higher asphaltene 

content is, the harder and more viscous the asphalt is. It represents a lower penetration, higher 

softening point, lower ductility, higher viscosity, and, usually, higher penetration index (PI) 

[29]. These phenomena are caused by that oxygen reacts with asphalt molecules, 

subsequently forming carbonyl compounds, which further lead to the larger and more 

complex molecules that would make asphalt to be harder and less flexible [29]. In other 

words, the tendency that asphalt becomes harden is caused by the multiple impacts including 

polymerization, volatilization, photochemical action, oxidation, and photo-oxidation [30]. 

Ishai (1996) investigated the effect of aging temperature on the penetration values of 

asphalt by using thin film oven test (TFOT), as indicated in Figure 2.5. Note that the 

penetration values rapidly decreased as aging time increased, especially in the initial stage 
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of the aging process. The similar tendency was found by Francken [49]. In SHRP program, 

eight asphalts were adapted to simulate oxidative aging in the pressure vessel at 2.07 MPa 

[22]. The dynamic shear viscosity was measured at 60°C  as a function of aging time, as 

shown in Figure 2.6. It is apparent that dynamic shear viscosity rapidly increased in the first 

50 hours and then increased at a nearly constant rate. Moreover, the trend of dynamic shear 

viscosity in the long-term aging stage is quite similar for eight types of asphalt. 

 

Figure 2.5 Penetration value vs. aging time [41] 

 
Figure 2.6 The relationship between dynamic viscosity at 60°C  and Pair void aging time 

[22] 
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2.1.5 Summary 

During the processes of storage, mixing, transport, and paving, asphalt binder is exposed 

to high temperatures. As a result, asphalt binder rapidly oxidizes. In service, asphalt binder 

is further aged due to the acceleration of oxygen, pavement temperature, and UV light, while 

oily components in asphalt binder exude into aggregate. 

The mechanism of asphalt aging can be briefly summarized that several molecular 

groups in asphalt binder react with oxygen at high temperatures, atmospheric oxygen, high 

pressures, and UV light, and chemical compositions in asphalt are changed during the 

reaction process. More specifically, asphalt binder aging results in decreasing in aromatic 

content and subsequently increasing in resin content, and finally rising in asphaltene content. 

These changes further lead to a harder asphalt binder, which shows a lower penetration, 

higher softening point, lower ductility, higher viscosity, and, usually, higher PI. 

2.2 Aging of asphalt mixture in asphalt pavement 

2.2.1 Oxidation of asphalt pavement 

The aging process of asphalt mixture can be divided into two stages: short- and long-

term aging.  

(1) Short-term aging 

Short-term aging mainly occurs during the stages of mixing, transport, and paving due 

to high temperatures. In these stages, the asphalt is rapidly aged, especially in the mixing 

stage. When hot asphalt binder blends with hotter aggregates and then coats on the surface 

of aggregates with a thin film (usually 5-15 µm), the lightweight fractions volatile 

(evaporation), and some oil components exude into the aggregate (exudative hardening), 
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while some functional groups in asphalt react with oxygen. Similarly, these processes 

continue at a slower rate during the storage, transport, and paving stages.   

(2) Long-term aging 

Long-term aging mainly occurs in the service life of asphalt pavement although the aging 

rate is slower compared with short-term aging. External air supplies enough fresh oxygen 

for the oxidative aging of asphalt binder. UV radiation raises energy levels which result in 

carbon-carbon chains breaking and reacting with oxygen [29]. When cracks and 

interconnected air paths appear in asphalt pavement, air can penetrate into a deeper pavement 

layer and causes oxidative aging of asphalt binder in the deeper layer of asphalt pavement. 

Also, it is believed that the upper 10 µm of asphalt binder below the exposed surface, which 

results in the photo-oxidation and the formation of the skin with 4-5 µm thick on the surface 

of asphalt binder [29]. The skin can hinder oxygen from penetrating into a deeper layer of 

asphalt binder, but the oxidative material is soluble in rainwater and can be washed away 

with rainwater, leading to the exposure of fresh asphalt [50].  

2.2.2 Factors affecting asphalt aging in asphalt mixture 

During the mixing, transport, and paving processes, asphalt binder is subject to high 

temperatures for a relatively short time and is then aged at relatively low temperatures for a 

longer period. In these stages, asphalt rapidly oxidizes to a certain extent, and the aging rate 

of asphalt binder in field pavement is highly dependent on pavement temperature [29]. In 

service, air void content, pavement service life, and film thickness of asphalt binder also 

affect the rate and degree of asphalt aging [42, 51, 52]. Besides these factors, pavement depth, 

nature of aggregate, filler, and aggregate gradation also have a direct influence on asphalt 
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aging [51, 53-55]. These factors are detailed as follows: 

1. Pavement temperature 

As previously mentioned, asphalt binder is exposed to high temperatures during mixing, 

transport and paving stages. The existing studies reported that penetration values of asphalt 

binder decreased by 30% during the mixing process [42]. Whiteoak and Fordyce [56] also 

found that oxidative aging of asphalt binder was a function of temperature, as shown in 

Figure 2.7. In service, aging rate of asphalt binder is also highly dependent on temperature 

profile within the pavement [29]. This influence can be divided into two different types. On 

the one hand, high pavement temperatures in summer accelerate oxidative aging of asphalt 

binder in the pavement. On the other hand, the oxidative rate might significantly slow down 

due to the immobilization of reactive components in asphalt at low temperatures, and this 

phenomenon was found and proven by Coons and Wright. It is because that most of reactive 

components containing in polar aromatic fractions reduce due to the oxidation, resulting in 

inactivation of the polar aromatic fractions. At lower oxidation temperatures (about 60°C or 

less), oxidation tends to quench; and oxidation nearly ceases when temperatures are lower 

than the quenching level [10].  
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Figure 2.7 Effect of mixing temperature on softening point [56] 

2. Pavement service life 

The asphalt binder rapidly oxidizes and hardens during mixing and paving processes 

followed by being aged at a slow rate in service life. Coons and Wright [55] extracted and 

recovered asphalt binders after being serviced for various periods from four months to 13 

years, and measured viscosities of the asphalt binders at 25°C (see Figure 2.8). It is apparent 

from the figure that relative viscosities increased as the service time increased. Similarly, 

Lubbers (1985) continually tracked and surveyed the changes of penetration, softening point, 

and PI over service life, as shown in Figure 2.9. Note that penetration values of the asphalt 

binders rapidly dropped to 25 dmm after seven years of service while PI values of the binders 

at surface increased to above 3. As a result, a significant conclusion can be drawn that asphalt 

aging in pavement is also a function of pavement service life.  
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Figure 2.8 Relative viscosity versus service time 

 
Figure 2.9 Hardening of asphalt at the surface and mid-depth of an asphalt pavement [52] 

3. Film thickness of asphalt binder 

The film thickness of asphalt binder also plays a crucial role in the oxidative aging of 

asphalt binder since oxidation is a chemical process as a function of oxygen diffusion rate 

[6]. Moreover, the thinner film thickness is believed to result in faster oxidative aging since 

oxygen is easier to penetrate into the thinner film and then react with asphalt in service, as 

shown in Figure 2.10 [57, 58]. Blokker and Doorn (1959) found that the oxidative aging at 
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high temperatures only occurred in the 4 µm of depth below the surface of asphalt binder 

film [59]. Therefore, it was suggested that the minimum binder film thickness should be 

between 6 µm and 8µm for the sake of safety [60].  

 
Figure 2.10 Effect of film thickness on the aging index [58] 

4. Air void content 

Air void content is considered to be the major factor affecting asphalt aging in field 

pavement [29]. It is evident that higher air void improves the probability that fresh air 

permeates into the deeper layer of asphalt pavement. The effect of air void content on asphalt 

binder oxidative aging in asphalt pavement was reported in 1970 [61]. There was the best 

correlation between air void content and the age hardening of asphalt binder in the pavement 

based on extensive data collected from 53 asphalt pavements after 11-13 years of service. It 

is evident from the data that the age hardening of the recovered binder increased by 13 times 

with increasing air void content from 4% to 10%. In 1985, Lubbers also found the similar 

trend by using the asphalt binder recovered from a 5-years-old asphalt pavement, as shown 

in Figure 2.11. Note that hardening of the asphalt binder rarely occurred when air void 
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content was less than 5%. However, the penetration values of the asphalt binder rapidly 

decreased from 70 dmm to 25 dmm or less when air void contents were greater than 9%. 

Based on these previous studies, a conclusion can be drawn that the oxidative aging is also 

a function of air void content in the field.  

 
Figure 2.11 The effect of air void on the penetration (@ 25°C ) of the binder on the road 

[52] 

5. Pavement depth 

It is intuitively apparent that the oxidative rate of asphalt binder on the surface of asphalt 

pavement is faster than that in the deeper layers. This is because that UV light and fresh air 

directly contact with asphalt binder on the surface and then accelerate the oxidation of the 

asphalt binder. For asphalt binder in deeper layers of asphalt pavement, fresh air is hard to 

permeate into a deeper layer, thereby the oxidative rate of asphalt binder in the deeper layer 

extremely is slow. However, there is a controversial issue on how deep oxidative aging could 

happen below the surface layer of asphalt pavement. Coons and Wright investigated the 

aging states of asphalt binders extracted and recovered from several asphalt pavements after 

various years of service and reported that asphalt binder aging happened in the top 3.75 cm 
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of asphalt pavements. Besides, the aging state of asphalt binder did not change as service 

life increase [55]. Furthermore, this finding was adopted by latest MEPDG software [62]. 

However, some other studies revealed the different findings. These studies are summarized 

in Table 2.3. One possible reason for this phenomenon is that actual situation of the 

pavements is various each other. To be more specific, pavement loads in the past are not as 

heavy as today, or these pavement conditions are different from each other.  

Table 2.3 The asphalt binder aging with depth of pavement and time in existing literature 

Aging Situation Data source Reference 

Aging diminished within the top 2.5 to 3.9 cm 
of pavement surface 

Material master 
database from 
various studies 

[11] 

Oxidation penetrated up to 1.5 cm below the 
surface layer  [12] 

Pavements oxidize at uniform rates with depth Texas, U.S. [13, 63] 
Aging initially decreases with pavement depth 
but increases towards the pavement bottom 

Texas and 
Minnesota, U.S. [64] 

Asphalt pavement oxidize at road base Hong Kong [14] 

6. Nature of mineral aggregate 

The effect of the nature of mineral aggregate on the oxidative aging of asphalt binder can 

be classified into two types [53]. On the one hand, mineral aggregates promote the oxidation 

of saturates and naphthalene aromatics. On the other hand, mineral aggregates hinder 

mineral compositions to react with oxygen at the mineral surface since the mineral 

aggregates highly absorb the polar fractions in asphalt. The rates and levels of chemical 

reactions between aggregates and asphalt binders are various with the type of asphalt binder 

and surface charge of aggregate [6]. For example, quartzite presented the greatest catalytic 

influence in oxidative aging [65], while limestone had the smallest catalytic effect in 

oxidative aging [42, 53]. 
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7. Filler 

The filler is an extender of asphalt binder, which could greatly affect pavement 

performance [54]. The effect of filler on oxidation varies with its particle size, type, nature, 

and concentration in the mixture [66]. According to the study [67], filler also has a dual role 

in the oxidative aging: 1) To promote oxidative aging or side reaction (e.g., dehydration and 

polymerization); 2) To reduce oxidative aging by hindering the oxygen diffusion in asphalt 

binder. The specific response between filler and asphalt is dependent on the types and natures 

of filler and asphalt [66-68]. For example, Bianchetto et al. reported that the use of hydrated 

lime and calcium carbonate as fillers improved the aging resistance of asphalt binder [69].  

2.2.3 Effect of asphalt binder aging on the properties of asphalt pavement 

As previously discussed, oxidation leads to a significant increase in both viscous and 

elastic properties in service life [34, 70]. Oxidative aging causes asphalt binder stiffer and 

more brittle and further leads to pavement embrittlement and the reduction of performance 

and service life of asphalt pavement [5, 6]. During these periods, fatigue cracking and 

thermal cracking are two common failures [5, 34, 35]. To be more specific, Fatigue cracking 

is considered to be attributed to repeated traffic loading; oxidation also plays an important 

role. In addition, many previous studies also found that there was a positive correlation 

between ductility value of asphalt binder and cracking failure of asphalt pavement [71-76]. 

Moreover, some studies found that ductility values (@15.0°C ) ranging from 2 cm to 3 cm 

could correspond to a critical level for age-related cracking in the field [72, 74, 75].  

2.2.4 Summary 

Asphalt binder aging in asphalt pavement can be divided into two categories, short- and 
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long-term aging. Short-term aging mainly occurs during the stages of storage, mixing, 

transport, and paving. During these processes, asphalt binder rapidly oxidizes to a certain 

extent, especially in the mixing stage. Long-term aging mainly occurs in the service life of 

asphalt pavement although the aging rate is slower compared with that in short-term aging. 

It can be contributed to the fact that asphalt binder aging results in the skin formation on the 

surface of asphalt binder. This skin hinders oxygen from penetrating into a deeper layer of 

asphalt pavement. In service, air void content, pavement temperature, service life, and the 

film thickness of the asphalt play major roles in the rate and degree of asphalt aging. Besides 

these factors, pavement depth, nature of aggregate, filler, and aggregate gradation also 

influence asphalt binder aging in asphalt pavement. The asphalt binder aging in asphalt 

pavement also makes the binder stiffer and more brittle and further causes pavement 

embrittlement in asphalt pavement, resulting in the reduction of performance and service life.  

2.3 Aging indicators  

2.3.1 Aging indicators for asphalt binders 

As previously stated, the oxidation influences the rheological and chemical properties of 

asphalt binders. Aging indicators are utilized to quantify the aging of asphalt binders over 

aging time. For the aging indicators of asphalt binders, they can be divided into two major 

categories, rheological and chemical indicators. These indicators are summarized in Table 

2.4.  

Table 2.4 Summary of aging indicators for asphalt binders 

Type Aging indicators Equations Reference 

Rheology 

Retained penetration 
(%) 

Penetration of aged binder
Penetration of unaged binder

× 100 [77] 

Increase in softening 
point (°C) 

∆𝑇𝑅&𝐵 = 𝑇𝑎𝑔𝑒𝑑 − 𝑇𝑢𝑛𝑎𝑔𝑒𝑑 [77] 
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Type Aging indicators Equations Reference 

Mass loss during 
short-term aging (%) 

Munaged-Maged

Munaged
× 100 [77] 

Aging index / 
Viscosity ratio 

𝜂𝑎𝑔𝑒𝑑

𝜂𝑢𝑛𝑎𝑔𝑒𝑑
 [22] 

Complex modulus 
and phase angle 

𝐺𝑎𝑔𝑒𝑑
∗

𝐺𝑢𝑛𝑎𝑔𝑒𝑑
∗  or 𝛿𝑎𝑔𝑒𝑑

𝛿𝑢𝑛𝑎𝑔𝑒𝑑
 or 

(𝐺∗ sin 𝛿)𝑎𝑔𝑒𝑑

(𝐺∗ sin 𝛿)𝑢𝑛𝑎𝑔𝑒𝑑
 [78, 79] 

Rheological index R ∆𝐺∗ = 𝐺𝑔𝑙𝑎𝑠𝑠𝑦
∗ − 𝐺𝑎𝑡 𝑐𝑟𝑜𝑠𝑠 𝑜𝑣𝑒𝑟 𝑓

∗  [80] 

Chemical 

Gaestel index (IC) 𝐼𝐶 =
Asphaltenes+Saturates 

Aromatics+Resins
 [41] 

Change of carbonyl, 
sulfoxide, aromatic, 
aliphatic, and 
ketones area (infra-
red spectra test) 

C=O peak in 1700 cm-1; 
S=O peak in around 1000 cm-1; 
Ketone in 1800-1600 cm-1 region 

[81, 82] 

Aging index based 
on band area ratio 

Aromatic index: 𝐴1600 ∑ 𝐴⁄ ; 
Aliphatic index: 𝐴1460 + 𝐴1376 ∑ 𝐴⁄ ; 
Carbonyl index: 𝐴1700 ∑ 𝐴⁄ ; 
Sulphoxide index: 𝐴1030 ∑ 𝐴⁄  

∑ 𝐴 = 𝐴1700 + 𝐴1600 + 𝐴1460

+ 𝐴1376 + 𝐴1030

+ 𝐴864 + 𝐴814 + 𝐴743

+ 𝐴724

+ 𝐴(2953，2923，2862) 

[83] 

Change in molecular 
weight distribution 
(GPC test) 

Large molecular size portion [41] 

2.3.2 Aging indicators for asphalt mixtures 

Some aging indicators for asphalt mixture are listed in Table 2.5.  

Table 2.5 Summary of aging indicators for asphalt mixtures 

Aging indicators Equation Reference 
Resilient modulus 
ratio (%) 

Eafter aging

Ebefore aging
× 100 

[84] 

Ductility index 
(DI) 

Slope of a creep curve for aged mixture
Slope of a creep curve for unaged mixture

 
[85] 

2.3.3 Summary 
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As previously mentioned, asphalt binder aging influences its physical and chemical 

properties. Hence, researchers proposed different aging indicators to characterize aging 

states of asphalt binders. 

2.4 Simulation of asphalt mixture aging  

It is understood that field aging is a complicated process and affected by many factors, 

such as environmental factors (i.e., temperature, UV light, and moisture), material properties, 

and mixture types. However, natural aging is pretty time-consuming. Hence, a general 

solution is to accelerate asphalt mixture aging at high temperatures and/or high pressure in 

the laboratory. Similarly, some aging methods for asphalt mixtures are summarized in Table 

2.6.  

Table 2.6 Summary of laboratory aging methods for asphalt mixtures 

Test method Short-term aging Long-term aging Reference 

Ottawa sand 
mixture 

50×50 mm2 cylinders; 
various periods at 
163°C   

 
[86] 

Production 
aging 

Loose material; 8 h, 
16 h, 24 h, and 36 h at 
135°C  

 [87] 

Bitutest protocol Loose material; 2 h at 
135°C     [88] 

Oven aging 
procedure 

25×40 mm specimens; 
5 h at 150°C     [89] 

Ottawa sand 
mixtures 1200 h at 60°C   [90] 

Short-term oven 
aging 4 d or 7 d at 100°C   [91] 

Long-term aging  Compacted specimens; 5 
h at 163°C  

[92] 

Long-term aging  
Compacted specimens; 2 
d at 60°C  followed by 5 
d at 107°C  

[87] 
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Test method Short-term aging Long-term aging Reference 

Long-term aging  
Compacted specimens 
with and without 
ultraviolet; 90 d at 60°C  

[93] 

Long-term aging  Loose mixture in sealed 
tin; 16 h at 160°C  

[94] 

Bitutest protocol  Compacted specimens; 5 
d at 85°C  

[37] 

Semi-compacted 
sand mixtures  1000 h at 60°C  [95] 

Long-term aging  

Compacted specimens at 
0.5 mm of water; 1 d, 2 
d, 4 d, 6 d, and 10 d at 
60°C  

[85] 

Long-term aging  
Compacted specimens; 5 
to 10 d at 60°C  and 0.7 
MPa of air pressure 

[87] 

Oregon mixtures  

Compacted specimens; 0 
d, 1 d, 2 d, 3 d, and 5 d at 
60°C  and 0.7 MPa of air 
pressure 

[96] 

SHRP low-
pressure 
oxidation (LPO) 

 

Compacted specimens; 5 
d at 60°C  or 85°C  and 
oxygen condition (1.9 
l/min) 

[84] 

Modified SHAP 
long-term oven 
aging (LTOA) 

 
Compacted specimens; 
up to 25 d at 60°C  and air 
condition (3.0 l/min) 

[97] 

Pair void 
mixtures  

Compacted specimens; 
72 h at 100°C  and 2.07 
MPa of air pressure 

[98] 

Liverpool 
University 
method 

 Marshall cores of Porous 
Asphalt; 21 d at 163°C  

[99] 

SHRP (LTOA) Loose material; 2-4 h 
at 135°C  with stirring. 

Compacted specimens; 5 
days at 85°C  

[84] 

Beams aging 4×25×4 cm beam; 8 h 
at 70°C  

4×25×4 cm beam; 20 d at 
60°C  

[100] 

RILEM TG5 
method 

Loose material; 4 h at 
135°C   

Loose material; 7-9 d at 
85°C   

[101] 

Belgian Road 
Research Centre 
method 

Loose material (3 cm 
thickness); 1.5 h at 
135°C  

Loose material (3 cm 
thickness); 14 d at 60°C  

[102] 
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As shown in Table 2.6, aging methods for short- and long-term aging can be classified 

into two types according to the form of asphalt mixtures: loose, and compacted asphalt 

mixture aging. Moreover, there is one trend that most studies chose aging temperature below 

100°C  for long-term aging since the temperature of 100°C is considered to be a transition 

temperature between aging mechanisms [103]. The oxidative rate of asphalt binder doubles 

for each 10°C increase when aging temperature is over 100°C . Another trend is that higher 

temperature was usually applied for short-term aging while lower temperatures and high 

pressures were typically implemented in long-term aging.  

2.5 The oxidation model of asphalt binder 

2.5.1 The oxidative rate model 

The oxidative rate is dependent on the types of asphalt binders due to the difference in 

activation energies and first jump characteristics. The oxidative rate at a given time can be 

expressed as a function of concentrations of reactive compounds in asphalt [104-106]. 

However, the reaction order concerning an oxygen concentration is various with the types 

of asphalt binders [107]. 

Many researchers [59, 108-111] usually assumed the first order and can be expressed in 

Eq. (2.1). 

𝑑𝑃

𝑑𝑡
= −𝑘𝐵𝐶                                   (2.1)  

where P is the concentration of reaction products (or some parameter related to it, such as a 

log of viscosity or the carbonyl concentration), B is the concentration of oxidative products, 

C is the oxygen concentration, and k is the rate constant at a given temperature.  

Eq. (2.1) can predict an exponentially decreasing or approximately linear rate, but it does 



31 
 

not satisfactorily describe the overall reaction [112]. The other disadvantage is that B cannot 

be calculated and must be estimated. Therefore, Herrington [112] assumed that overall 

reaction could be approximated as the sum of two concurrent reactions, one ‘fast’ and one 

‘slow.’ Moreover, the equation was proposed and given in Eq. (2.2). Compared with Eq. 

(2.1), Eq. (2.2) accurately predicted the formation of oxidation products at high pressures 

and in solutions where diffusion effect was not significant.  

𝑑𝑃

𝑑𝑡
= 𝑘𝑓𝐵𝑓𝐶 + 𝑘𝑠𝐵𝑠𝐶                        (2.2) 

where 𝑘𝑓 and 𝑘𝑠 are the rate constants for the fast and slow reactions respectively, 𝐵𝑓 

and 𝐵𝑠  are the concentration of reactive asphalt species in the fast and slow reaction 

respectively, and C is the oxygen concentration.  

Glover et al. proposed a new oxidation rate model which was different with previous 

models. The model is a typical first-order and zero-order aging kinetic model based on 

infrared (IR) results [9]. The equations are expressed in Eqs. (2.3) and (2.4). 

𝐶𝑝 = 𝑀 × (1 − 𝑒−𝑘1×𝑡) + 𝑘2 × 𝑡                   (2.3) 

𝑆𝑝 = 𝑀 × (1 − 𝑒−𝑘1×𝑡) + 𝑘2 × 𝑡                   (2.4) 

where 𝐶𝑝 and 𝑆𝑝 are the carbonyl and sulfoxide peak heights in IR spectrum, respectively, 

𝑘1 and 𝑘2 are the reaction constants for the fast reaction (first order) and constant reaction 

(zero order) respectively, and M is the total carbonyl (or sulfoxide) produced in the fast 

reaction. The typical Arrhenius equation is used to plot the relationship between reaction 

constants (k1 and k2) and the reciprocal of absolute aging temperatures.  

To sum up, the reaction constant is an important parameter that has a pronounced effect 

on oxidation rate of asphalt binder. Moreover, the parameter can be calculated by using 
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Arrhenius equation that proposed by Svante Arrhenius in 1889, as expressed in Eq. (2.5).  

𝐾𝑡 = 𝐴 × 𝑒−𝐸𝑎/(𝑅𝑇)                        (2.5) 

where: 𝐾𝑡  is the rate constant of chemical reaction at temperature T, A is the constant 

(frequency factor), 𝐸𝑎 is the activation energy, R is the gas constant, 8.314 J/(K•mol), and 

T is absolute temperature (°K). 

Several studies found that the formation of carbonyl compounds resulted from the 

oxidative aging of asphalt binder [23-25, 113]. This influence varies with the types of asphalt 

binder. For each asphalt binder, there was a linear correlation between CA growth and total 

oxygen increase. Therefore, Lau et al. adopted the standard Arrhenius equation to 

characterize the carbonyl formation rate [25]. Later, Liu et al. found carbonyl formation rate 

as a function of temperature and pressure and then modified the standard Arrhenius equation, 

as given in Eq. (2.6) [106]. 

𝑟𝐶𝐴 = 𝐴 × 𝑃𝛼 × 𝑒−𝐸𝑎/(𝑅𝑇)                       (2.6) 

where 𝑟𝐶𝐴 is the carbonyl formation rate, P is the oxygen pressure, and 𝛼 is the reaction 

order with respect to oxygen pressure. 

2.5.2 Oxygen diffusion and reaction model  

In practice, the oxidation process of asphalt binder can be divided into two interlinked 

steps: 1) oxygen from atmosphere diffuses into the pavement through the interconnected 

path, and 2) oxygen penetrates into and then reacts with asphalt binder coated on the surface 

of aggregates. To understand the oxidative aging of asphalt binder, researchers have 

developed various oxidation models to predict oxygen diffusion and reaction in asphalt 

pavement. These studies can be classified into two categories: one type only considered the 
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effect of oxygen diffusion into asphalt binder, and the other type considered the effect of 

oxygen diffusion and consumption (reaction) during the diffusion process. It found that the 

diffusion of low molecular weight organic components was a function of deformation 

response and temperature, and the expression is given in Eq. (2.7). 

log(𝐷 𝑅𝑇⁄ ) = 𝐴 + 𝐵 log 𝛼𝑇                      (2.7) 

where D is the diffusion coefficient, A and B are constants, T is the absolute temperature, 

and log 𝛼𝑇 is the shifting factor which can be identified with the change of log 𝜂 (𝜂 is the 

measured viscosity) with temperature for asphalt. Later, Dickinson [109] modified the 

Fujita’s equation by replacing 𝛼𝑇 with 𝜂. 

Periasamy [114] proposed an electrodynamic balance single particle method to 

characterize oxygen diffusion by directly measuring mass changes of asphalt binder, as 

expressed in Eq. (2.8). However, the diffusion model did not consider oxygen consumption, 

and the results also did not represent a good relationship between temperatures and diffusion 

coefficients.  

𝑀𝑡

𝑀∞
=

4

𝐿
√𝐷𝑡 𝜋⁄                               (2.8) 

where 𝑀𝑡  and 𝑀∞ are the oxygen mass absorbed at time t and at infinite time by the 

particle coated with asphalt sample respectively, t is the time, L is the thickness of the asphalt 

film on the particle, and D is the diffusion coefficient of oxygen in the thin asphalt film. 

For the field oxidation of asphalt binder, oxygen reacts with active components in asphalt 

binder coated on the surface of aggregates. Therefore, oxygen consumption was taken into 

account so that the oxidation model made a more accurate prediction of oxidation for asphalt 

binder in asphalt pavement. 
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Bird et al. developed a mathematical equation to explain oxygen diffusion and reaction, 

as expressed in Eq. (2.9) [115].  

𝜕𝐶𝑂2

𝜕𝑡
= −∇ ∙ 𝐹𝑂2

− 𝛾𝑂2
                        (2.9) 

where 𝐶𝑂2
 is the concentration of oxygen, t is the time, 𝐹𝑂2

 is the molar flux of oxygen, 

and 𝛾𝑂2
 is the consumption rate of oxygen. For asphalt binder, 𝑁𝑂2

 can be expressed by 

Fick’s first law of diffusion as given in Eq. (2.10). 

𝐹𝑂2
= −𝐷𝑂2

𝜕𝐶𝑂2

𝜕𝑥
                           (2.10) 

where x is the depth of the film, and 𝐷𝑂2
 is the diffusion coefficient which varies with depth 

because of different oxidative degree in the film.  

Lunsford [116] combined Bird’s equation and Fick’s first law to propose a new one-

dimensional diffusion and reaction model, as expressed in Eq. (2.11). The equation describes 

oxygen partial pressure in asphalt as a function of time, temperature, and depth below the 

film surface. Also, this model can obtain the oxygen diffusivity by calculating the change of 

oxygen partial pressure over time. However, this model did not take air void and mixture 

morphology into account during developing the oxidation rate model [117]. Also, this model 

was not sufficient to determine the oxygen diffusion coefficient and must be approached 

differently [118]. 

𝜕𝑃

𝜕𝑡
=

𝜕𝒟𝑂2

𝜕𝑥
∙

𝜕𝑃

𝜕𝑥
+ 𝒟𝑂2

∙
𝜕2𝑃

𝜕𝑥2 −
𝑐𝑅𝑇

ℎ
∙ 𝑟𝐴𝐶                 (2.11) 

where P is the gas-phase oxygen partial pressure, c is the constant that converts rate of 

carbonyl formation to rate of oxygen consumption and depends on asphalt type, ranging 

from 2.75×10-4 to 4.59×10-4 mol O2/mL/CA for ten asphalts reported by Liu et al. [119], R 

is the gas constant, T is the absolute temperature, 𝑟𝐴𝐶 is the carbonyl formation rate, and h 
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is the dimensionless Henry’s law absorption constant, which is the function of temperature 

[109]. 

Oxygen diffusion and reaction coefficients are influenced by temperature, air void, and 

aggregate [120]. To be specific, small aggregate particles and absorption of asphalt binders 

by aggregates impair oxygen diffusion. Additionally, accessible air voids gradually decrease 

in service life due to traffic compaction. If the accessible air voids reduce to a very low 

extent, oxygen diffusion in asphalt pavement could be considered to be hindered. Therefore, 

an improved model of asphalt oxidation in pavement should take these factors into account.  

Prapaitrakul et al. made an early attempt to model asphalt binder oxidation in asphalt 

pavement by using an improved model based on the surrounding cylindrical shell of an air 

void channel [121]. In this model, a constant oxygen partial pressure of 0.2 atm was adopted 

for all air voids, and mono-disperse air void distribution and the same air void content at 

each pavement layer. Moreover, the concept of effective diffusivity was adopted to replace 

the diffusivity in Eq. (2.11). The effective diffusivity (𝐷𝑒) is a function of actual oxygen 

diffusivity in asphalt binder, asphalt volume fraction (𝜀), and tortuosity (𝜏) that account for 

the effect of small aggregate particles on diffusion path, as given in Eq. (2.12). This mixture 

binder oxidation model with the effective diffusivity was demonstrated that it could 

reasonably predicts the actual average aging rate for a pavement [121]. 

𝐷𝑒 = 𝒟𝑂2
×

𝜀

𝜏
                                  (2.12) 

Although the oxygen diffusion and reaction model is encouraging, there are some 

differences with actual conditions: 1) oxygen concentrations in actual air voids vary with 

time, temperature, depth, and other conditions, rather than a constant, and 2) air void contents 
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and distribution are various in pavement rather than mono-disperse and same air void content 

for each pavement layer. Therefore, Han [118] determined three pavement air void 

properties, radius of each air void (r), number of air voids (N), and average shell distance 

(𝑟𝑁𝐹𝐵)  between two adjacent pores, with the aid of X-ray CT technique and imaging 

analysis tools. Then, by using the three air voids parameters as model inputs, the oxygen 

diffusion and reaction model was further adjusted. It was proved that this model was more 

accurate to predict asphalt aging in a newly constructed pavement.  

In summary, many oxidation models had been developed based on the studies of asphalt 

binder oxidation in the laboratories rather than asphalt mixture or pavement. Moreover, those 

models did not consider oxygen consumption. In 1994, Lunsford proposed a new model 

considering the effect of oxygen diffusion and consumption on oxidation [116]. Later, 

Glover’s team made some modification based on the air voids results obtained by using X-

ray CT technique and imaging analysis tools and field oxidation data [122]. However, 

oxygen diffusivity and consumption only can be indirectly attained by calculating the change 

of oxygen partial pressure over time, rather than by measuring the change of oxygen 

concentration over time. Moreover, this oxygen diffusivity is just investigated with asphalt 

mortars rather than compacted asphalt mixtures. Fortunately, Aubertin and Mbonimpa [123] 

designed a diffusion cell (see Figure 2.12) to measure the oxygen flux parameters in soil and 

then to determine oxygen diffusion and reaction coefficients of soil. They provided a new 

approach to determine oxygen diffusion and reaction coefficients by directly measuring the 

changes in oxygen concentration, and these models are reviewed in detail in next section.  
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Figure 2.12 The schematic diagram of a diffusion cell (adapted from [123]) 

2.5.3 Oxygen diffusion and reaction model used in soil 

This model was developed based on the Fick’s first and second laws as given by Hillel 

[124] for one-dimensional diffusion, as expressed in Eqs. (2.13) and (2.14). 

𝐹(𝑧, 𝑡) = −𝜃𝑒𝑞𝐷∗ 𝜕𝐶(𝑧,𝑡)

𝜕𝑧
= −𝐷𝑒

𝜕𝐶(𝑧,𝑡)

𝜕𝑧
               (2.13) 

∂

∂t
(𝜃𝑒𝑞𝐶) =

∂

∂z
(𝜃𝑒𝑞𝐷∗ 𝜕𝐶

𝜕𝑧
) =

∂

∂z
(𝐷𝑒

𝜕𝐶

𝜕𝑧
)              (2.14) 

where 𝐹(𝑧, 𝑡) is the diffusive flux of oxygen (mol∙L-2∙T-1), 𝜃𝑒𝑞 is an equivalent (diffusion) 

porosity (L3∙ L-3), 𝐷∗ and 𝐷𝑒 are the bulk and effective diffusion coefficient (L2∙T-1, 𝐷𝑒 =

𝜃𝑒𝑞𝐷∗) respectively, and 𝐶(𝑧, 𝑡) is the oxygen concentration in pores at time t (T) and depth 

z (L).  

In Eqs. (2.13) and (2.14), the oxygen concentration is a function of time and depth and 

is related to the effective diffusion coefficient of materials. Moreover, assuming that oxygen 

will not be consumed or generated during diffusing through an inner material. However, 

reactive materials may consume oxygen during oxygen diffusion process. Hence, Crank [125] 

modified the Fick’s second law after considering the oxygen consumption, as given in Eq. 



38 
 

(2.15). 

∂

∂t
(𝜃𝑒𝑞𝐶) =

∂

∂z
(𝜃𝑒𝑞𝐷∗ 𝜕𝐶

𝜕𝑧
) − 𝜃𝑒𝑞𝐾𝑟

∗𝐶 =
∂

∂z
(𝐷𝑒

𝜕𝐶

𝜕𝑧
) − 𝐾𝑟𝐶       (2.15) 

where 𝐾𝑟
∗ and 𝐾𝑟 are the bulk and effective reaction rate coefficients, respectively (T-1, 

𝐾𝑟 = 𝜃𝑒𝑞𝐾𝑟
∗). 

For a particular material, the saturation degree of the water-retaining layer is considered 

to be constant. Therefore, 𝜃𝑒𝑞 and 𝐷∗ are independent of time and depth in the internal 

material. Thus, Eq. (2.15) can be rewritten and expressed in Eq. (2.16) 

∂C

∂t
= 𝐷∗ 𝜕2𝐶

𝜕𝑧2 − 𝐾𝑟
∗𝐶                         (2.16) 

Eq. (2.16) can be solved analytically but relatively simple boundary conditions in steady 

state [125]. Once oxygen concentration profile in the layer is obtained, and then oxygen flow 

can be attained with Eq. (2.13). The boundary conditions for the case of diffusion through a 

homogeneous layer with a thickness L are listed as follows: 1) the initial oxygen 

concentration throughout the material pores is zero, 𝐶(𝑧 > 0, 𝑡 = 0) = 0; 2) the oxygen 

concentration at upper interface is constant, 𝐶(𝑧 = 0, 𝑡 ≥ 0) = 𝐶0 ; and 3) the oxygen 

concentration at lower interface is zero since oxygen is rapidly consumed, 𝐶(𝑧 ≥ 𝐿, 𝑡 >

0) = 0. 

For a reactive material, the concentration at position z can be derived using the 

Danckwert’s moving frames [125]. According to this method, the general solution (for 𝐾𝑟
∗ ≥

0) of Eq. (2.16) can be rewritten in following form: 

𝐶(𝑧, 𝑡) = 𝐾𝑟
∗ ∫ 𝐶1(𝑧, 𝑡′)𝑒−𝐾𝑟

∗𝑡′
𝑑𝑡′ + 𝐶1(𝑧, 𝑡)𝑒−𝐾𝑟

∗𝑡𝑡

0
         (2.17) 

where 𝑡′ is a dummy integration variable representing time. Solving this equation leads to: 

𝐶(𝑧, 𝑡) = 𝐶0 [1 −
𝑧

𝐿
−

2

𝜋
∑

sin(𝑖𝜋𝑧 𝐿⁄ )

𝑖
exp [− (

𝑖2𝜋2

𝐿2
𝐷∗ + 𝐾𝑟

∗) 𝑡] −
2𝐾𝑟

∗

𝜋
∑

sin(𝑖𝜋𝑧 𝐿⁄ )

(𝑖3𝜋2𝐷∗)

𝐿2 +𝐾𝑟
∗

{1 −∞
𝑖=1

∞
𝑖=1
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exp [− (
𝑖2𝜋2

𝐿2 𝐷∗ + 𝐾𝑟
∗) 𝑡]}]                 (2.18) 

where 𝐶0 is the oxygen concentration at upper surface, and i is an integer.  

Introducing Eq. (2.18) into Eq. (2.13) and integrating leads to the following expression for 

the flux at position (L):  

𝐹(𝑧 = 𝐿, 𝑡 > 0) = 𝐹𝑠,𝐿 + 2𝐾𝑟
∗𝐹𝑠,𝐿 ∑ (

(−1)𝑖

(𝑖2𝜋2𝐷∗)

𝐿2 +𝐾𝑟
∗
) {1 − exp [− (

𝑖2𝜋2

𝐿2
𝐷∗ + 𝐾𝑟

∗) 𝑡]} +∞
𝑖=1

2 𝐹𝑠,𝐿 ∑ (−1)𝑖exp [− (
𝑖2𝜋2

𝐿2 𝐷∗ + 𝐾𝑟
∗) 𝑡]∞

𝑖=1            (2.19) 

where 𝐹𝑠,𝐿 is expressed by Eq. (2.20) 

𝐹(𝑠, 𝐿) =
𝐶0𝐷𝑒

𝐿
                          (2.20) 

To use these equations, two critical parameters (𝐷∗ and 𝐾𝑟
∗, or 𝐷𝑒 and 𝐾𝑟) are need to 

be determined. The actual parameters can be obtained iteratively by comparing measured 

and calculated curves of oxygen concentration over time, which are attained by measuring 

the changes of oxygen concentration in both ends of the reservoirs with diffusion cell (see 

Figure 2.12) designed by Aubertin and Mbonimpa [123]. 

2.5.4 Summary 

To well predict asphalt binder aging with time and position, researchers developed 

different models to establish relationships between the properties or compounds of asphalt 

binders and aging conditions. Since oxidation is a major factor resulting in asphalt binder 

aging, the current aging models can be classified into three categories: oxygen reaction rate 

model, oxygen diffusion model, and oxygen diffusion and consumption model. Regarding 

the oxygen reaction rate models, these models were developed based on Arrhenius’s 

equation. Some of the models considered oxygen consumption during oxygen diffusion 
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process. For the oxygen diffusion and consumption models, the early diffusion models, 

which did not consider the oxygen consumption, were developed based on the studies of 

asphalt binder oxidation in the laboratory rather than asphalt mixture or pavement. 

Additionally, most of these models had been not validated by using the field oxidation data. 

Later, Glover’s team made many modifications based on the first diffusion and reaction 

model proposed by Lunsford in the light of the actual air voids value obtained by using X-

ray CT technique and imaging analysis tools, and field oxidation data.  

Among these oxidation models, oxygen reaction rate and oxygen diffusion coefficient 

are crucial. Nevertheless, they cannot be determined with these existing oxidation models. 

Fortunately, Aubertin and Mbonimpa [123] designed a diffusion cell (see Figure 2.12) to 

measure the oxygen flux parameters in soil and then to determine oxygen diffusion and 

reaction coefficients using their models. It provides a new approach to determine oxygen 

diffusion and reaction coefficients by measuring the changes in oxygen concentrations of 

the diffusion cell.  
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CHAPTER 3. RESEARCH METHODOLOGY 

3.1 Introduction 

This dissertation first aimed to develop a new method to simulate the long-term aging 

for compacted asphalt mixtures and then investigate the property changes in compacted 

asphalt mixtures over aging time. Based on these results, six common predictive models of 

dynamic modulus were examined. To further investigate aging susceptibility of compacted 

asphalt mixtures, an apparatus was first manufactured to determine oxygen diffusion and 

consumption coefficients. Then, a predictive model was developed based on the relationship 

between the coefficients and volumetric parameters of compacted asphalt mixtures. 

Therefore, this dissertation can be divided into two research topics. 

(1) A new aging method was determined to simulate the long-term aging for compacted 

asphalt mixtures by comparing dynamic modulus values, volumetric parameters, or CT 

images of compacted asphalt mixtures before and after being aged. After determining 

aging conditions, three mixture types were chosen to evaluate the effect of the aging 

method on dynamic modulus of compacted asphalt mixtures, and rheological and 

chemical properties of recovered asphalt binders. Based on these data, accuracies and 

robustness of six predictive models for dynamic modulus were examined. 

(2) The oxygen diffusion and possible consumption coefficients of compacted asphalt 

mixtures were measured, and the effects of different variables (e.g., complex shear 

modulus, phase angle, viscosity, and air voids) on the coefficients were analyzed. 

Additionally, a relationship between the coefficients and aging-related changes in the 

properties of compacted asphalt mixtures was investigated. 
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A flow diagram for the two research topics is given in Figure 3.1. Moreover, the detailed 

research methodologies and experimental plans are described in the following sections. 

 
Figure 3.1 The flow diagram of two research topics 

3.2 Research topic 1 

The research scheme of research topic 1 is drawn in Figure 3.2. After determining a new 

long-term aging method for compacted asphalt mixtures, three mixture types were chosen to 

simulate the long-term aging by using a customized autoclave, as shown in Figure 3.3. 

Before and after each aging, two small cores were drilled from a control specimen to 

determine the aging state of compacted asphalt mixtures. The volumetric parameters of the 

control specimen are close to average values of those of other five specimens in the same 

batch. Other five specimens were utilized to conduct dynamic modulus test. After the test, 
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all six specimens were placed in the autoclave again. Based on the dynamic modulus values 

obtained at different aging states, the effect of aging on the accuracies and robustness of six 

predictive models of dynamic modulus were investigated.  

 
Figure 3.2 The general research scheme for research topic 1 
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Figure 3.3 The customized autoclave used for aging compacted specimens 

3.2.1 Artificially aging asphalt mixtures in the laboratory 

As stated above, asphalt oxidation is highly dependent on temperature, time, and oxygen 

concentration [30]. Therefore, these three factors were major considerations during the 

designing stage of aging protocols. In addition, the following features of an aging apparatus 

should be included: large capacity, solid reliability, easy operation and maintenance, 

automatic temperature control, and excellent airtightness. Based on these considerations, we 

designed and customized an autoclave with an inner height of 45 cm and an inner diameter 

of 30 cm (see Figure 3.3) as an environment simulator to artificially simulate the long-term 

aging of compacted asphalt mixtures in the laboratory. Based on previous studies, long-term 

aging conditions often adopt a temperature of 60°C with or without applied pressure. Hence, 

this temperature was also chosen as an aging temperature. Additionally, an aging 

temperature of 40°C was also used because this temperature is lower than the softening point 
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of base asphalt used in this study. Some previous studies found that the drain-down 

phenomenon might appear during aging process when the aging temperature is greater than 

softening points of asphalt binders. In addition, pure oxygen and pressure were used to 

accelerate aging process. The detailed aging procedure using the autoclave is described 

below. 

(1) The autoclave is first heated to a target temperature. During this period, specimens 

are wrapped with elastic gauze to avoid or minimize deformation of the specimens 

caused by the gravity acting on the specimens heated to high temperatures for a long 

time, as shown in Figure 3.4. One advantage of using gauze is that gauge points can 

be consistently placed to eliminate the effect of the position of gauge points on 

dynamic modulus of specimens.  

(2) When the target temperature is reached, the autoclave lid is then opened. The 

specimens are then placed on perforated plates inside the autoclave, as shown in 

Figure 3.5. 

(3) Next, the autoclave lid is closed. All air valves are then opened to facilitate the flow 

of oxygen into the autoclave through an air pipe at the bottom of the autoclave. Thus, 

other gases are gradually exhausted from the autoclave as the density of oxygen is 

greater than that of air, as shown in Figure 3.6. 

(4) After half an hour, a pure oxygen atmosphere is assumed to be inside the autoclave 

in this study. The valves are then closed, and these conditions are maintained for a 

target duration.  

(5) After a target duration, the specimens are taken out from the autoclave and cooled to 
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room temperature for further testing.  

 

Figure 3.4 The specimen wrapped with gauze 

 
Figure 3.5 The specimens are placed on a perforated plate 
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1. Oxygen cylinder; 2. Flow meter; 3. Air inlet; 4. Air valve; 5. Lid of the autoclave; 6. Air outlet; 7. 
The plate used to place the asphalt binder for aging; 8. The iron shelf; 9. Aged specimens; 10. 
Autoclave. 

Figure 3.6 The schematic diagram of aging system 

3.2.2 Micro-sampling, and micro-extraction and recovery methods 

To determine the aging states of asphalt binders in compacted asphalt mixtures, one 

specimen was chosen as a control specimen. The volumetric and mechanical properties of 

the control specimen should be approximately equal to the average value of the other 

specimens in the same batch. The control specimen was utilized to drill small cores for 

determining the aging states of the specimens before and after being aged. Thus, a new 

micro-sampling method should be developed. In this study, a handheld diamond core drill 

was used to extract two small cores before and after each aging. The cores are too small to 

use standard extraction and recovery methods to recover asphalt binders since the standard 

recovery method requires distilling the solvent in a flask and a certain amount of recovered 

asphalt binders will adhere to the inside of the flask. Thus, asphalt could not be poured from 

the flask if the amount of asphalt was tiny. Therefore, an improved micro-extraction and 

recovery method was developed in this study.  

Figure 3.7 presents the flow diagram of the micro-sampling and micro-extraction and 
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recovery methods. Two small cores with 10 mm in diameter and approximately 75 mm in 

height were drilled with a handheld diamond core drill (Figure 3.8), as shown in Figure 3.9. 

During the drilling process, the drill bit was cooled with water to avoid further aging of 

asphalt binders due to the high-speed revolutions of the diamond core drill. After drilling the 

cores, the control specimen and cores were dried at room temperature, and the two holes in 

the control specimen were then filled with hot melt glue to hinder the flow of oxygen into 

the specimen along the holes during the next aging process, as shown in Figure 3.10. Each 

core was crushed into small pieces and then soaked with dichloromethane for approximately 

half an hour in a metal container sealed with a lid. After dissolution, the solution was 

decanted into centrifuge tubes, as shown in Figure 3.11. The residue in the metal container 

was washed several times until the solvent was clear or just straw-colored, as illustrated in 

Figure 3.12. The solution was then centrifuged at 3500 rpm for 20 minutes. The supernatant 

liquid was removed from the centrifuge tube into a clean metal container by using a syringe 

with a 0.45-micron filter. The solvent was then evaporated at room temperature under 

nitrogen and further evaporated on a hot plate under nitrogen for half an hour at 100°C, as 

shown in Figure 3.13. Fourier transform infrared spectroscopy (FTIR) analysis was then 

conducted to ensure that the solvent was completely removed. 
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Figure 3.7 The flow diagram of the micro-sampling, and micro-extraction and recovery 

methods 

 
Figure 3.8 The handheld diamond core drill 
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Figure 3.9 A control specimen after being drilled two small cores 

 

Figure 3.10 The holes of the control specimen after being filled with hot melt glue 



51 
 

 

Figure 3.11 The solution was decanted into centrifuge tubes 

 

Figure 3.12 The straw-colored solution 
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Figure 3.13 The evaporating apparatus 

3.2.3 Evaluation of rheological and chemical properties of recovered asphalt binders 

The rheological properties of recovered asphalt binders were evaluated by using the 

complex shear viscosity and complex shear modulus. These indicators were chosen based 

on the following considerations: viscosity is a good indicator of asphalt hardness, and 

complex shear modulus represents the elastic and viscous properties. These indicators can 

be directly measured with a dynamic shear rheometer (DSR) apparatus. FTIR characterized 

the chemical properties of recovered asphalt binders. Moreover, this study adopted the band 

area ratio method proposed by Lamontagne et al. [83]. Van den bergh found that this method 

can provide more information about the compositions of asphalt binders [20]. The detailed 

method is described below. 

1) Carbonyl index: 𝐴1700 ∑ 𝐴⁄ ; 

2) Sulfoxide index: 𝐴1030 ∑ 𝐴⁄ . 

The sum of the area that was calculated according to Lamontagne et al. [83], as shown 

in Figure 3.14. 
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∑ 𝐴 = 𝐴1700 + 𝐴1600 + 𝐴1460 + 𝐴1376 + 𝐴1030 + 𝐴863 

                       +𝐴809 + 𝐴742 + 𝐴722 + 𝐴(2953,   2923,   2862)              (3.1) 

 

Figure 3.14 The schematic diagram of peak area calculated in this study 

3.2.4 Evaluation of dynamic modulus of compacted asphalt mixtures 

An objective of this dissertation was to assess the effect of aging on dynamic modulus 

of compacted asphalt mixtures with increasing aging time, so dynamic modulus test was 

conducted on compacted asphalt mixtures before and after being aged by using a simple 

performance tester (Interlaken Technology Corporation, Chaska, Minnesota, USA). Based 

on dynamic modulus values for the three mixture types, the effect of aging on accuracies 

and robustness of six common predictive models (the Witczak 1-37A, Witczak 1-40D, 

original Hirsch, improved Hirsch, AI-Khateeb, and 2S2P1D models) were examined.  

3.3 Research Topic 2 
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A diffusion system was designed to measure oxygen diffusion and possible consumption 

coefficients of compacted asphalt mixtures, as shown in Figure 3.15. The diffusion apparatus 

consists of two air reservoirs and a test specimen. In the initial stage of diffusion tests, one 

of the air reservoirs is filled with air, while the other reservoir is filled with nitrogen. The 

oxygen concentrations of the two reservoirs were measured with two oxygen sensors 

(Southland PO2-160) and were simultaneously recorded with a Graphtec GL240 midi data 

logger. Then, the oxygen diffusion and possible consumption coefficients were computed 

by both numerical and analytical solutions. Finally, the effects of different variables (i.e., 

complex shear modulus, phase angle, viscosity, and air voids) on the coefficients were 

examined. A predictive model was then developed based on these analytical results.  

 
1. Nitrogen cylinder; 2. Pressure reducing valve; 3. Air tube; 4. Screw; 5. Oxygen Sensor; 6. 
Air outlet; 7. Lid; 8. Source reservoir; 9. Air inlet; 10. Compacted asphalt mixture; 11. 
Perforated plate; 12. Receptor reservoir; 13. Wall; 14. Threaded metal rod; 15. Metal wire; 
16. Oxygen analyzer.  

Figure 3.15 Schematic representation of a diffusion system 
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CHAPTER 4. THE COMPARISON OF ACCELERATED AGING 

TREATMENT METHODS TO SIMULATE THE LONG-TERM 

AGING OF COMPACTED ASPHALT MIXTURE  

4.1 Introduction 

Asphalt binder aging has a significant impact on nearly all the critical performance-

related properties of HMA mixture. Aged asphalt binder becomes more brittle and stiffer, 

and thus reduces pavement’s resistance to fatigue cracking and thermal cracking [5, 6, 126]. 

To examine the effects of asphalt binder aging, extensive studies have been conducted to 

simulate the aging process in laboratory settings. The laboratory aging treatment methods 

may be categorized as short-term aging treatment and long-term aging treatment. The former 

is to simulate asphalt binder aging occurs in the processes of mixing, transportation, laying, 

and compaction. The latter is to simulate asphalt binder aging during the service life of the 

asphalt pavements. Depending on the object being treated, laboratory aging treatment 

methods may be divided into binder aging simulation methods and mixture aging simulation 

methods. The mixture aging simulation can be performed on either loose mixtures or 

compacted asphalt mixtures. This study is focused on the aging treatment methods for 

compacted asphalt mixtures to simulate long-term aging in the field. The advantage of using 

compacted asphalt mixtures is that the properties of the specimens (e.g., dynamic modulus) 

can be well compared before and after being aged. 

Over the last decades, various long-term aging methods have been used, as summarized 

in Table 2.6. The long-term aging temperature is usually lower than 100°C  since this 

temperature is believed to be a transition temperature of aging mechanisms [103]. Many 
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early studies on long-term aging were carried out in the Strategic Highway Research 

Program (SHRP). In the standard adopted by American Association of State Highway and 

Transportation Officials (AASHTO), compacted asphalt mixtures placed in an oven at 85°C  

for five days to simulate long-term aging. Table 2.6 indicates that 60°C  is often chosen as 

long-term aging temperature. However, there are two concerns about the existing long-term 

aging methods. One is the integrity of compacted asphalt mixtures at elevated temperature 

levels. Specimens may be damaged or deformed by gravity especially the specimen is tall. 

Another concern is the possible flow of asphalt binder induced by gravity in asphalt mixtures 

at elevated temperatures higher than softening point of asphalt binders. The flow of asphalt 

binders at the microscopic level may change the internal air voids characteristics of asphalt 

mixtures. If the properties of asphalt mixtures (e.g., dynamic modulus) before and after being 

aged are interested, such changes in voids characteristics are not desirable. 

The primary objective of this chapter was to compare accelerated aging treatment 

methods to simulate the long-term aging of compacted asphalt mixtures. In addition to the 

aging treatment methods reported in previous studies, a new treatment method is developed. 

The effects of the different treatment methods on asphalt mixtures are assessed by their 

changes in dynamic modulus, sample sizes, air voids, and images generated by X-ray CT. 

4.2 Materials and methods  

4.2.1 Materials and specimen preparation 

Shell Company provided base asphalt (60/70 pen or PG64-16) used in this study, and its 

physical properties are listed in Table 4.1.  
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Table 4.1 The physical properties of the asphalt binder 

Description Unit Result Method 

Specific Gravity (25℃)  1.039 ASTM D70 

Softening Point, R&B °C 46.2 ASTM D36 

Penetration (25℃) 0.1mm 68 ASTM D5 

Retained Penetration after TFO Test % >52 ASTM D1754 
Flash Point °C >232 ASTM D92 

Ductility (25℃) cm >100 ASTM D113 

Ductility after TFO Test (25℃) cm >50 ASTM D1754 

Viscosity (135℃，300mmHg Vac) Pa.sec 0.413 ASTM D2171 

Wax Content % 1.6 DIN 52015 

Aggregate used in this study is granite, produced from the Lam Tei Quarry in Hong Kong. 

A commonly used dense-graded asphalt mixture job-mix formula (JMF) in Hong Kong is 

used. The aggregate gradation of the JMF is plotted in Figure 4.1. The asphalt binder content 

is 5.0% by mass of the total asphalt mixture, and the air voids of the specimens are 6.0±0.5%. 

 
Figure 4.1 Aggregate gradation of the JMF 

Specimens of 150 mm in diameter by 170 mm in height were compacted with a Gyratory 

compactor in accordance with AASHTO PP 60-14 and then cooled in air for about 24 h. 
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After that, if the specimens were not drilled and sawed immediately, they were sealed in 

plastic bags and stored carefully in an environmental chamber at 20°C  to minimize the aging 

effect. No specimen was drilled and sawed later than two weeks after they had been produced. 

These SGC specimens were then drilled and sawed to a diameter of 100 mm and height of 

150 mm. The bulk-specific gravity and air void values of each specimen before and after 

being drilled and sawed were measured in accordance with AASHTO T 16-13 and T 269-

14, respectively. Then, the diameter, height, and flatness, and perpendicularity of each 

specimen were measured to select those specimens that meet the tolerance listed in Table 1 

of AASHTO PP 60-14.  

4.2.2 Long-term aging conditions 

In this chapter, specimens were divided into four groups and then aged under different 

aging conditions, as shown in Table 4.2. The specimens in Group 1 were placed in an oven 

to simulate long-term aging in accordance with AASHTO R30-02(2010). A customized 

autoclave was specifically designed and manufactured for this study (Figure 3.3). The 

autoclave is manufactured with heavy stainless steel with a heating sub-system and an 

automatic heating control sub-system. The maximum working temperature of the equipment 

is up to 200oC. The equipment also possesses a pressure-control sub-system which enables 

the application of pressure up to 3.0 MPa with precise control. The internal capacity of the 

equipment is 30 liters, which can host six specimens of 100 mm in diameter and 150 mm in 

height. A pressure release sub-system is also included for safety considerations. 

Specimens in other groups were placed in the customized autoclave under pure oxygen 

environment at a lower temperature with or without applied pressures. The specific aging 
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treatment conditions are listed in Table 4.2. The aging temperature of Group 2 was chosen 

to be 60°C based on previous studies [36, 87, 93, 97]. The aging temperature of 40°C was 

applied in the Group 3 and 4 because it is less than the softening point of asphalt binder used 

for this study. During the aging process, all specimens were wrapped with elastic gauze to 

avoid or minimize deformation caused by the gravity for a long time, as shown in Figure 3.4.  

Table 4.2 The detailed aging treatment conditions 

Group 
No. 

Temperature 
(°C) 

Applied 
pressure 
(MPa) 

Duration 
time 
(day) 

Gas Aging Apparatus 

1 85 0.0 5 Air Oven 
2 60 0.5 7 Pure oxygen Customized autoclave 
3 40 1.0 7 Pure oxygen Customized autoclave 

4 40 0.0 

7 

Pure oxygen Customized autoclave 
14 
21 
28 

4.2.3 Dynamic modulus test 

Dynamic modulus test was conducted using a simple performance tester (SPT) produced 

by Interlaken Technology Corporation (ITC), as shown in Figure 4.2. The test was 

performed at 4°C, 20°C, and 40°C and three frequencies (10 Hz, 1 Hz, and 0.1 Hz) in 

accordance with NCHRP Project 9-29. The test was conducted from lowest to highest 

temperature and from the highest frequency to the lowest frequency at a given temperature 

to minimize damage to specimens. During the test, the dynamic load was adjusted to obtain 

axial strains within the range of 75-125 µε. To eliminate the effect of the position of strain 

sensors on dynamic modulus, the positions of metallic gage points on each specimen were 

kept the same during the entire testing and aging process, as shown in Figure 3.4. 
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Figure 4.2 SPT 

Before dynamic modulus test, specimens were placed in an external environmental 

chamber to ensure temperature equilibrium as specified in Table 4.3. At the beginning of the 

testing, a specimen was put into the environmental chamber of apparatus. When the chamber 

temperature return to the testing temperature, dynamic modulus test was conducted with 

different numbers of cycles for various frequencies as shown in Table 4.4. During the testing 

process, the dynamic load was adjusted to obtain axial strains within the range 75-125 µε. 

At a given temperature, the loading was applied from highest to lowest frequency. When all 

specimens had been tested at the lowest temperature, the external environmental chamber 

was set to the next temperature for a specific time as specified in Table 4.3.  
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Table 4.3 Recommended equilibrium times 

Specimen temperature 
(°C) 

Time from room 
temperature (h) 

Time from previous test 
temperature (h) 

4 Overnight Overnight 
20 1 3 
40 2 2 

Table 4.4 Number of cycles at different frequency 

Frequency (Hz) Number of cycles 
10 100 
1 20 

0.1 15 

During each testing, dynamic modulus and phase angle were recorded at each 

temperature for each specimen. The dynamic modulus master curves were then developed 

in accordance with AASHTO PP 61-13. The principle of developing dynamic modulus 

master curves is same as that for asphalt binder. The difference between them is the equations 

of shift factors and predicted dynamic modulus. The shift factors were computed using the 

Arrhenius equation, as expressed in Eq. (4.1). 

log 𝛼𝑇 =
∆𝐸𝑎

19.14714
(

1

𝑇
−

1

𝑇𝑟𝑒𝑓
)                      (4.1) 

where:  

     ∆𝐸𝑎 is the activation energy,  

     𝑇 is the test temperature (°K), and 

    𝑇𝑟𝑒𝑓 is the reference temperature (°K).  

Therefore, the reduced frequencies were then calculated using the Eq. (4.2). Also, the 

predicted dynamic modulus equation is a sigmoidal logistic model, as expressed in Eq. (4.3). 
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log 𝑓𝑟 = log 𝑓 +
∆𝐸𝑎

19.14714
(

1

𝑇
−

1

𝑇𝑟𝑒𝑓
)                 (4.2) 

log|𝐸∗| = 𝛿 +
(|𝐸∗|𝑚𝑎𝑥−𝛿)

1+𝑒𝛽+𝛾 log 𝑓𝑟
                        (4.3) 

where:  

     |𝐸∗| is the dynamic modulus (psi), 

     𝛿, 𝛽, and 𝛾 are the fitting parameters,  

     |𝐸∗|𝑚𝑎𝑥 is the limiting maximum asphalt mixture dynamic modulus (psi), as shown 

in Eq. (4.4), and 

     𝑓𝑟 is the reduced frequency (Hz).  

|𝐸∗|𝑚𝑎𝑥 = 𝑃𝑐 [4.2 × 106 (1 −
𝑉𝑀𝐴

100
) + 4.35 × 105 (

𝑉𝐹𝐴×𝑉𝑀𝐴

10000
) +

1−𝑃𝑐

(1−
𝑉𝑀𝐴
100

)

4.2×106 +
𝑉𝑀𝐴

4.35×105(𝑉𝐹𝐴)

] (4.4) 

where: 

      𝑉𝑀𝐴 is the void in the mineral aggregate (%),  

      𝑉𝐹𝐴 is the voids filled with asphalt (%), and  

      𝑃𝑐 =
(20+

4.35×105(𝑉𝐹𝐴)

𝑉𝑀𝐴
)

0.58

650+(
4.35×105(𝑉𝐹𝐴)

𝑉𝑀𝐴
)

0.58. 

The final form of dynamic modulus master curve equation is obtained by substituting Eq. 

(4.2) into Eq. (4.3).  

log|𝐸∗| = 𝛿 +
(|𝐸∗|𝑚𝑎𝑥−𝛿)

1+𝑒
𝛽+𝛾[log 𝑓+

∆𝐸𝑎
19.14714

(
1
𝑇

−
1

𝑇𝑟𝑒𝑓
)]

                (4.5) 

In this study, the reference temperature was set to be 20°C (293.15°K). The initial fitting 

parameters of Eq. (4.5) were recommended: 𝛿 = 0.5, 𝛽 = −1.0, 𝛾 = −0.5 , and ∆𝐸𝑎 =
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200,000. The optimization for the four parameters was performed using the Solver function 

in Microsoft Excel® until the squared errors between the logarithm of the average measured 

dynamic modulus and the average predicted dynamic modulus reached the minimum.  

4.2.4 X-Ray CT analysis 

X-ray CT was used to capture the microscopic structure of specimens. Specimens were 

scanned at an energy intensity of 225 kV without beam filtration. Binder content area ratio 

was analyzed based on the principle of intensity difference of different material in CT image. 

The pixels of aggregates tend to have the highest intensity value, while the pixels of air voids 

have the lowest value and the pixels of asphalt binder have the median values. Therefore, 

image thresholding method was used to separate a CT image into three phases: air voids, 

asphalt binder, and aggregates. Two thresholds, (𝑡1,  𝑡2 ), were selected as the boundaries to 

separate the intensity values of different phases in the CT image based on the minimization 

of the within-class variance. In this study, Eq. (4.6) was used to obtain the thresholds for 

dividing the image sections of air voids, asphalt binder and aggregates. 𝑘 ∈ (1,2,3) was 

used to characterize the three different phases in the asphalt mixture. (𝐿k,  𝑈k ) indicates 

the intensity value range of pixels in each phase. The value ranges for air voids, asphalt 

binder and aggregates are (0, 𝑡1) , (𝑡1 + 1, 𝑡2 )  and (𝑡2 + 1, 𝐿 − 1 ) , respectively. The 

number of intensity levels in the grayscale CT image is 𝐿, 𝑖 is the intensity level, 𝑝𝑖 is the 

probability of the occurrence of intensity level 𝑖  in the target image, and 𝑞  is a user-

defined parameter. This method is very effective to separate air voids, aggregate and asphalt 

binder. Figure 4.3 presents the CT image before and after processing with thresholding 

method. In this figure, pink, blue, and green color represent the aggregate, asphalt binder, 
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and air voids, respectively. 

𝜎𝑤
2 = ∑ ∑ (𝜛𝑘)𝑞−1(𝑖 − 𝜇𝑘)2𝑝𝑖

 𝑈k

𝑖=𝐿k

3

𝑘=1
                 (4.6) 

In which, 

𝜛𝑘 = ∑ 𝑝𝑖
 𝑈k
𝑖=𝐿k

, 𝑘 = 1, 2,3                            (4.7) 

𝜇𝑘 =
1

𝜛𝑘
∑ 𝑖𝑝𝑖

 𝑈k
𝑖=𝐿k

, 𝑘 = 1, 2,3                         (4.8) 

    
(a)                                    (b) 

Figure 4.3 The CT image before and after processing with thresholding method: (a) 
original image, and (b) processed image 

4.3 Results and discussion 

4.3.1 Effect of aging conditions on dynamic modulus  

Using time-temperature superposition (TTS) principle, dynamic modulus master curves 

at a reference temperature of 20°C  were developed, as shown in Figure 4.4. The |E*| values 

increased with the increase of frequency. The |E*| values of aged specimens in Group 1 were 

significantly greater than those of unaged specimens due to asphalt aging. Compared with 

the |E*| value of unaged specimen at 20°C and 1 Hz, the |E*| value of aged specimen was 

increased by 95.3%. For Group 2 and 3, the |E*| values of aged specimens were less than 

those of unaged specimens. For Group 2, the difference between unaged and aged specimens 
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at the high temperature was greater than that at the low temperature and intermediate 

temperatures. Overall, |E*| values of aged specimens were decreased by 7.8% to 10.4% in 

comparison to unaged specimens. For Group 3, |E*| values of aged specimens were slightly 

less than those of unaged specimens, decreased by 4.5-10.6% in comparison to unaged 

specimens. For Group 2 and 3, the confining pressure likely had an adverse effect on |E*| 

values. However, |E*| values of aged specimens in Group 2 are obviously lower than those 

in Group 3, even though the confining pressure in Group 2 is half of that in Group 3. It 

appears that both pressure and temperature play important roles in |E*| values of compacted 

asphalt mixtures. Figure 4.4 (d) indicates that |E*| values of specimens after being aged at 

40°C were greater than those of unaged specimens, and they were continuously increased 

after each aging treatment. For example, comparing with |E*| value of unaged specimens at 

20°C and 1 Hz, |E*| values of the specimens after being aged for 7 days, 14 days, 21 days, 

and 28 days were increased by 24.2%, 37.1%, 79.3%, and 101.8%, respectively. It also 

appears that specimens aged under pure oxygen environment at 40°C for 28 days can reach 

the similar aging level of specimens subjected to an aging condition of 85°C for 5 days. 

 
(a)                                 (b) 
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 (c)                                (d) 

Figure 4.4 Dynamic modulus master curves for four groups: (a) Group 1, (b) Group 2, (c) 
Group 3, and (d) Group 4 

4.3.2 Factors influencing dynamic modulus 

To examine the change in |E*| values of specimens after being aged, air voids of 

specimens before and after being aged were measured and calculated in accordance with 

AASHTO T 269-14. The following equation calculated the difference of air voids values 

between unaged and aged specimens. Table 4.5 lists the air voids of four groups of specimens 

before and after being aged.  

𝑉𝑑𝑖𝑓𝑓 = 𝑉𝑎𝑔𝑒𝑑 − 𝑉𝑢𝑛𝑎𝑔𝑒𝑑                      (4.9) 

where:  

  𝑉𝑢𝑛𝑎𝑔𝑒𝑑 = air voids of unaged specimens,  

  𝑉𝑎𝑔𝑒𝑑 = air voids of aged specimens, and 

  𝑉𝑑𝑖𝑓𝑓 = difference of air voids between unaged and aged specimens. 

Table 4.5 indicates that the air voids of aged specimens in Group 2 and 3 increased by 

about 1.0% compared with those of unaged specimens. It is likely due to two reasons. One 

is that air pressure in the autoclave is greater than that of closed pores inside the specimens 
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in the initial of aging treatment, and thereby specimens in the autoclave are gradually 

compressed until the pressures between closed air voids in specimens and air in the autoclave 

reach a balance. After specimens are taken out from the autoclave, the pressures of the closed 

pores in the specimens are greater than atmospheric pressure; therefore, the volumes of 

specimens expand. This explanation can be verified by specimen dimension, as shown in 

Table 4.6. The diameter and height of specimens gradually increased over time, indicating 

that the pressure has a significant effect on the volume of specimens. During these processes, 

some micro-cracks might be generated in the specimens. In addition, asphalt binder at 60°C 

is softer than that at 40°C, and thus micro-cracks form more easily at high temperatures. 

Hence, Group 2 is more affected as compared with Group 3. Another reason is that the 

differential pressure might result in the transformation of closed pores to opened pores in 

specimens. In summary, micro-cracks and the increase of air voids are the main factors 

leading to a decrease in |E*| values of aged specimens in comparison with the unaged ones. 

It is also shown in Table 4.5 that the air voids of aged specimens in Group 1 and 4 were 

slightly lower than those of unaged specimens. This is likely caused by the loading applied 

to the specimen during the dynamic modulus test. The trend is consistent with the research 

results reported by Rowe et al. [127].  

Table 4.5 Air voids of four groups of specimens before and after aging 

Group 
No. 

Air voids (%) 
𝑉𝑑𝑖𝑓𝑓 
(%) Unaged specimen Aged specimen 

Average Std. Average Std. 
1 6.5 0.1 6.3 0.1 -0.2 
2 4.8 0.1 5.8 0.2 1.0 
3 6.1 0.2 7.2 0.4 1.1 
4a 6.0 0.2 5.8 0.2 -0.2 

Note: a The air void was measured for the unaged and aged specimens for seven days. 
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Table 4.6 The diameter and height of specimens from Group 3 after taking them out from 

the autoclave 

Specimens 
No. 

Measuring in 2 hours Measuring in 24 hours 

Diff. (mm) Diameter 

（mm) 

Height 

(mm） 

Diameter 

（mm) 

Height 

(mm） 

Average Std. Average Std. Average Std. Average Std. Diameter Height 
1 99.35 0.35 150.95 0.36 100.15 0.21 151.88 0.43 0.80 0.93 
2 99.00 0.27 152.10 0.29 99.88 0.31 153.05 0.23 0.87 0.95 
3 99.10 0.07 151.73 0.31 100.00 0.16 152.63 0.26 0.90 0.90 
4 99.13 0.13 151.03 0.43 100.10 0.21 152.05 0.56 0.97 1.02 

4.3.3 X-ray CT analysis 

One specimen from Group 1 and one from Group 4 were selected to examine the detailed 

microscopic structure before and after aging with X-ray CT. Figure 4.5 plots the asphalt 

binder area ratios before and after aging for the specimen in Group 1. The peak position of 

asphalt binder after aging was lower than that before aging, indicating that the asphalt binder 

tends to flow down at 85˚C. There are no obvious changes for the specimen in Group 4.  

CT images in the same position before and after aging were also examined manually. 

Several examples are shown in Figure 4.6. It can be observed that the morphologies of air 

voids before aging (marked with red circles) are different from those after aging. Figure 4.7 

shows the CT images of Group 4 specimen in the sample position before and after aging for 

seven days. The morphologies of air voids before aging apparently matched very well with 

those after aging, indicating that the potential flow of asphalt binder at this temperature is 

not noticeable and hence can be safely neglected. Therefore, a method in Group 4 truly 

reflects the asphalt aging, without being compounded with the changes of macroscopic 

volumetric characteristics. 
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Figure 4.5 Asphalt binder contents before and after aging 
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Figure 4.6 Six CT images of Group 1 before and after aging 
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Figure 4.7 Six CT images of Group 4 before and after aging 

4.4 Conclusions 

Identifying a proper method to simulate the long-term aging for compacted asphalt 

mixtures is necessary for mechanistic-based pavement analysis and mixture design 

optimization. This study investigated the effect of different aging conditions on compacted 

asphalt mixtures. The study found that the use of air pressure to accelerate aging process 

damages the integrity of specimens by reducing their dynamic modulus values and 

negatively affecting their dimensions. The use of elevated temperature (e.g., 85°C for five 

days) to accelerate aging process apparently does not affect the overall integrity of 

compacted asphalt mixtures if specimens are laterally confined. However, X-ray CT images 

suggest that the internal void characteristics of specimens are subject to changes because 

high temperatures facilitate the flow of asphalt binders under gravity. The placement of 

compacted asphalt mixtures in a pure oxygen environment without applied pressure and at 

40°C (below the softening point of the base asphalt) results in the best integrity of aged 

specimens at both the microscopic and macroscopic levels. The only concern for this process 
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is that it takes about 28 days for specimens to reach an aging state similar to the aging state 

of specimens being treated at 85°C for five days.  
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CHAPTER 5. THE RELATIONSHIP BETWEEN THE 

RHEOLOGICAL AND CHEMICAL PROPERTIES OF 

RECOVERED ASPHALT  

5.1 Introduction 

As an organic material, asphalt is subjected to oxidative aging that has an essential 

impact on nearly all critical performances of hot mix asphalt (HMA) [10]. During the process 

of asphalt binder oxidation, it is found that aromatic fractions decrease, first becoming resins 

and then asphaltene [27]. This process is due to oxygen functional groups forming in the 

asphalt molecules, resulting in a reduction in resins and aromatic fractions and an increase n 

asphaltene fractions [28-31]. The increase in asphaltene fractions has been shown to be 

related to the increase in asphalt viscosity [9,10]. Furthermore, the asphalt becomes stiffer 

and more brittle, leading to higher stresses in the asphalt, making the pavement more 

susceptible to cracking under a given deformation [5, 6, 14]. Moreover, Petersen provided 

strong evidence that ketone and sulfoxide formation are two major contributors to the 

increase in viscosity of asphalt binder [128, 129].  

Hence, in this chapter, the rheological and chemical properties of recovered asphalt 

binders were evaluated by using DSR and FTIR tests. First, the new extraction method was 

validated by using DSR and FTIR tests. Next, the change in sulfoxides and ketones were 

investigated as a function of aging time, and the effect of oxidative aging on the rheological 

properties of the asphalt binders was then evaluated. Finally, a relationship between 

rheological and chemical properties of the recovered asphalt binders was analyzed. 

5.2 Material and methods 
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5.2.1 Material 

In this chapter, asphalt binder was extracted and recovered from the specimens for 

dynamic modulus test.  

5.2.2 Micro-sampling, and micro-extraction and recovery methods 

The micro-sampling, and micro-extraction and recovery methods are detailed in section 

3.2.2. 

5.2.3 DSR test 

A frequency sweep test was performed in a controlled strain model using a DSR (Anton 

Paar MCR702, see Figure 5.1). All tests were conducted at various temperatures from -20°C 

to 40°C in 6°C intervals. As mentioned previously, there is a relationship between the 

loading frequencies used in the dynamic shear mode for asphalt binders and used in dynamic 

compression mode for asphalt mixtures. Therefore, the data was sampled at the following 

13 unique frequencies: 0.016 Hz, 0.08 Hz, 0.1 Hz, 0.159 Hz, 0.251 Hz, 0.398 Hz, 0.796 Hz, 

1 Hz, 1.59 Hz, 2.51 Hz, 3.98 Hz, 6.31 Hz, and 10 Hz. Furthermore, the linear viscoelastic 

range was determined before the frequency sweep test, which ensures that the test was 

performed in the range. The test utilizes 4 mm parallel plates with 1.75mm gap 

recommended by Western Research Institute (WRI) since extracted binders are not enough 

for conducting the test with 8mm parallel plates [130]. The test method with 4 mm plates 

requires only about 150 mg of asphalt binders to load and trim the sample. Moreover, the 

excellent reproducibility was found with results collected on 8mm parallel plates at low and 

intermediate temperatures [131]. 
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Figure 5.1 DSR apparatus (Anton Paar MCR702) 

After the test, the master curve was developed at the reference temperature of 20°C  using 

the time-temperature superposition principle. The shifting factor was utilized to transform 

the frequency at other temperatures into that at the reference temperature. The general shift 

factor equation is expressed in Eq. (5.1). 

𝛼𝑇 =
𝑓𝑟

𝑓
                                  (5.1) 

where 𝛼𝑇 is the shift factor, 𝑓 is the reduced frequency at a reference temperature (Hz), 

and 𝑓𝑟 is the tested frequency (Hz).  

There are many methods to determine the shift factor. In this study, Williams, Landel, 

and Ferry (WLF) equation was chosen and is expressed in Eq. (5.2). 

log 𝛼𝑇 =
−𝐶1(𝑇−𝑇𝑟𝑒𝑓)

𝐶2+(𝑇−𝑇𝑟𝑒𝑓)
                           (5.2) 

where 𝐶1 and 𝐶2 are constant, 𝑇 is the tested temperature (°C), and 𝑇𝑟𝑒𝑓 is the reference 

temperature (°C).  

Combining Eqs. (5.1) and (5.2), the reduced frequencies at other tested temperatures 

were calculated according to Eq. (5.3).  
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log 𝑓𝑟 = log 𝑓 −
𝐶1(𝑇−𝑇𝑟𝑒𝑓)

𝐶2+(𝑇−𝑇𝑟𝑒𝑓)
                      (5.3) 

Next step was to predict complex shear modulus values with reduced frequencies by 

using the predictive formula which developed based on the data tested at the reference 

temperature. Then, the Solver function in Microsoft Excel was used to obtain the optimum 

values of  𝐶1 and 𝐶2 with non-linear least squares regression techniques. The procedure 

consisted of minimizing the sum of square error (SSE) between the measured data and 

predicted data, as shown in Eq. (5.4). When no further changes were observed, the iteration 

process was terminated and the final values quoted for the coefficients.  

SSE = ∑
(𝑉𝑚−𝑉𝑝𝑟𝑒)

2

(𝑉𝑚)2                           (5.4) 

where 𝑉𝑚 is the measured value, and 𝑉𝑝𝑟𝑒 is the predicted value. 

5.2.4 FTIR-ATR test 

A Bruker Tensor Π spectrometer (see Figure 5.2) was used to conduct the infrared test 

to ensure that the solvent had been completely removed and investigate the aging levels of 

recovered asphalt binders. The background check scan and sample scan (two replicates) were 

executed with 32 scans and a resolution of 4 cm-1 over wavenumbers from 4000 cm-1 to 600 

cm-1. A computer software “OPUS” was then utilized to process the Attenuated Total 

Refraction (ATR) interferogram into an absorption spectrum through Fourier 

Transformation function.  
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Figure 5.2 Bruker Vertex 70 FTIR spectrometer 

5.3 Results and discussion 

5.3.1 Effect of new micro-extraction and recovery method on chemical and rheological 

properties of the binder 

As stated previously, ketones and sulfoxides are two major oxidation products. To 

investigate the changes in the two compounds with increasing aging time, the IR method 

was utilized on recovered asphalt binders of three types of asphalt mixtures, as this method 

is currently often used for quantitative studies of asphalt binders. The micro-extraction and 

recovery method was detailed in section 3.2.2. After evaporating dichloromethane from 

asphalt binders on a hot plate under nitrogen environment for half an hour at 100°C, the 

asphalt binders were first tested using an FTIR-ATR apparatus to determine whether the 

solvent was thoroughly evaporated under these conditions. Figure 5.3 shows the infrared 

spectrum of the solvent and recovered asphalt binders before and after aging. It can be seen 

that there were no peaks at 703 cm-1, 731 cm-1, and 1264 cm-1 for the recovered asphalt 

binders before and after aging, indicating that the solvent had been completely removed from 

the asphalt binders during the extraction process. 
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(a) 

 
(b) 

Figure 5.3 The infrared spectra of (a) the solvent (Dichloromethane), and (b) recovered 
asphalt binders before and after aging 

The original base asphalt (60/70 pen) was utilized to examine the effect of the new micro-

extraction and recovery method on the rheological properties of asphalt binders. Hence, the 

base asphalt was treated according to the new micro-extraction and recovery method, as 

shown in Figure 5.4. The master curve of the original asphalt matched well with that of the 

recovered asphalt, indicating that the new micro-extraction and recovery method does not 

influence the rheological properties of asphalt and is reliable in recovering asphalt binder 



79 
 

from asphalt mixtures. 

 
Figure 5.4 Master curves of G* of original and recovered asphalt (60/70 pen) 

Based on the results above, the new micro-extraction and recovery method described in 

section 3.2.2 is a viable alternative to standard drilling and extraction with the advantages as 

follows. 

(1) The improved micro-extraction and recovery method is efficient in recovering 

asphalt binders from asphalt mixtures, particularly for a small amount of sample. 

The standard recovery method requires distilling the solvent in a flask, and a certain 

amount of recovered asphalt binder will adhere to the inside of the flask. Thus, it is 

difficult to pour the asphalt binder from the flask if its amount is small.  

(2) The new micro-extraction and recovery method reduces cost by simplifying the 

extraction and recovery apparatus since the new method needs only a centrifuge.  

5.3.2 Effect of testing geometry on the rheological properties of asphalt binder 

The DSR test used 4 mm parallel plates with a 1.75 mm gap, recommended by WRI 

[130]. WRI found that there is a good match between the master curves of G* values 
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measured with 4 mm and 8 mm plates [130]. In this study, this relationship was verified with 

unaged base asphalt (60/70 pen). A frequency sweep test was conducted from 0.1 Hz to 10 

Hz at temperatures ranging from -20°C to 40°C in 6°C intervals. The machine compliance 

was automatically adjusted through the software parameters. The resulting master curves of 

G* values measured with 4 mm and 8 mm diameter plates for unaged asphalt (60/70 pen) 

are visualized in Figure 5.5. It is clear that the master curve of G* values measured with 4 

mm diameter plates matched well with that measured with 8 mm diameter plates, indicating 

that it is valid that DSR tests are conducted with 4 mm diameter plates.  

 
Figure 5.5 Master curves of G*measured with 4 mm and 8mm diameter plates for unaged 

asphalt (60/70 pen) 

5.3.3 Effect of asphalt mixture aging on the chemical compounds of asphalt binder 

In this study, the investigation of asphalt mixture aging is carried out with recovered 

asphalt binders by semiquantitative analysis of the band area near 1700 cm-1 (C=O) and 1030 

cm-1 (S=O) bonds. Asphalt binders were extracted and recovered from the mini-cores drilled 

from control specimens at different aging levels by using the new extraction method, and 

then the aging levels of asphalt binders were determined. The area ratios of ketones and 
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sulfoxides were calculated according to the method proposed by Lamontagne et al. [83]. 

Figure 5.6 plots ketones and sulfoxides area ratios of recovered asphalt binders from WC, 

BC, and SMA mixtures as a function of aging time. The changes in ketones and sulfoxides 

occurred more quickly in the initial stage of oxidation. The rapid reaction ended before seven 

days of aging. After the initial oxidation spurt, the formation rates of ketones and sulfoxides 

slowed and became constant. In addition, the formation rate of sulfoxides was faster than 

that of ketones. These findings are consistent with the previous studies [10, 46]. The initial 

oxidation spurt is caused by reactive perhydroaromatic hydrocarbons reacting with oxygen 

and forming intermediate hydroperoxides, which can easily react with sulfides in asphalt 

binders to form sulfoxides since sulfides in asphalt binders are effective antioxidants [10, 

16]. Moreover, sulfoxides formation is less sensitive to temperature change than ketones 

formation [16, 132]. The spurt is over when all of the reactive perhydroaromatic 

hydrocarbons are exhausted. Then, the ketones and sulfoxides form at a nearly constant rate. 

It is also noteworthy that area ratios of sulfoxides are much greater than those of ketones. 

This might be caused by the following two reasons: One reason is that the asphalt (60/70 

pen) used in this study contains a high sulfur content and sulfur competes for hydroperoxide 

ketone precursors. Thus, sulfoxides are formed in greater quantities than ketones [16, 22]. 

Moreover, the ratios of sulfoxides to ketones formed at high oxygen concentrations are 

independent of oxidation temperature [16]. The other reason is that physicochemical effects 

prevent ketone formation at low temperatures [16]. In addition, it can be observed that the 

area ratios of sulfoxides and ketones were greatest for WC mixture followed by BC mixture 

and lastly SMA mixture, indicating that aggregate gradation has a direct effect on the aging 
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susceptibility of compacted asphalt mixtures. 

 
Figure 5.6 Oxidation products formed as a function of time for recovered asphalt binder in 

WC, BC, and SMA mixtures 

5.3.4 Effect of asphalt mixture aging on the rheological properties of asphalt binder 

The asphalt binder was extracted and recovered according to the new micro-extraction 

and recovery method described in section 3.2.2. Then, a frequency sweep test was conducted 

at various temperatures from -20°C to 40°C at 6°C intervals. The master curves of the three 

mixture types are shown in Figure 5.7. The complex shear modulus (G*) values of the three 

mixture types at each aging level were similar to each other at high frequencies (or low 

temperatures), indicating that the aging does not have a significant effect on the rheological 

properties of asphalt binders in compacted asphalt mixtures at low temperatures. The G* 

values of recovered asphalt binder at low frequencies (or high temperatures) increased with 

aging time. Moreover, the difference between the G* values before and after aging increased 

as the testing temperature increased. In addition, the G* values of recovered asphalt binder 

after seven days of aging increased compared with those before aging while the G* values 

exhibited a slight increase with increasing aging time. This phenomenon agreed well with 
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the trend of FTIR results. This phenomenon is caused by asphalt binder rapidly oxidizing 

during the initial stage of oxidation, which was followed by a slower, nearly linear oxidizing 

rate. 

  

(a)                                   (b) 

 

(c) 

Figure 5.7 The master curves of three mixture types: (a) WC, (b) BC, and (c) SMA 

5.3.5 The relationship between functional groups and rheological properties 

Earlier studies found that ketone formation was a major contributor to asphaltene 

formation during the oxidation period and that asphaltene was proven to increase the 

viscosity through oxidation [45, 106]. However, viscosity significantly increases with aging 
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time when sulfoxides are formed in substantially greater quantities than those of ketones, 

especially in high-sulfur asphalt or for asphalt oxidation at low temperatures [10, 46, 129]. 

Petersen (2011) provided strong evidence that sulfoxide formation is also a major contributor 

to the increase in asphalt viscosity, since the rate of free radicals, produced by the thermal 

decomposition of the perhydroaromatic hydroperoxides, is immensely reduced at low 

temperatures [128].  

The dynamic viscosity values of recovered asphalt binders were taken from the results 

of the frequency sweep test at 0.1 rad/s and 40ºC. The angular frequency is very low and 

created a near-zero shear rate. Thus, the dynamic viscosity had approximately zero shear 

viscosity. Figure 5.8 plots the dynamic viscosity as a function of aging time for the three 

types of compacted asphalt mixtures. With a logarithmic scale, the dynamic viscosity rapidly 

increased in the initial stage of aging which was followed by an increase at a nearly constant 

rate. This finding was consistent with previous studies [128, 133]. Additionally, the dynamic 

viscosity of WC mixture was apparently greater than those of BC and SMA, which were 

approximately equal, indicating that aggregate gradation has a significant effect on the aging 

susceptibility of compacted asphalt mixtures. This finding agreed with the results of the area 

ratios of sulfoxides and ketones, which were functions of aging time.  

Earlier studies found that there is an apparent relationship between sulfoxides and 

ketones, and log viscosity [128]. The relationship was validated in this study. Figure 5.9 

shows the relationship between the logarithmic dynamic viscosity and the sulfoxide and 

ketone formations for the three mixture types. The logarithmic dynamic viscosities had 

excellent linear correlations with the area ratios of sulfoxides and ketones for the three 
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mixture types, indicated by very high R2 values. It could also be found that the rapid viscosity 

increase is due to the sulfoxide formation of compacted asphalt mixture aging under an 

oxygen atmosphere at 40°C.  

 
Figure 5.8 The dynamic viscosity as a function of aging time for three mixture types  

   

(a)                                   (b) 
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(c) 

Figure 5.9 The relationship between dynamic viscosity and the formation of sulfoxides and 
ketones for three mixture types: (a) WC, (b) BC, and (c) SMA 

5.4 Summary and conclusions 

Based on the analysis presented in this chapter, the following conclusions are drawn: 

(1) The new micro-extraction and recovery method is reliable in recovering asphalt 

binders from asphalt mixtures and does not influence the chemical and rheological 

properties of asphalt binders. 

(2) The 4 mm diameter plates with a 1.75 mm gap are an efficient and reliable geometry 

to measure the rheological properties of asphalt binders, particularly for a low 

amount of asphalt binders, since this method requires only approximately 25 mg of 

asphalt binder.  

(3) Sulfoxides and ketones rapidly form during the first aging cycle of compacted 

asphalt mixtures and then increase at a nearly constant rate. Moreover, the 

formation rate of sulfoxides is significantly greater than that of ketones under an 

oxygen atmosphere at 40ºC. In addition, aggregate gradation has a direct effect on 

the aging susceptibility of compacted asphalt mixtures. 
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(4) The increasing rates of G* values of recovered asphalt binders decrease with 

increasing the aging time as asphalt binders are rapidly oxidized during the initial 

stage of oxidation followed by a slower, nearly linear rate.  

(5) The logarithmic dynamic viscosity shows the same trend with aging time as those 

of sulfoxide and ketone formations. Furthermore, the logarithmic dynamic 

viscosities have excellent linear correlations with the area ratios of sulfoxides and 

ketones for the three mixture types, indicated by very high R2 values. In addition, it 

is validated that sulfoxide formation is a major contributor to viscosity increase at 

low temperatures.  

In addition, the new micro-sampling, and micro-extraction and recovery methods include 

many advantages as follows.  

(1) During the drilling process, the drill bit is cooled with water, so asphalt binders is 

not aged due to the high-speed revolutions of the diamond core drill.  

(2) A small core of 10 mm diameter can be drilled to the desired depth using a handheld 

diamond core drill. Moreover, small holes will not damage the entire structure of 

asphalt pavement. 

(3) Small cores can be cut into several slices to investigate the effect of pavement depth 

on the performance of asphalt binders.  

(4) The micro-sampling method improves safety during site sampling by reducing the 

time that it takes to acquire the sample and not exposing the drill operator to traffic. 

(5) The new micro-extraction and recovery method is efficient to recover asphalt 

binders from asphalt mixtures, particularly for a small amount of samples. The 
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standard recovery method requires distilling the solvent in a flask, and a certain 

amount of recovered asphalt binder will adhere to the inside of the flask. Thus, it is 

difficult to pour the asphalt from the flask if the amount of asphalt is small.  

The new micro-sampling, and micro-extraction and recovery methods reduce cost by 

reducing the time required to drill cores in the field and simplifying the apparatus of 

extraction and recovery, as the new method requires only a centrifuge. 

. 
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CHAPTER 6. EFFECT OF OXIDATIVE AGING ON THE 

DYNAMIC MODULUS OF COMPACTED ASPHALT MIXTURE 

6.1 Introduction 

Dynamic modulus which is defined as the absolute value of the complex modulus is an 

important parameter in the design stage of flexible pavement. The MEPDG software uses 

dynamic modulus as an essential input at all three levels. Level 1 input requires the 

laboratory measured dynamic modulus values of compacted asphalt mixtures. However, it 

is not always feasible since the sample preparation, and experimental procedure will spend 

several days, and trained personnel are required for developing a master curve [134-136]. 

Moreover, the testing equipment is expensive. It is therefore essential to utilize a predictive 

model for estimating dynamic modulus of compacted asphalt mixtures. Several predictive 

models, Witczak 1-37A [137], Witczak 1-40D [138], Hirsch [139, 140], 2S2P1D [141], Al-

Khateeb [142] and artificial neural network (ANN) [143] models, have been increasingly 

utilized for the estimation of dynamic modulus of compacted asphalt mixtures. These models 

mainly consist of asphalt binder properties (i.e., shear complex modulus, phase angle, and 

viscosity), aggregate gradation, loading frequency, or the volumetric properties of asphalt 

mixtures (i.e., air voids, effective asphalt binder content, voids in mineral aggregate, and 

voids filled with asphalt).  

These models had shown high accuracies in predicting the dynamic modulus of 

compacted asphalt mixtures during the developing procedure, but numerous studies found 

that the accuracies of these models were not consistent and varied with the types and 

volumetric properties of asphalt mixtures [134, 135, 142-147]. For example, Witczak 1-37A 
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model was considered more accurate at lower dynamic modulus (higher temperatures) than 

at lower temperatures according to Birgisson and Obulareddy’s studies [134, 135]. However, 

other studies found that Witczak 1-37A model exhibited more accurate prediction of 

dynamic modulus at low and intermediate temperatures than at high temperatures [144, 148, 

149]. It is therefore important to investigate the accuracies of predictive models of dynamic 

modulus for locally available materials.  

The previous studies mainly used various aggregates, asphalt binders, and gradations in 

different countries and regions to investigate the accuracies of predictive models [135, 146, 

150, 151]. Although dynamic modulus values in these previous studies were measured with 

specimens from the laboratory or the field, no published research evaluates the effect of 

aging level of compacted asphalt mixtures on the accuracies of the predictive models.  

The objectives of this chapter were to assess the effect of aging on dynamic modulus of 

compacted asphalt mixtures and predictive models of dynamic modulus based on the 

conventional asphalt mixtures in Hong Kong.  

6.2 Review of the current predictive models 

The dynamic modulus is an important parameter in asphalt pavement design. However, 

the measurement of dynamic modulus in the laboratory is not always available because of 

the time-consuming process and costly equipment. Hence, the predictive models were 

developed to estimate the dynamic modulus of compacted asphalt mixtures in recent years. 

Most of them are empirical or semi-empirical and based on volumetric properties of mixture 

and binder characteristics. There are six common predictive models: Witczak 1-37A, 

Witczak 1-40D, Hirsch, AI-Khateeb, 2S2P1D, and Artificial Neural Network (ANN) models. 
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Since the ANN model requires a large data set and spends an amount of time to train the 

model, this study did not utilize this model to predict the dynamic modulus of compacted 

asphalt mixtures. The other models were detailed below. 

6.2.1 Witczak 1-37A model 

The original version of this model was developed by Shook et al. [152] and was further 

modified and refined by Fonseca and Witczak [153]. The NCHRP 1-37A model was 

developed in 1999 based on a combined database of the original Fonseca and Witczak model 

(1430 data points from 149 conventional asphalt mixtures) and an additional 1320 data 

points from 56 new mixtures including 34 mixtures with modified asphalt binder [137]. The 

model had been incorporated in earlier MEPDG version (V.0.7) and used to predict the 

dynamic modulus of compacted asphalt mixtures in level 2. The model is a function of 

aggregate gradation, air voids, effective binder content, loading frequency, and binder 

stiffness, as expressed in Eq. (6.1) 

log|𝐸∗|  

= −1.249937 + 0.029232𝜌200 − 0.001767𝜌200
2 − 0.002841𝜌4 − 0.058097𝑉𝑎

− 0.802208
𝑉𝑏𝑒𝑓𝑓

(𝑉𝑏𝑒𝑓𝑓 + 𝑉𝑎)

+
3.871977 − 0.0021𝜌4 + 0.003958𝜌38 − 0.000017𝜌38

2 + 0.005470𝜌34

1 + 𝑒(−0.603313−0.313551 log 𝑓−0.393532 log 𝜂)
(6.1) 

where |𝐸∗| is the HMA dynamic modulus, 105 psi; 𝜂 is the asphalt binder viscosity, 106 

poise; 𝑓 is the loading frequency, Hz; 𝑉𝑎 is the air voids in the mixture, volume %; 𝑉𝑏𝑒𝑓𝑓 

is the effective asphalt binder content, volume %; 𝜌34  is the percentage of aggregates 

retained on the 3/4 inch sieve by total aggregate weight; 𝜌38 is the percentage of aggregates 

retained on the 3/8 inch sieve by total aggregate weight; 𝜌4 is the percentage of aggregates 
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retained on No. 4 sieve by total aggregate weight (%); and 𝜌200  is the percentage of 

aggregates retained on No. 200 sieve by total aggregate weight. 

The extracted asphalt binders are not enough for viscosity test in the laboratory. 

Nevertheless, binder viscosity in Eq. (6.1) could be estimated with an empirical equation 

developed by Witczak and his colleagues according to Cox-Merz rule [154].  

𝜂 = (|𝐺∗|/𝜔)(1 𝑠𝑖𝑛𝛿⁄ )𝑎0+𝑎1𝜔+𝑎2𝜔2              (6.2) 

where 𝜂 is the viscosity, Pa·s; |𝐺∗| is the complex modulus of asphalt binder, in shear, Pa; 

𝜔 is the angular frequency, rad/s; 𝛿 is the phase angle, °; and 𝑎0, 𝑎1 and 𝑎2 are the 

fitting parameters which are equal to 3.639216, 0.131373, and -0.000901, respectively. 

6.2.2 Witczak 1-40D model 

In 2006, Bari and Witczak proposed a new predictive model based on 7400 points from 

346 different HMA mixtures [156]. These mixtures include different aggregate gradations, 

binder types (conventional, polymer modified and rubber modified), mix types 

(conventional unmodified and lime or rubber modified), and aging conditions (no aging, 

short-term aging, plant aging and field aging). Also, this model is also a function of aggregate 

gradation, air voids, effective binder content, loading frequency, and binder stiffness which 

is expressed as a function of 𝐺∗ and phase angle (𝛿) instead of  𝜂 and 𝑓, as in the NCHRP 

1-37A model. Moreover, the refined model was introduced under the NCHRP 1-40D project 

and then incorporated into version 1.0 of MEPDG software [138]. The new model is 

expressed in Eq. (6.3) [138]: 

log|𝐸∗| = −0.349 + 0.754(|𝐺∗|−0.0052) × (6.65 − 0.032𝜌200 + 0.0027𝜌200
2 +

0.011𝜌4 − 0.0001𝜌4
2 + 0.006𝜌38 − 0.00014𝜌38

2 − 0.08𝑉𝑎 − 1.06 ×
𝑉𝑏𝑒𝑓𝑓

𝑉𝑏𝑒𝑓𝑓+𝑉𝑎
) +
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2.558−0.032𝑉𝑎+0.713×

𝑉𝑏𝑒𝑓𝑓

𝑉𝑏𝑒𝑓𝑓+𝑉𝑎
+0.0124𝜌38−0.0001𝜌38

2−0.009870𝜌34

1+𝑒(−0.7814−0.5785 log|𝐺∗|+0.8834 log 𝛿)                  (6.3) 

where |𝐸∗| is the HMA dynamic modulus, psi; |𝐺∗| is the dynamic shear modulus of 

asphalt binder, in shear, psi; and the other variables are as defined above.  

According to Bari and Witczak’s finding, there was a relationship between the loading 

frequencies used in the dynamic shear mode for asphalt binder and used in dynamic 

compression mode for asphalt mixtures [155]. The relationship is given in Eq. (6.4). 

𝑓𝑐 = 2𝜋𝑓𝑠                              (6.4) 

where 𝑓𝑐  and 𝑓𝑠  are the frequencies in compression mode and in shear mode, Hz, 

respectively. 

6.2.3 Hirsch model 

Christensen et al. developed a relatively simple model to predict |𝐸∗|  values of 

compacted asphalt mixtures based on an existing version of the Hirsch model, which 

combined series and parallel elements of the phases [139]. A total of 206 observations, 18 

different mixtures with eight different binders, and five different aggregates and gradations 

were utilized in the development of this model. The original model is given in Eq. (6.5).  

|𝐸∗| = 𝑃𝑐 (4,200,000 (1 −
𝑉𝑀𝐴

100
) + 3|𝐺∗| (

𝑉𝐹𝐴 × 𝑉𝑀𝐴

10,000
)) 

+ (1 − 𝑃𝑐) (
1−

𝑉𝑀𝐴

100

4,200,000
+

𝑉𝑀𝐴

𝑉𝐹𝐴×3|𝐺∗|
)⁄                        (6.5) 

𝑃𝑐 = (20 +
𝑉𝐹𝐴×3|𝐺∗|

𝑉𝑀𝐴
)

0.58

(650 + (
𝑉𝐹𝐴×3|𝐺∗|

𝑉𝑀𝐴
))

0.58

⁄          (6.6) 

where 𝑃𝑐 is the contact factor; 𝑉𝑀𝐴 is the voids in mineral aggregate, in %; 𝑉𝐹𝐴 is the 

voids filled by asphalt, in %; and the other variables are as defined previously. 

The Original Hirsch model is simpler than the Witczak models since the Original Hirsch 
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model only utilizes three inputs (𝑉𝑀𝐴,𝑉𝐹𝐴, and 𝐺∗). Moreover, the Original Hirsch model 

had been verified by many researchers with generally good results [146, 156]. However, 

some studies found that the Original Hirsch model sometimes expressed poor accuracy [147, 

157]. Therefore, Christensen presented a improved version of Hirsch model based on a 

database of 15 different mixtures with eight different aggregates and three different binders 

in 2015 [140]. The improved model considers the effect of applied strain level and aggregate 

specific gravity, which is expressed in terms of the aggregate modulus [140]: 

|𝐸∗| = 𝑃𝑐 (𝐻6𝐺𝑎𝑔𝑔
𝐻7 (1 −

𝑉𝑀𝐴

100
) + 3|𝐺∗| (

𝑉𝐹𝐴×𝑉𝑀𝐴

10,000
))           (6.7) 

where 

𝑃𝑐 = 𝐻1 + (1 − 𝐻1)
exp (𝐻2+𝐻3 ln(𝑉𝐹𝐴 100⁄ ×|𝐺∗|)+𝐻4𝑉𝑀𝐴 100⁄ +𝐻5ln (𝜀))

1+exp (𝐻2+𝐻3 ln(𝑉𝐹𝐴 100⁄ ×|𝐺∗|)+𝐻4𝑉𝑀𝐴 100⁄ +𝐻5ln (𝜀))
   (6.8) 

Note: VMA term in Equation (6.7) and (6.8) is different with the Equation (8) and (9) in the Christensen’s 

paper [140]. The VMA term in new Hirsch model should be divided by 100 in comparison with the older Hirsch 

model. 

And 𝐻1, 𝐻2, 𝐻3 … 𝐻7 are coefficients fitted to the model, 𝐺𝑎𝑔𝑔 is the aggregate 

modulus, 𝜀 is the peak-to-peak strain, and other parameters are as defined previously. 

6.2.4 2S2P1D model 

The 2S2P1D (2 Springs, 2 Parabolic, and 1 Dashpot) model was developed through the 

generalization of the Huet-Sayegh model which consists of a linear dashpot in series with 

the two parabolic elements and the spring of rigidity. This model was reported that it could 

predict the linear viscoelastic properties of asphalt and asphalt mixtures [141, 158, 159]. The 

model is given Eq. (6.9) [141]. 

𝐸∗(𝑖𝜔𝜏) = 𝐸0 +
𝐸∞−𝐸0

1+𝛼(𝑖𝜔𝜏)−𝑘+(𝑖𝜔𝜏)−ℎ+(𝑖𝜔𝛽𝜏)−1            (6.9) 

where 𝑖  is the complex number defined by 𝑖2 = −1; 𝜔 is the pulsation, so that 𝜔 =
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2𝜋𝑓(𝑓 is the frequency); k and h are the exponents with 0<k<h<1; 𝛼 is a constant; 𝐸0 is 

the static modulus, which is the value of 𝐸∗ when 𝜔 tends towards zero (𝜔 → 0), for ; 𝐸∞ 

is the glassy modulus, which is the value of 𝐸∗ when 𝜔 tends towards infinity (𝜔 → ∞); 

𝛽 is a constant, defined by η = (𝐸∞ − 𝐸0)𝛽𝜏, 𝜂 is the Newtonian viscosity; and 𝜏 is the 

characteristic time, which only depends on the temperature. The 𝜏 value at temperature T 

may be calculated by a WLF-type law:𝜏(T) = 𝛼𝑇(𝑇)𝜏0, where 𝛼𝑇(𝑇) is the shift factor at 

temperature T; and 𝜏0  is the characteristic time at a reference temperature and may be 

obtained by the equation: 𝜏0 = 1/𝑓𝐶𝑟𝑜𝑠𝑠 , where 𝑓𝐶𝑟𝑜𝑠𝑠  is the crossover frequency at a 

reference temperature.  

The shift factor at temperature T, 𝛼𝑇, can be obtained through the WLF equation for 

asphalt binder. 

log 𝛼𝑇 = −
𝐶1(𝑇−𝑇𝑟𝑒𝑓)

𝐶2+𝑇−𝑇𝑟𝑒𝑓
                        (6.10) 

where 𝑇𝑟𝑒𝑓 is the reference temperature; 𝐶1 and 𝐶2 are constant. 

After determining the characteristic time of asphalt binder, 𝜏𝑏𝑖𝑛𝑑𝑒𝑟, the characteristic 

time of asphalt mixture, 𝜏𝑚𝑖𝑥, could be calculated with the following relation: 

𝜏𝑚𝑖𝑥(𝑇) = 10𝛼 × 𝜏𝑏𝑖𝑛𝑑𝑒𝑟(𝑇)                   (6.11) 

with α = 2.66 for any temperature “T.” 

Before predicting |𝐸∗| values of compacted asphalt mixtures, the 2S2P1D model is 

calibrated with asphalt binder results at a reference temperature. The minimization is made 

at a reference temperature using the Excel Solver Tool. It comes: 

Minimization of ∑ ((𝐸1
𝑒𝑥𝑝(𝜔𝑖) − 𝐸1

𝑝𝑟𝑒(𝜔𝑖))
2

+ (𝐸2
𝑒𝑥𝑝(𝜔𝑖) − 𝐸2

𝑝𝑟𝑒(𝜔𝑖))
2

)𝑖=𝑁
𝑖=1  (6.12) 

where 𝐸1
𝑒𝑥𝑝  and 𝐸1

𝑝𝑟𝑒  are respectively the real part of the experimental and predicted 

complex modulus. 𝐸2
𝑒𝑥𝑝 and 𝐸2

𝑝𝑟𝑒 are respectively the imaginary part of the experimental 
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and predicted complex modulus. 

6.2.5 AI-Khateeb model 

AI-Khateeb et al. proposed a new model to predict |𝐸∗| values based on the findings 

from the Original Hirsch model [142]. This model is given as 

|𝐸∗| = 3 (1 −
𝑉𝑀𝐴

100
) (

(90+10,000(|𝐺∗| 𝑉𝑀𝐴⁄ ))
0.66

1,100+(900(|𝐺∗| 𝑉𝑀𝐴⁄ ))
0.66) |𝐺∗|𝑔       (6.13) 

where |𝐺∗|𝑔 is the dynamic shear modulus of asphalt binder at the glassy state (assumed to 

be 145,000 psi); and the other variables are as defined above.  

Like the Hirsch model, this model was derived from the law of mixture where the 

material phases (aggregate, asphalt binder, and air) are arranged in a composite system in 

parallel. In another word, this model is a simpler expression of the Original Hirsch model. 

Furthermore, it should be noted that the model could avoid one of the drawbacks of Hirsch 

which could not accurately predict |𝐸∗| values at high temperatures or low frequencies 

[160].  

6.3 Materials and methods 

6.3.1 Materials and sample preparation 

This study chose three mixture types typically used in Hong Kong. Two types were 

dense-graded mixture usually used in base and wearing course with a nominal maximum 

aggregate size of 28 mm and 20 mm (for short, BC and WC, respectively), respectively. One 

type was gap-graded (stone matrix asphalt, SMA) mixture with a nominal maximum 

aggregate size of 10 mm. All mixtures were produced using the base asphalt (60/70 pen) and 

granite.  

Prior to compaction, loose mixtures were short-term aged in the forced-draft oven at 
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135°C for four hours in accordance with AASHTO R30. Each mixture type with seven 

replicates was compacted to a target air void using a gyratory compactor. These specimens 

in 150 mm diameter by 170 mm height were then drilled and sawed to obtain the samples of 

100 mm diameter and 150 mm height, as shown in Figure 6.1. The gradations and volumetric 

properties of compacted asphalt mixtures are summarized in Table 6.1 and 6.2, respectively.  

   
(a)                               (b) 

Figure 6.1 The specimens prepared for |E*| test: (a) Before drilling and sawing, and (b) 
After drilling and sawing 

Table 6.1 The gradation of compacted asphalt mixtures 

Sieve size (mm) 
% Passing 

BC WC SMA 
37.5 100   

28 96 100  

20 91 96.5  

14 79 89 100 
10 68 79 96.5 
5 49 62 37 

2.36 35 47 28 
1.18 25 34 — 
0.6 18 25 — 
0.3 13 17 — 
0.15 9 12 — 
0.075 5.8 7.8 11.5 
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Table 6.2 The volumetric parameters of compacted asphalt mixtures 

Property BC WC SMA 
Gmm 2.44 2.39 2.34 

𝑉𝑎 (%) 6.0±0.5 6.0±0.5 5.0±0.5 
VMA (%) 16.1-16.7 17.9-18.5 18.8-19.8 
VFA (%) 61.3-64.1 64.3-67.1 73.1-78.3 

Binder content (%) 5.0 5.4 6.5 

6.3.2 The long-term aging conditions 

AASHTO R30 recommends that compacted specimens are placed in an oven at a 

temperature of 85°C for 120 h to simulate the long-term aging of compacted asphalt mixtures. 

However, the temperature is not suitable for unmodified asphalt binders because the binder 

in compacted asphalt mixtures might occur the drain-down phenomenon due to the low 

viscosity of the binder at the temperature higher than its softening points [6]. However, aging 

at low temperatures and the air is disadvantageous since specimens would take a longer time 

to achieve the same aging level in comparison with aging at high temperatures. Hence, in 

this study, the temperature of 40°C  was chosen as aging temperature since the temperature 

is lower than the softening points of 60/70 pen. Additionally, pure oxygen was adopted to 

accelerate the specimens aging. However, the current aging apparatuses could not meet the 

requirements of large capacity and excellent airtightness. Hence, the research team designed 

and ordered an autoclave with an inner height of 45 cm and an inner diameter of 30 cm (see 

Figure 3.3) to artificially simulate the long-term aging of compacted specimens in the 

laboratory. The autoclave can host six specimens of 100 mm in diameter and 150 mm in 

height at the same time. A pressure release sub-system is also included for safety 

considerations. Hence, three mixture types were chosen to simulate the long-term aging by 

using the autoclave. The detailed aging procedure is described in section 3.2.1. The particular 
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aging conditions of the three mixture types are summarized in Table 6.3.  

Table 6.3 The aging conditions of three types of asphalt mixtures 

Mix type 
Aging 

temperature 
(°C) 

Gas 
Applied 

pressure (Pa) 
Accumulated aging time 

(days) 

WC 40 Oxygen 0 7, 14, 21, 28, and 35 
BC 40 Oxygen 0 7, 14, 21, 28, and 35 

SMA 40 Oxygen 0 7, 14, 28, 42, and 56 

6.3.3 Dynamic modulus test 

The detailed |𝐸∗| test is described in section 4.2.3 

6.3.4 DSR test 

The detailed DSR test method is described in section 5.2.3.  

6.4 Results and discussion 

6.4.1 Effect of aging on |E*| values of compacted asphalt mixtures 

For each type of asphalt mixtures, one of six specimens was chosen as a control sample 

for determining the aging state of asphalt binder. The volumetric and mechanical properties 

of the control specimen should be approximately equal to the average value of the other five 

specimens in the same batch. The other five specimens were utilized to conduct |𝐸∗| test. 

The average |E*| values of the five specimens were then used to develop a master curve at a 

reference temperature of 20°C by using time-temperature superposition (TTS) principle. 

Figure 6.2 shows the master curves of |𝐸∗| values for three mixture types. The figure 

indicates that |𝐸∗| values increased with increasing aging time, and the increasing rates of 

|E*| values decreased as aging time increased. For example, comparing with the |𝐸∗| 

values of unaged specimens for SMA mixture tested at 20°C and 1 Hz, the |𝐸∗| values of 

the specimens after being aged for 7 d, 14 d, 28 d, 42 d, and 28 d increased by 32.5%, 43.3%, 
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57.5%, 70.4%, and 75.2%, respectively. This trend was consistent with that of recovered 

asphalt binders. It is caused by that asphalt binders are rapidly oxidized in the initial stage 

of oxidation followed by at a slower, nearly linear rate. Besides, the increasing rates of |𝐸∗| 

values were varied with aggregate gradation, indicating that aggregate gradation affects the 

aging rates of compacted asphalt mixtures.  

.  

(a)                                (b) 

 

(c) 

Figure 6.2 The master curves of |E*| values for the three mixture types: (a) WC, (b) BC, 
and (c) SMA 

6.4.2 Comparison of measured and predicted |E*| values 

In this chapter, |𝐺∗| and δ values of recovered asphalt binders were measured at the 
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loading frequencies (0.016 Hz, 0.159 Hz, and 1.59 Hz) which are corresponded to the 

loading frequencies (0.1 Hz, 1 Hz, and 10 Hz) in dynamic compression mode [155]. Figure 

6.3-6.5 plot the comparisons between measured and predicted |𝐸∗| values for the three 

mixture types. The plots were segregated by the different aging states of compacted asphalt 

mixtures to investigate the accuracies of six predictive models. The black dash lines shown 

in Figure 6.3-6.5 are the line of equality (LOE). The closer the data point is to the LOE, the 

higher is the accuracies of predicted values.  

As can be seen from Figure 6.3-6.5, Original Hirsch, Improved Hirsch, and Al-Khateeb 

models underestimated |𝐸∗| values for the three mixture types over the whole temperature 

range. In addition, Witczak 1-37A model slightly overpredicted |𝐸∗|  values at high 

temperatures and underestimated them at low temperatures for WC and BC mixtures. The 

data points in Witczak 1-40D model distributed evenly at the both sides of the LOE for WC 

mixture and located on the top of the LOE for BC mixture at low temperatures. It indicates 

that Witczak 1-40D model has a high prediction accuracy of |𝐸∗| values for WC mixture, 

and presents the underestimation of |𝐸∗| values at low temperatures for BC mixture. For 

the 2S2P1D model, it under-predicted |𝐸∗| values at high temperatures and overestimated 

them at low temperatures for the three mixture types blending with the base asphalt. 

Comparing with WC and BC mixtures, Witczak 1-37A and 1-40D models for SMA mixture 

significantly underpredicted and overestimated |𝐸∗| values, respectively.  
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(a)                               (b) 

   

(c)                               (d) 

   

(e)                               (f) 
Figure 6.3 Measured versus predicted |E*| values of WC mixture for the six predictive 

models: (a) Witczak 1-37A, (b) Witczak 1-40D, (c) Original Hirsch, (d) Improved Hirsch, 
(e) 2S2P1D, and (d) Al-Khateeb 
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(a)                               (b) 

  

(c)                               (d) 

   

 (e)                               (f) 
Figure 6.4 Measured versus predicted |E*| values of BC mixture for the six predictive 

models: (a) Witczak 1-37A, (b) Witczak 1-40D, (c) Original Hirsch, (d) Improved Hirsch, 
(e) 2S2P1D, and (d) Al-Khateeb 
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(a)                               (b) 

   

(c)                               (d) 

   

 (e)                               (f) 
Figure 6.5 Measured versus predicted |E*| values of SMA mixture for the six predictive 

models: (a) Witczak 1-37A, (b) Witczak 1-40D, (c) Original Hirsch, (d) Improved Hirsch, 
(e) 2S2P1D, and (d) Al-Khateeb 
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6.4.3 Statistics of the goodness-of-fit 

To evaluate the goodness-of-fit of the predictive models, several statistical indicators 

were calculated by using Eqs. (6.14) to (6.17) [147, 161].  

𝑆𝑦 = √∑ (𝐸𝑚𝑖
∗ −𝐸̅𝑚

∗ )
2𝑛

𝑖=1

(𝑛−1)
                       (6.14) 

𝑒𝑖 = (𝐸𝑝𝑖
∗ − 𝐸𝑚𝑖

∗ )                          (6.15) 

𝑆𝑒 = √
∑ 𝑒𝑖

2𝑛
𝑖=1

(𝑛−𝑝)
                             (6.16) 

𝑅2 = 1 −
(𝑛−𝑝)

(𝑛−1)
(

𝑆𝑒

𝑆𝑦
)

2

                       (6.17) 

where 𝐸𝑚
∗  is the measured dynamic modulus, 𝐸𝑝

∗ is the predicted dynamic modulus, 𝐸̅𝑚
∗  

is the mean value of measured dynamic modulus, n is the size of the sample, k is the number 

of regression, 𝑒𝑖 is the error between measured and predicted values, 𝑆𝑦 is the standard 

deviation of the measured values 𝑆𝑒  is the standard error of estimate, and 𝑅2  is the 

correlation coefficient.  

In the data analysis, the ratio 𝑆𝑒/𝑆𝑦 is utilized to evaluate the accuracy of the predictive 

models. Similarly, 𝑅2  is a measure of the model accuracy. A 𝑅2  value is close to 1 

indicates that there is a good agreement between predicted and measured values. Higher 𝑅2 

and lower 𝑆𝑒/𝑆𝑦 values, therefore, present the better performance of a model. A detailed 

criteria proposed by Witczak was adopted and listed in Table 6.4 [161]. 

Tables 6.5 to 6.7 summarize the goodness-of-fit statistics for WC, BC, and SMA 

mixtures at different aging states, respectively. As can be seen from the tables, the 𝑅2 and 

𝑆𝑒/𝑆𝑦 values of WC and BC mixtures showed the similar trends with the increase of aging 

time for the predictive models except Improved Hirsch and 2S2P1D models. The 𝑅2 values 

exhibited a trend of going down and then rising up while 𝑆𝑒/𝑆𝑦 values showed the opposite 
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trend. This indicates that asphalt mixture aging has a negative effect on the accuracies of 

these predictive models at the initial stage of aging. Moreover, the ratings of Witczak 1-37A 

and 1-40D models (Grade E or G) were higher than those of Original and Al-Khateeb models 

(Grade G or F) for WC, BC, and SMA mixtures. Improved Hirsch model had the highest 

𝑅2 and the least 𝑆𝑒/𝑆𝑦 values, and was rated as excellent at the different aging level for 

the three mixture types, indicating that the model is relatively superior to the other models. 

For the three mixture types, the 2S2P1D model presented the better robustness for aged 

specimens than unaged specimens, which implies that aging could improve the robustness 

of the model. The tendency of the Al-Khateeb model for the three mixture types was contrary 

to that of the 2S2P1D model. Overall, the performance of Improved Hirsch model was the 

best, classified as excellent, followed by 2S2P1D model (Grade G) for the three mixture 

types. The grades of Witczak 1-37A and 1-40D models were the highest for WC mixture 

rated as Grade E, followed by BC mixture classified as Grade G and then followed by SMA 

mixture (Grade P or V). Besides, the best grade of Orginal Hirsch model was a “E” for WC 

mixture followed by BC and SMA mixtures classified as Grade F which was also the grades 

of the Al-Khateeb model for the three mixture types.  

Some researchers found that the accuracies of the six predictive models were various at 

different temperatures [143, 150, 162]. The accuracies of the six predictive models, therefore, 

were investigated at the three testing temperatures (4°C, 20°C, and 40°C). Tables 6.5 to 6.7 

summarize the goodness-of-fit statistics for WC, BC, and SMA mixtures segregated by the 

testing temperatures. For WC and BC mixtures, the rankings of all models were the lowest 

at the temperature of 4°C compared with them at the other two temperatures, but Witczak 1-
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40D model exhibited a Grade G for WC mixture. It means that the predictions of the six 

predictive models exhibit lower robustness at low temperatures than the other temperatures. 

Additionally, Witczak 1-37A model showed the best ranking (Grade E and G for WC and 

BC mixtures, respectively) at the temperature of 20°C, and was classified as Grade F at 40°C. 

Witczak 1-40D model was classified as Grade E and G at 20°C and 40°C, respectively. 

Original Hirsch, 2S2P1D, and Al-Khateeb models were ranked as Grade F, P, and V at the 

three temperatures, indicating that these predictive models have a poor robustness of 

predicting |𝐸∗| values over the whole temperature range. It is noteworthy that Improved 

Hirsh model expressed a relatively higher grade (G) compared with the other models at 

intermediate and high temperatures. For SMA mixture, all models did not show a high rank 

but Improved Hirsch model (Grade G) at medium and high temperatures and Witczak 1-40 

model (Grade G) at high temperatures. Singh et al. also found that Witczak models (1-37A 

and 1-40D), Original Hirsch, and Al-Khateeb models were inaccurate at low temperatures 

[147]. To summarize, Improved Hirsch shows the best prediction of |𝐸∗| values for the 

three types of asphalt mixtures blending with the base asphalt over the whole temperature 

ranges. Witczak 1-40D model also expresses the high robustness for WC and BC mixtures. 

The negative 𝑅2 is caused by that the standard error of estimate is greater than the 

standard deviation of measured values. It suggests that the model is not necessarily a good 

fit for the particular selected data. This situation also appeared in previous studies [143, 162, 

163].  
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Table 6.4 The criteria for subjective classification of the goodness-of-fit statistics 

Criteria 𝑅2 𝑆𝑒/𝑆𝑦 
Excellent/E  ≥0.9 ≤0.35 
Good/G 0.79-0.89 0.36-0.55 
Fair/F 0.40-0.69 0.56-0.75 
Poor/P 0.20-0.39 0.76-0.90 
Very Poor/V ≤0.19 ≥0.90 

Table 6.5 Summary of goodness-of-fit statistics for WC mixture segregated by different 
aging periods 

Model 
Regression 
coefficient 

0 d 7 d 14 d 21 d 28 d 35 d Overall 

1-37A 

R2 0.96 0.91 0.91 0.93 0.98 0.97 0.93 

𝑆𝑒/𝑆𝑦 0.22 0.32 0.33 0.29 0.17 0.18 0.27 

Rating E E E E E E E 

1-40D 

R2 0.99 0.95 0.95 0.97 0.98 0.98 0.96 

𝑆𝑒/𝑆𝑦 0.10 0.24 0.26 0.20 0.15 0.14 0.19 

Rating E E E E E E E 

Original 
Hirsch 

R2 0.82 0.67 0.64 0.69 0.81 0.76 0.71 

𝑆𝑒/𝑆𝑦 0.44 0.59 0.63 0.58 0.46 0.51 0.54 

Rating G F F F G G G 

Improved 
Hirsch 

R2 0.93 0.93 0.94 0.93 0.91 0.95 0.91 

𝑆𝑒/𝑆𝑦 0.30 0.29 0.29 0.30 0.36 0.26 0.30 

Rating E E E E G E E 

2S2P1D 

R2 0.49 0.85 0.89 0.90 0.81 0.85 0.77 

𝑆𝑒/𝑆𝑦 0.76 0.42 0.37 0.34 0.48 0.43 0.49 

Rating P G G E G G G 

Al-
Khateeb 

R2 0.81 0.66 0.62 0.65 0.73 0.69 0.67 

𝑆𝑒/𝑆𝑦 0.45 0.60 0.64 0.61 0.53 0.58 0.58 

Rating G F F F G F F 
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Table 6.6 Summary of goodness-of-fit statistics for BC mixture segregated by different 

aging periods 

Model 
Regression 
coefficient 

0 d 7 d 14 d 21 d 28 d 35 d Overall 

1-37A 

R2 0.93 0.91 0.89 0.87 0.79 0.87 0.85 

𝑆𝑒/𝑆𝑦 0.28 0.33 0.36 0.40 0.51 0.41 0.39 

Rating E E G G G G G 

1-40D 

R2 0.97 0.94 0.93 0.89 0.81 0.89 0.89 

𝑆𝑒/𝑆𝑦 0.19 0.27 0.30 0.36 0.48 0.37 0.34 

Rating E E E G G G G 

Original 
Hirsch 

R2 0.82 0.71 0.65 0.56 0.46 0.57 0.61 

𝑆𝑒/𝑆𝑦 0.44 0.56 0.62 0.69 0.76 0.68 0.63 

Rating G F F F P F F 

Improved 
Hirsch 

R2 0.93 0.93 0.93 0.94 0.93 0.95 0.91 

𝑆𝑒/𝑆𝑦 0.30 0.31 0.32 0.29 0.30 0.27 0.30 

Rating E E E E E E E 

2S2P1D 

R2 0.51 0.91 0.93 0.90 0.91 0.92 0.82 

𝑆𝑒/𝑆𝑦 0.74 0.32 0.29 0.35 0.33 0.33 0.42 

Rating F E E E E E G 

Al-
Khateeb 

R2 0.80 0.68 0.63 0.56 0.46 0.55 0.60 

𝑆𝑒/𝑆𝑦 0.45 0.58 0.63 0.69 0.76 0.70 0.64 

Rating G F F F F F F 
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Table 6.7 Summary of goodness-of-fit statistics for SMA mixture segregated by different 

aging periods 

Model 
Regression 
coefficient 

0 d 7 d 14 d 28 d 42 d 56 d Overall 

1-37A 

R2 0.31 0.24 0.22 0.13 0.19 0.15 0.23 

𝑆𝑒/𝑆𝑦 0.88 0.96 0.98 1.03 0.99 1.02 0.89 

Rating P V V V V V P 

1-40D 

R2 -0.49 0.03 0.09 0.20 -0.31 0.08 -0.06 

𝑆𝑒/𝑆𝑦 1.29 1.09 1.06 0.99 1.26 1.06 1.04 

Rating V V V V V V V 

Original 
Hirsch 

R2 0.75 0.66 0.62 0.54 0.64 0.55 0.67 

𝑆𝑒/𝑆𝑦 0.51 0.60 0.64 0.71 0.62 0.70 0.57 

Rating G F F F F F F 

Improved 
Hirsch 

R2 0.94 0.95 0.95 0.95 0.95 0.96 0.94 

𝑆𝑒/𝑆𝑦 0.28 0.27 0.26 0.27 0.25 0.24 0.24 

Rating E E E E E E E 

2S2P1D 

R2 0.45 0.77 0.76 0.82 0.78 0.85 0.74 

𝑆𝑒/𝑆𝑦 0.79 0.53 0.54 0.47 0.52 0.43 0.52 

Rating P G G G G G G 

Al-
Khateeb 

R2 0.71 0.61 0.58 0.49 0.57 0.48 0.63 

𝑆𝑒/𝑆𝑦 0.55 0.65 0.67 0.74 0.68 0.74 0.61 

Rating G F F F F F F 
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Table 6.8 Summary of goodness-of-fit statistics for WC mixture segregated by temperature 

Temperature 
(°C) 

Regression 
coefficient 

1-37A 1-40D 
Original 
Hirsch 

Improved 
Hirsch 

2S2P1D 
Al-

Khateeb 

4 

R2 0.63 0.81 -0.46 0.61 -0.17 -0.84 

𝑆𝑒/𝑆𝑦 0.63 0.46 1.23 0.67 1.13 1.38 

Rating F G V F V V 

20 

R2 0.92 0.95 0.33 0.79 0.68 0.57 

𝑆𝑒/𝑆𝑦 0.30 0.22 0.83 0.49 0.59 0.66 

Rating E E P G F F 

40 

R2 0.71 0.91 0.33 0.83 -0.02 0.43 
𝑆𝑒/𝑆𝑦 0.56 0.32 0.83 0.45 1.06 0.77 

Rating F E P G V P 

Table 6.9 Summary of goodness-of-fit statistics for BC mixture segregated by temperature 

Temperature 
(°C) 

Regression 
coefficient 

1-37A 1-40D 
Original 
Hirsch 

Improved 
Hirsch 

2S2P1D 
Al-

Khateeb 

4 

R2 0.29 0.47 -0.84 0.62 0.27 -1.06 
𝑆𝑒/𝑆𝑦 0.88 0.76 1.38 0.66 0.9 1.46 

Rating P P V F P V 

20 

R2 0.8 0.81 0.2 0.86 0.59 0.47 

𝑆𝑒/𝑆𝑦 0.47 0.46 0.91 0.41 0.67 0.74 

Rating G G V G F F 

40 

R2 0.67 0.86 0.28 0.76 -0.13 0.37 
𝑆𝑒/𝑆𝑦 0.6 0.39 0.86 0.52 1.11 0.8 

Rating F G P G V P 
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Table 6.10 Summary of goodness-of-fit statistics for SMA mixture segregated by 

temperature 

Temperature 
(°C) 

Regression 
coefficient 

1-37A 1-40D 
Original 
Hirsch 

Improved 
Hirsch 

2S2P1D 
Al-

Khateeb 

4 

R2 -3.66 -5.79 -0.77 0.73 -0.47 -1.26 
𝑆𝑒/𝑆𝑦 2.25 2.72 1.35 0.56 1.27 1.53 

Rating V V V F V V 

20 

R2 -0.66 -0.50 -0.08 0.84 0.49 0.11 

𝑆𝑒/𝑆𝑦 1.34 1.28 1.06 0.43 0.75 0.96 

Rating V V V G F V 

40 

R2 0.00 0.82 -0.29 0.75 -0.56 -0.35 
𝑆𝑒/𝑆𝑦 1.04 0.44 1.15 0.54 1.31 1.18 

Rating V G V G V V 

6.4.4 Residual distribution 

Ideally, residuals should fluctuate in a random pattern and a small range around the 

center line. Figures 6.6-6.8 and Figures 6.9-6.11 plot the residuals versus corresponding 

predicted values, and normal probability plots of residuals of the six predictive models, 

respectively. As can be seen from these figures, most of the models showed the similar 

pattern that the variances of residuals increased as the predicted dynamic modulus rose. It 

indicates that the difference of the error increases as the predicted value increases. Besides, 

different types of asphalt mixtures exhibited various fluctuations around the zero residuals 

lines for various models.  

For WC mixture, the residuals of unaged specimens for Witczak 1-40D, Original Hirsch, 

and Improved Hirsch models were less than those of aged specimens, indicating that the 

aging might have an adverse effect on the robustness of the three predictive models. Among 

these models, the residual of Improved Hirsch model for unaged specimens ranged from -
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0.69 GPa to 0.89 GPa giving a span of 1.57 GPa, was the closest to the zero residual line. 

The trend of Witczak 1-37A model was opposite to those of the above models. The residuals 

of Witczak 1-37A model for aged specimens was the closest to the zero residual line 

compared with the other five predictive models at the same aging state. Besides, there was 

no significant difference between unaged and aged specimens for 2S2P1D and Al-Khateeb 

models. Moreover, 2S2P1D exhibited the largest fluctuation in comparison with the other 

models. On top of these findings, all six models except Improved Hirsch model showed the 

similar patterns that the variances of the residuals increased as the predicted values increased. 

It indicates that the error differences increase as the predicted values increase. 

For BC mixture, Improved Hirsch and Witczak 1-37A models showed the similar trends 

with those in WC mixture. The six models for aged specimens showed the smaller 

amplitudes of fluctuation of residual than unaged specimens, implying that these models 

have the better robustness in predicting |𝐸∗| values of aged specimens compared with 

unaged specimens, and there was no difference among aged asphalt mixtures over aging 

time. It is also noteworthy that there were several outliers in 2S2P1D model, which is the 

reason why 2S2P1D model was the furthest from the zero residuals line, ranging from -4.86 

GPa to 9.88 GPa.  

For SMA mixture, Witczak 1-40D, Original Hirsch, and 2S2P1D models for unaged 

specimens expressed the smaller amplitudes of fluctuation of residuals than aged specimens 

while the trends of Improved Hirsch and Al-Khateeb models were contrary to those of 

Witczak 1-40D, Original Hirsch, and 2S2P1D models. Additionally, there was no difference 

between unaged and aged specimens for Witczak 1-37A model. Comparing with WC and 
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BC mixtures, the six models in SMA mixture showed the smaller amplitudes of fluctuation, 

indicating that the six models have the better robustness of predicting of |𝐸∗| values for 

SMA mixture. The Al-Khateeb model exhibited the best performance on it. For example, 

the residual spans of unaged WC and BC mixtures were 3.55 GPa and 6.48 GPa respectively, 

which were greater than the span of 2.65 GPa for unaged SMA mixture. 

    
(a)                                     (b) 

   
(c)                                   (d) 
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 (e)                                     (f) 

Figure 6.6 The plots of residuals versus corresponding predicted values of (a) Witczak 1-
37A, (b) Witczak 1-40D, (c) Original Hirsch, (d) Improved Hirsch, (e) 2S2P1D, and (f) Al-

Khateeb models for WC mixture 

   
(a)                                     (b) 

    
(c)                                   (d) 
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 (e)                                     (f) 

Figure 6.7 The plots of residuals versus corresponding predicted values of (a) Witczak 1-
37A, (b) Witczak 1-40D, (c) Original Hirsch, (d) Improved Hirsch, (e) 2S2P1D, and (f) Al-

Khateeb models for BC mixture 

   
(a)                                   (b) 

   
(c)                                   (d) 
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 (e)                                   (f) 

Figure 6.8 The plots of residuals versus corresponding predicted values of (a) Witczak 1-
37A, (b) Witczak 1-40D, (c) Original Hirsch, (d) Improved Hirsch, (e) 2S2P1D, and (f) Al-

Khateeb models for SMA mixture 

  
(a)                                     (b) 

  
(c)                                   (d) 
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(e)                                     (f) 

Figure 6.9 The normal probability plot of residuals of (a) Witczak 1-37A, (b) Witczak 1-
40D, (c) Original Hirsch, (d) Improved Hirsch, (e) 2S2P1D, and (f) Al-Khateeb models for 

WC mixture 

   
(a)                                     (b) 

   
(c)                                   (d) 
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 (e)                                     (f) 

Figure 6.10 The normal probability plot of residuals of (a) Witczak 1-37A, (b) Witczak 1-
40D, (c) Original Hirsch, (d) Improved Hirsch, (e) 2S2P1D, and (f) Al-Khateeb models for 

BC mixture 

  
(a)                                   (b) 

  
(c)                                 (d) 
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(e)                                   (f) 

Figure 6.11 The normal probability plot of residuals of (a) Witczak 1-37A, (b) Witczak 1-
40D, (c) Original Hirsch, (d) Improved Hirsch, (e) 2S2P1D, and (f) Al-Khateeb models for 

SMA mixture 

6.4.5 Bias of the predictive models 

The slope, intercept and average error are three parameters to evaluate the model bias. 

Ideally, the slope, intercept and average error of a reliable model should be close to one, zero, 

and zero respectively. The deviation between the slope and one represents an overestimation 

or under prediction. Similarly, non-zero intercept and average error suggest that the 

predictions are overestimated or underpredicted. Figure 6.12 to 6.14 show the slopes, 

intercepts, and average errors of each model for WC, BC, SMA mixtures segregated by the 

aging states, respectively. As can be seen from these figures, the slopes of 2S2P1D model 

for the three mixture types at different aging levels were less than one, indicating that the 

model overestimates |𝐸∗| values. Witczak 1-40D model also exhibited the same trend for 

SMA mixture. Besides, the slopes of the other models were greater than one for three mixture 

types. The slopes of Al-Khateeb model were the highest in comparison with the other five 

models for WC, and BC mixtures. Witczak 1-37A also had the highest slope values for SMA 

mixture. On top of that, the slopes of Witczak 1-40D model were the closest to one for 
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unaged WC and BC mixtures. For aged BC and SMA mixtures, the slopes of Improved 

Hirsch model were the closest to one. Also, the trends of the intercepts and average errors of 

the six predictive models were similar with those for WC and BC mixtures. The intercepts 

of Witczak 1-37A model were negative while most of the intercepts of the other five models 

were positive. The average errors of all models were negative except 2S2P1D model for WC 

and BC mixtures and Witczak 1-40D and 2S2P1D models for SMA mixture, indicating that 

most of the models underestimate |𝐸∗| values. The 2S2P1D model showed the highest 

intercept values and the least average errors for the three mixture types, indicating that the 

model significantly underpredicts |𝐸∗| values at high temperatures and overestimates them 

at other temperatures. It can also be seen that the slopes, intercepts, and average errors of the 

models exhibited the difference among the mixtures at different aging states. Improved 

Hirsch model showed the least difference in the slopes, intercepts, and average errors for the 

three specimens, indicating that the model is the least sensitivity to aging level compared 

with the other five models for the three types of asphalt mixtures blending with the base 

asphalt. Overall, Witczak 1-40D and Improved Hirsch models exhibited the highest 

accuracies in predicting |𝐸∗| values for unaged dense-graded (WC and BC), and SMA 

mixtures, respectively.  



122 
 

   
(a)                                 (b) 

 
(c) 

Figure 6.12 The local and overall bias statistics for WC mixtures segregated by aging time: 
(a) Slope, (b) Intercept, and (c) Average error 

  
(a)                                 (b) 
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 (c) 

Figure 6.13 The local and overall bias statistics for BC mixtures segregated by aging time: 
(a) Slope, (b) Intercept, and (c) Average error 

   
(a)                                 (b) 

 
(c) 

Figure 6.14 The local and overall bias statistics for SMA mixtures segregated by aging 
time: (a) Slope, (b) Intercept, and (c) Average error 
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6.4.6 Sensitivity analysis 

Sensitivity analysis is a technique to evaluate the relationship between input and output 

parameters of a model [164]. Spearman’s rank correlation coefficient was adopted to 

investigate the influence of input parameters on output parameters of a model [162, 165, 

166]. Spearman’s rank correlation coefficient (ρ) is a non-parametric method for evaluating 

the extent of correlation between the input and the output values, and it is independent of the 

relationship between two variables, which is calculated by using equation 6.18 [167].  

𝜌 = 1 − (
6 ∑ 𝑑𝑖

2

𝑛(𝑛2−1)
)                       (6.18) 

where 𝑑𝑖 is the difference in the ranks between the input and the output values in the same 

data pair, and n is the number of simulations. 

If the absolute value of ρ is close to one, the variable has the maximum effect on the 

oxygen diffusion coefficient; if ρ is close to zero, the variable has the minimal effect. A 

positive ρ indicates that a higher variable value leads to a higher oxygen diffusion coefficient, 

while a negative ρ value means the opposite 

In this study, A Tornado diagram was used as a pictorial illustration of the extent of the 

predicted |𝐸∗| values affected by its input parameters. Figures 6.15-6.17 show the Tornado 

plots of Spearman’s rank correlation coefficients of the six models for WC, BC, and SMA 

mixtures, respectively. As can be seen from these figures, the binder properties inputs (i.e., 

|𝐺∗|, δ, and viscosity) were the most sensitivity in the prediction of |𝐸∗| values for the three 

mixture types. The high positive 𝜌 values of |𝐺∗| and viscosity for the models indicate the 

higher viscosity or |𝐺∗| values leads to higher predicted |𝐸∗| values of compacted asphalt 

mixtures and vice versa. The high negative 𝜌 values of δ of the binder for Witczak 1-40D 
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model means as 𝛿 values of the binder decreases the predicted |𝐸∗| values of BC mixture 

increases. In addition, the inputs related to volumetric properties of mixtures (i.e., Va, VMA, 

and VFA) had the minimal effect on the predictions of |𝐸∗| values for all six models except 

2S2P1D model. In other words, the sensitivities of these models’ predictions to Va, VMA, 

and VFA are insignificant. The 𝜌 values of frequency (f) in both Witczak models were 

positive and greater than 𝜌 values of volumetric properties of compacted asphalt mixtures, 

indicating that f is positively correlated with predicted |𝐸∗| values though to a larger extent. 

Regarding 2S2P1D model, the 𝜌 value of characteristic time (τ) was the highest followed 

by the pulsation (ω), indicating that τ is the most sensitive in the prediction of |𝐸∗| values 

followed by ω. It can also be seen that the aging did not have an obvious effect on the 𝜌 

values of |𝐺∗|, δ, Va, VMA, VFA, ω, and τ for WC and BC mixtures. Furthermore, 𝜌 values 

of Va, VMA, and VFA of the SMA mixture, was changed from negative to positive or from 

positive to negative as the aging state of the mixture changed from unaged to aged. It 

indicates that these parameters of WC and BC mixtures are not sensitive to the aging levels 

and the aging has a slightly effect on these parameters of SMA mixture in predicting |𝐸∗| 

values. On top of these, the 𝜌 values of η in Witczak 1-37A model for WC, BC, and SMA 

mixtures slightly decreased with increasing aging time, indicating that the aging reduces the 

predicted |𝐸∗| values. For Improved Hirsch model of the three mixture types, it is worth 

noting that the 𝜌 values of the peak-to-peak strain (ε) fluctuated with the increase of aging 

time and the most values were negative. It indicates that there is no a clear trend between 

aging levels and the 𝜌 values of ε.  
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(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

Figure 6.15 Tornado plots of Spearman’s rank correlation coefficient for WC mixture (a) 
Witczak 1-37A, (b) Witczak 1-40D, (c) Original Hirsch, (d) Improved Hirsch, (e) 2S2P1D, 

and (f) Al-Khateeb models 
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(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
 (f) 

Figure 6.16 Tornado plots of Spearman’s rank correlation coefficient for BC mixture (a) 
Witczak 1-37A, (b) Witczak 1-40D, (c) Original Hirsch, (d) Improved Hirsch, (e) 2S2P1D, 

and (f) Al-Khateeb models 
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(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

Figure 6.17 Tornado plots of Spearman’s rank correlation coefficient for SMA mixture (a) 
Witczak 1-37A, (b) Witczak 1-40D, (c) Original Hirsch, (d) Improved Hirsch, (e) 2S2P1D, 

and (f) Al-Khateeb models 
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6.5 Summary and conclusions  

In this chapter, |𝐸∗| values of the three types of asphalt mixtures blending with base 

asphalt (60/70 pen) were measured at different aging states in the laboratory. The effects of 

aging on the accuracies and sensitivities of six predictive models (Witczak 1-37A, Witczak 

1-40D, Original Hirsch, Improved Hirsch, 2S2P1D, and Al-Khateeb) were then examined. 

The main conclusions can be succinctly drawn as follows.  

(1) The |𝐸∗| values of compacted asphalt mixtures increase over aging time, and the 

increasing rates of |𝐸∗| values decrease with increasing aging time. Additionally, 

aggregate gradation shows an effect on the aging susceptibility of compacted asphalt 

mixtures. 

(2) For WC and BC mixtures blending with the base asphalt, Witczak 1-40D performs 

a relatively high accuracy in predicting |𝐸∗| values compared with the other five 

models, especially for WC mixture. Besides, Witczak 1-37A model slightly 

overpredicts |𝐸∗|  values at high temperatures and underestimates them at low 

temperatures. For SMA mixture blending with the base asphalt, Witczak 1-37A and 

1-40D models substantially underpredict and overestimate |𝐸∗|  values, 

respectively. On top of that, Original Hirsch, Improved Hirsch, and Al-Khateeb 

models underestimate |𝐸∗|  values for the three mixture types over the whole 

temperature range. 2S2P1D model underpredicts |𝐸∗| values at high temperatures 

and overestimates them at the low temperatures for the three mixture types. 

(3) For the three types of asphalt mixtures blending with the base asphalt, Improved 

Hirsch and 2S2P1D models are ranked as “Excellent” and “Good,” respectively. In 
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addition, the two Witczak models perform the better robustness for WC and BC 

mixtures (Grade E and G) than that for SMA mixture (Grade P and V). Finally, the 

best grade of Original Hirsch model is an “E” for WC mixture followed by BC and 

SMA mixtures classified as Grade F which is also the grade of the Al-Khateeb model 

for the three mixture types.  

(4) For the three types of asphalt mixtures blending with the base asphalt, Improved 

Hirsch model exhibits the best robustness at different aging levels. Asphalt binder 

aging has an adverse effect on the robustnesses of Witczak 1-37A, Witczak 1-40D, 

Original Hirsch, and Al-Khateeb models and has a positive effect on that of the 

2S2P1D model.  

(5) For the three types of asphalt mixtures blending with the base asphalt at the same 

temperature, Witczak 1-37A, Witczak 1-40D, and Al-Khateeb models represent the 

better robustnesses for WC and BC mixtures than for SMA mixture. The 

robustnesses of the other three models are not sensitive to testing temperatures.  

(6) For the levels of bias and error of the three types of asphalt mixtures blending with 

the base asphalt, Improved Hirsch model is the least sensitivity to aging level 

compared with the other five models. Additionally, Witczak 1-40D and Improved 

Hirsch models show the highest accuracies in predicting |𝐸∗| values for unaged 

WC and BC mixtures, and SMA mixtures at different aging states, respectively. 

(7) The sensitivity analysis results indicate that the binder properties inputs (i.e., |𝐺∗|, 

δ, and η) are the most sensitive in the prediction of |𝐸∗| values for the three mixture 

types blending with the base asphalt. Additionally, the inputs related to the 
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volumetric properties of the three types of asphalt mixtures (i.e., Va, VMA, and VFA) 

have the minimal effect on the predictions of |𝐸∗| values for all models except 

2S2P1D model. For 2S2P1D model, τ is the most sensitive in predicting |𝐸∗| 

values followed by ω for the three mixture types blending with the base asphalt. 
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CHAPTER 7. DEVELOPMENT OF A NEW APPROACH TO 

ASSESSING THE AGING SUSCEPTIBILITY OF COMPACTED 

ASPHALT MIXTURE 

7.1 Introduction 

The aging susceptibility of asphalt binder in asphalt pavement is essentially governed by 

pavement temperature and oxygen concentration in the pavement [14]. The oxygen 

concentration in asphalt pavement is dependent on oxygen diffusion and consumption 

coefficients of the asphalt pavement. For the oxygen diffusion and reaction in asphalt, 

researchers have developed different models to predict asphalt oxidation with time and 

position. The current aging models are developed related to the asphalt binder oxidation and 

can be classified into three categories: oxygen reaction rate models, oxygen diffusion models, 

and oxygen diffusion and consumption models. For oxygen reaction rate models, these 

models are developed according to Arrhenius’s Equation [23, 25]. For oxygen diffusion and 

consumption models, the early diffusion models which do not consider the consumption of 

oxygen are developed using asphalt binder rather than asphalt mixture or pavement [109, 

168]. Additionally, most of these models are not validated using the field oxidation data. 

Later, Glover’s team makes modifications on the basis of the diffusion and reaction model 

proposed by Lunsford in the light of the actual air voids value obtained by using X-ray CT 

technique and field oxidation data [122, 169, 170]. However, oxygen diffusion coefficients 

obtained from these models are just parameters that oxygen diffuses into asphalt binder 

rather than the actual diffusion parameter that oxygen diffuses in the pavement. Therefore, 

it is also necessary to investigate the diffusion and reaction coefficient of asphalt pavement. 
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Compacted asphalt mixtures belong to one type of porous media. For the gaseous 

diffusion in porous media, it has been studied for many years. Buckingham firstly proposed 

a relationship between porosity of porous media and diffusion coefficient [171]. After that, 

several studies had been conducted to investigate the effect of the physical properties of soils, 

such as porosity, moisture, and particles size, on the diffusion coefficient of soil and 

proposed the different diffusion models [172-176]. Moreover, Sallam et al. designed a 

diffusion cell consisting of two air chambers separated by a soil chamber and verified these 

model under low air-filled porosities [177]. The diffusion model was calibrated to predict 

the diffusion well under the low air-filled porosity from 0.05 to 0.15. The two-chamber 

apparatus was then utilized to measure the gas diffusion in different types of materials by 

several researchers[178-181]. However, there is no published study to determine the oxygen 

diffusion coefficient in the pavement or compacted asphalt mixture. 

To address the limits mentioned above, an apparatus to measure oxygen diffusion and 

consumption in compacted asphalt mixture was developed, and methods to compute oxygen 

diffusion coefficients and possible consumption rates of the asphalt mixtures were evaluated 

and compared. Based on our best knowledge, this is the first time that this approach is used 

to assess oxygen transport efficiency in the compacted asphalt mixture. The derived oxygen 

diffusion coefficients provide useful indications on the aging susceptibility of asphalt 

mixtures. The rest of the chapter is organized as follows. In section 7.2, the developed 

apparatus, as well as the computational methods, are introduced. In section 7.3, the 

experimental materials and methods are described. In section 7.4, examples of using the 

developed apparatus are illustrated, and the results are analyzed. In section 7.5, summary 
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and conclusions are made. It is believed that the developed approach provides a convenient 

way to assess the aging susceptibility of asphalt mixtures, thereby contributing to the 

development of more durable asphalt mixture designs and quality control criteria in the 

future. 

7.2 The Measurement Equipment, Procedure, and Computational Methods 

7.2.1 The Measurement Equipment and Procedure 

The concept of oxygen diffusion and consumption in asphalt mixture through the 

interconnected air paths is shown in Figure 7.1. Oxygen in the atmosphere enters asphalt 

pavement through the surface openings, or through the bottom openings if the air in 

pavement granular base or subbase has an oxygen level higher than that in the air inside of 

asphalt pavement. Oxygen diffuses rapidly into the interconnected air voids, but very slowly 

in asphalt binder and aggregate. As oxygen diffuses into asphalt binder, it reacts with some 

components in the asphalt. However, because the oxidative aging rate of asphalt binder at 

room temperature is slow and binder content is typically only about 4-6% of the total mixture 

by weight, the amount of consumed oxygen is believed to be small.  
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Figure 7.1 A schematic diagram of oxygen diffusion in compacted asphalt mixture 

Gaseous diffusion in porous media has been extensively studied. Buckingham proposed 

a model between the porosity of porous media and diffusion coefficient [171]. Since then, 

several studies have been conducted to investigate the effect of the physical properties of 

soils, such as porosity, moisture, and particle size, on the diffusion coefficient of soil and 

proposed several diffusion models [172-176]. Sallam et al. designed a diffusion cell that 

consists of two air chambers separated by a soil sample chamber and then measured gas 

diffusion through soil at low air-filled porosity [177]. They found that the existing models 

result in high discrepancies between the estimated and measured values when the air-filled 

porosity is less than 0.30. The two-chamber apparatus was subsequently used to measure 

gaseous diffusion in different types of materials by several researchers [178-181]. To our 

best knowledge, there is no published study so far to determine the oxygen diffusion 

coefficient of compacted asphalt pavement samples.  

In this study, a diffusion apparatus was developed as schematically presented in Figure 

3.15. The diffusion system was then assembled as shown in Figure 7.2 The testing procedure 
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for measuring oxygen diffusion and consumption was also developed, as summarized below.  

(1) Prior to diffusion test, the oxygen analyzer needs to be calibrated in the free-flowing 

air and pure nitrogen. 

(2) A compacted asphalt mixture specimen of 150 mm in diameter and about 60 mm in 

height is placed on a perforated plate.  

(3) Solid Vaseline and an injection syringe are placed in an oven at 80°C. When the 

Vaseline becomes liquid, it is injected into the gap between the specimen and the 

chamber wall. The purpose is to prevent the flow of gas through the gap between the 

specimen and the chamber wall. Since the temperature of the specimen and tube is 

the same as room temperature, and the melting point of Vaseline is in the range of 

45-60°C, the liquid Vaseline can transform into a solid state very quickly after being 

injected. The diffusion apparatus after being loaded with a specimen and sealed with 

Vaseline is shown in Figure 7.3. 

(4) At the beginning of the test, all the air valves are opened to facilitate nitrogen to flow 

into the two reservoirs to expel oxygen in the apparatus and specimen until the 

oxygen concentration of the cells approaches to zero (In this study, it was found that 

the oxygen content was about 0.03% in the steady state).  

(5) Four air valves in the reservoirs are then closed and monitored for a certain period 

(10 hours in this study, but the time can be shortened in future tests) to check whether 

the apparatus is well sealed.  

(6) If the oxygen concentration is still close to zero after step (5), open the upper lid of 

the apparatus for 10 minutes to ensure the source reservoir is filled with air. After 10 
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minutes, the lid is closed, and oxygen will diffuse from the source chamber to 

receptor chamber due to oxygen concentration gradient between the two reservoirs.  

(7) During the diffusion process, a data acquisition system is used to automatically 

record oxygen content until the oxygen concentration of the source reservoir is 

approximately equal to that of the receptor reservoir, except some asphalt mixture 

samples with extremely low diffusion coefficients.  

 
Figure 7.2 The customized diffusion test system with a data acquisition system 
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Figure 7.3 Part of the diffusion test system after being loaded with a specimen and sealed 

with Vaseline 

7.2.2 Computation methods  

For the two-chamber diffusion apparatus used in this study, the following conditions are 

assumed before analyzing the diffusion parameters: 

(1) The oxygen diffusion coefficient 𝐷𝑠 of the compacted asphalt mixture (-L ≤ z ≤ L) 

is constant for each specimen (Note: All the dimensional information in the following 

equations and discussions is illustrated in Figure 7.4). 

(2) The oxygen diffusion coefficient 𝐷𝑔 of the two-end chambers (-(L+H) ≤ z < -L and 

L < z ≤ L+M) is constant. 

(3) The oxygen concentration and gas flux ∂C/ ∂z are continuous at the interface (z = 

± L) between the compacted asphalt mixture and the gas chambers. 

(4) Subjected to the assumptions above, equations for the two-chamber diffusion system 
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can be written as [177]: 

In the two-end chambers: -(L+H) ≤ z < -L and L < z ≤ L+M 

∂C𝑔(z,t)

∂t
= 𝐷𝑔

𝜕2𝐶𝑔(𝑧,𝑡)

𝜕𝑧2
                              (7.1) 

In the compacted asphalt mixture: -L ≤ z ≤ L 

∂C𝑠(z,t)

∂t
= 𝐷𝑠

𝜕2𝐶𝑠(𝑧,𝑡)

𝜕𝑧2 − 𝐾𝑠 ∙ 𝐶𝑠(𝑧, 𝑡)                   (7.2) 

where 𝐾𝑠 is the oxygen cosumption coefficient of the compacted asphalt mixture, assumed 

to be a constant for each specimen.  

If there is no oxygen consumption during the diffusion process or the oxygen 

consumption is negligible, Eq. (7.2) can be simplified as: 

∂C𝑠(z,t)

∂t
= 𝐷𝑠

𝜕2𝐶𝑠(𝑧,𝑡)

𝜕𝑧2                                 (7.3) 

There is no gas flux at the two ends of the diffusion apparatus. Hence, the boundary 

condition can be expressed as: 

∂C𝑔(z,t)

∂z
= 0             at z = -(L+H) and z = L+M    (7.4) 

C𝑔(z, t) = C𝑠(z, t)        at z = ± L                  (7.5) 

−𝐷𝑔
∂C𝑔(z,t)

∂z
= −𝐷𝑠

∂C𝑠(z,t)

∂z
  at z = ± L                  (7.6) 

The initial conditions are set as  

C(z,0) = C0             -(L+H) ≤ z < -L             (7.7) 

C(z,0) = 0               -L ≤ z ≤ L                 (7.8) 

C(z,0) = 0               L < z ≤ L+M               (7.9) 

It is complicated to solve Eqs. (7.1) to (7.9) directly. Therefore, the system of equations 

is usually solved by an implicit finite difference method (FDM) or finite volume method 

(FVM). However, an analytical solution to determine the gaseous diffusion and consumption 
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coefficients for a two-chamber diffusion system has been proposed by some researchers [125, 

178, 181, 182]. In the analytical solution, the equations are solved by using Laplace 

transform or the separation of variables method under these boundary and initial conditions.  

 
Figure 7.4 Dimensions of the two-chamber diffusion cell 

7.2.2.1 Analytical solutions 

(1) Without the consideration of oxygen consumption in compacted asphalt mixture 

Since the oxidation rate of asphalt binder may become very slow at room temperature 

due to the inactivation of the polar aromatic fractions [10, 55], the oxygen consumption may 

be ignored when the diffusion test is conducted at room temperature. For a nonreactive 

diffusion test (𝐾𝑠 = 0) with the two-chamber apparatus, an analytical solution is given in a 

full form by Shair and Cohen [182] and is later simplified by Glauz and Rolston [183]. In 

their papers, the chamber dimensions were omittd and are given as: 

γ =
𝐻

𝑀
, β =

𝐻

𝐿𝜀
, τ =

𝐷𝑠𝑡

𝐿2𝜀
                            (7.10) 

The analytical solution to Eq.(7.3) to (7.9) can be obtained by using Laplace transform. 

𝐷𝑠  is optimized by making the calculated oxygen concentration to approximate the 

measured values at time t, using the Solver Tool in Excel.  

C(z, t) = 𝐶𝑠0 [1 (1 +
1

𝛾
+

2

𝛽
) −

𝐴

𝐵
𝑒−𝛼1

2𝜏⁄ ] − 𝐶𝑟0         (7.11) 
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where 𝐶𝑠0  is the initial oxygen concentration of the source chamber; 𝐶𝑟0  is the initial 

oxygen concentration of receptor chamber; 𝛼1, neglecting secondorder effects and oxygen 

concentration in the source chamber, is a  function of 𝛽 and 𝛾 [178]; A and B are the 

function of 𝛽, 𝛾, and 𝛼1, and are given as: 

𝛼1 = [
1

2𝛽
(1 + 𝛾) −

1

3𝛽2
(𝛾2 − 𝛾 + 1) +

2

45𝛽3
(4𝛾3 − 3𝛾2 − 3𝛾 + 4)]

1/2

  (7.12) 

A = −
𝛾

𝛽2
−

𝛼1
2

𝛾
                                   (7.13) 

B = 𝛼1
4 𝛽

𝛾
+ 𝛼1

2 (
1

𝛽𝛾
+

𝛾

𝛽
+

1

2𝛾
+

1

2
) +

𝛾

𝛽3 +
𝛾

2𝛽2 +
1

2𝛽2      (7.14) 

For oxygen concentration in the receptor chamber, Eq.(7.13) is replaced with  

A = [𝛼1
4 +

𝛾2

𝛽4 + (1 + 𝛾2) (
𝛼1

𝛽
)

2

]
1/2

                  (7.15) 

After a sufficiently long time, a steady state condition can be researched. The 

concentration in both air chambers and the mixture will be then maintained at a constant 

level, as illustrated in Figure 7.5. 

 
Figure 7.5 The schematic diagram of oxygen diffusion with and without oxygen 

consumption in source and receptor reservoirs 

(2) With oxygen consumption in compacted asphalt mixture 

If oxygen consumption in compacted asphalt mixture cannot be ignored, oxygen 

concentrations in both air chambers and the mixture specimen will initially reach a pseudo-
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steady state and then continuously decrease over time as oxygen is consumed, as shown in 

Figure 7.5.  

For the diffusion process with a reaction rate coefficient 𝐾𝑠 , Mbonimpa et al [181] 

provides a general solution of Eq.(7.2) for the same boundary conditions on the basis of 

Danckwerts’ method [125]: 

C(z, t) = C𝑠0 [1 −
𝑧

𝐿
−

2

𝜋
∑

sin(𝑖𝜋𝑧 𝐿⁄ )

𝑖

∞
𝑖=1 𝑒𝑥𝑝 (− (

𝑖2𝜋2

𝐿2 𝐷𝑠 + 𝐾𝑠) 𝑡) −

                         
2𝐾𝑠

𝜋
∑

sin(𝑖𝜋𝑧 𝐿⁄ )

𝑖2𝜋2𝐷𝑠 𝐿2+𝐾𝑠⁄
{1 − 𝑒𝑥𝑝 [− (

𝑖2𝜋2

𝐿2
𝐷𝑠 + 𝐾𝑠) 𝑡]}∞

𝑖=1 ]              (7.16) 

7.2.2.2 Numerical solution 

FVM is a numerical method for solving partial differential equations. Since FVM was 

introduced into the field of computational fluid dynamics in the 1970s [184, 185], it has 

become very trendy in solving the convective diffusion problems due to its robustness, 

flexibility, and simple algorithmization [186]. The method, therefore, is widely adopted in 

many computational fluid dynamics programs [187]. 

To obtain a numerical solution for the three-layer diffusion system, a mesh is defined for 

each layer consisting of nodes 𝑥𝑖,𝑗. For simplicity, it is assumed that each layer has n+1 

equally-spaced nodes satisfying: 

𝑥𝑖,𝑗 = 𝑙𝑖−1 + 𝑗ℎ𝑖 ,        𝑖 = 1,2,3,      𝑗 = 1, … , n         (7.17) 

where ℎ𝑖 = (𝑙𝑖 − 𝑙𝑖−1)/𝑛, and n is the number of divisions in each layer. Carr [188] utilizes 

a backward Euler discretization in time with time step τ and adopts 𝑢𝑖,𝑗
(𝑘) as the numerical 

approximation to replace the value of u(𝑥𝑖,𝑗 , 𝑡𝑘), where 𝑡𝑘 = 𝑘𝜏. Under the initial and 

boundary conditions listed above, the following finite volume scheme for the three-layer 

diffusion problem is derived:  
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First layer (i=1): 

𝑢1,0
(𝑘+1)

− 𝑢1,0
(𝑘)

=
𝑘1𝜏

𝑉1,0
(

𝑢1,1
(𝑘+1)

−𝑢1,0
(𝑘+1)

ℎ1
)                          (7.18a) 

𝑢1,𝑗
(𝑘+1)

− 𝑢1,𝑗
(𝑘)

=
𝑘1𝜏

𝑉1,𝑗
(

𝑢1,𝑗+1
(𝑘+1)

−𝑢1,𝑗
(𝑘+1)

ℎ1
−

𝑢1,𝑗
(𝑘+1)

−𝑢1,𝑗−1
(𝑘+1)

ℎ1
),   j=1,…,n-1  (7.18b) 

Middle layer (i=2): 

𝑢2,0
(𝑘+1)

− 𝑢2,𝑗
(𝑘)

=
𝜏

𝑉1,𝑛+𝑉2,0
(𝑘2

𝑢2,1
(𝑘+1)

−𝑢2,0
(𝑘+1)

ℎ2
− 𝑘1

𝑢1,𝑛
(𝑘+1)

−𝑢1,𝑛−1
(𝑘+1)

ℎ1
)      (7.18c) 

𝑢2,𝑗
(𝑘+1)

− 𝑢2,𝑗
(𝑘)

=
𝑘2𝜏

𝑉2,𝑗
(

𝑢2,𝑗+1
(𝑘+1)

−𝑢2,𝑗
(𝑘+1)

ℎ2
−

𝑢2,𝑗
(𝑘+1)

−𝑢2,𝑗−1
(𝑘+1)

ℎ2
),   j=1,…,n-1  (7.18d) 

End layer (i=3): 

𝑢3,0
(𝑘+1)

− 𝑢3,𝑗
(𝑘)

=
𝜏

𝑉2,𝑛+𝑉3,0
(𝑘3

𝑢3,1
(𝑘+1)

−𝑢3,0
(𝑘+1)

ℎ3
− 𝑘2

𝑢2,𝑛
(𝑘+1)

−𝑢2,𝑛−1
(𝑘+1)

ℎ2
)      (7.18e) 

𝑢3,𝑗
(𝑘+1)

− 𝑢3,𝑗
(𝑘)

=
𝑘3𝜏

𝑉3,𝑗
(

𝑢3,𝑗+1
(𝑘+1)

−𝑢3,𝑗
(𝑘+1)

ℎ3
−

𝑢3,𝑗
(𝑘+1)

−𝑢3,𝑗−1
(𝑘+1)

ℎ3
),    j=1,…,n-1  (7.18f) 

𝑢3,𝑛
(𝑘+1)

− 𝑢3,𝑛
(𝑘)

=
𝑘3𝜏

𝑉3,𝑛
(−

𝑢3,𝑛
(𝑘+1)

−𝑢3,𝑛−1
(𝑘+1)

ℎ3
)                        (7.18g) 

The equations for the three-layer diffusion system has been implemented through a 

MATLAB program, which is also published by Carr [188]. 

Both the numerical and analytical methods were used in this study to determine 𝐷𝑠 and 

𝐾𝑠  values. Oxygen concentrations in the two reservoirs were predicted based on the 

predetermined 𝐷𝑠  and 𝐾𝑠  values. The predicted and measured oxygen concentrations 

were then used to make adjustments to 𝐷𝑠 and 𝐾𝑠 values until the “best-fit” was found. In 

general, 𝐷𝑠 and 𝐾𝑠 values are unique for the same specimens [181]. There are two key 

questions that remain to be answered: 

(1) Is oxygen consumption noticeable during the diffusion test of compacted asphalt 
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mixture specimens? 

(2) Do the numerical and analytical methods generate comparable results for the asphalt 

mixture specimens? 

These questions were investigated and are presented in the following section. 

7.3 Material and specimen preparation 

Three types of HMA mixtures (WC, BC, and SMA) were prepared using non-modified 

asphalt binder (penetration grade 60/70) and granite aggregate. The gradations and 

volumetric properties of the mixtures are summarized in Table 6.1 and Table 7.1, 

respectively. For the SMA mixture, the hydrated lime content was 3% by mass of the total 

aggregate, and the cellulosic fiber content was 0.5% by mass of the total asphalt mixture. 

Prior to compaction, loose asphalt mixtures were short-term aged in a forced-draft oven for 

four hours at 135°C in accordance with AASHTO R30. The short-term aged samples were 

then compacted to a target air void using a Superpave® gyratory compactor. 
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Table 7.1 The volumetric properties of the mixtures and sample dimension 

Sample 
No. 

Binder 
content 

(%) 

Va 
(%) 

VMA (%) VFA (%) 
Thickness 

(mm) 

WC-1 

5.4 

9.4 20.9 55.2 59.3 
WC-2 8.3 20.0 58.5 58.2 
WC-3 6.1 18.1 66.0 56.8 
WC-4 9.5 22.3 50.8 58.1 
WC-5 11.6 25.4 43.0 60.7 
BC-1 

5.0 

3.1 13.7 77.3 60.4 
BC-2 16.0 25.2 36.6 63.2 
BC-3 13.6 23.1 41.0 61.5 
BC-4 12.4 22.0 43.7 63.1 
BC-5 11.8 21.5 45.0 62.3 

SMA-1 

6.5 

7.0 21.3 67.1 62.8 
SMA-2 5.9 20.3 71.1 62.3 
SMA-3 16.2 29.1 44.3 71.1 
SMA-4 10.0 23.8 58.0 66.0 
SMA-5 13.6 26.8 49.5 69.1 

7.4 The application of the developed methods 

7.4.1 Evaluation of oxygen consumption during the diffusion test 

Oxygen is consumed in the oxidative aging of asphalt binder. However, due to the short 

period and low temperature, oxygen consumption may not be noticeable during the diffusion 

test. Because the equations to determine 𝐷𝑠  will be different with or without the 

consideration of oxygen consumption, this study first evaluated whether oxygen 

consumption is significant. If oxygen consumption is insignificant, oxygen concentrations 

in the source and receptor reservoirs will maintain at a constant level after the oxygen 

concentrations at the two reservoirs are balanced. Otherwise, the oxygen concentrations of 

the two reservoirs will firstly reach a pseudo-steady state and then continuously decrease 

over time as oxygen is consumed. In this study, several specimens were used to evaluate the 
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significance of oxygen consumption and its possible impacts on the subsequent calculations. 

The measured results from one example specimen are shown in Figure 7.6. As can be seen 

in the figure, the oxygen concentrations of the source and receptor chambers firstly reached 

a steady state, and then stayed at an anpproxiamately constant value of 11.5% over time. 

Based on the data points after the approximate steady state, regression curves were 

developed for the measured oxygen concentration values at the two chambers. As shown in 

Figure 7.6, the slopes of the regression curves are both close to zero. Therefore, oxygen 

consumption during the test period can be safely ignored.  

   
(a)                                     (b) 

   
(c)                                     (d) 

Figure 7.6 The oxygen concentration of source and receptor chambers over time for four 
specimens: (a) WC-2, (b) BC-2, (c) BC-3, and (d) SMA-3 
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7.4.2 Comparison of oxygen diffusion coefficients determined by different calculation 

methods 

Without the consideration of oxygen consumption during the diffusion tests, the oxygen 

diffusion coefficients of specimens were calculated using the experimental data and the 

computational methods previously discussed. The experimental data suggest that oxygen 

concentration in the receptor reservoir initially increases at a relatively rapid rate, and then 

increases slowly (oxygen concentration in the source reservoir follows the opposite trend). 

To obtain the most accurate diffusion coefficients, ideally, the diffusion test may continue 

until the steady state has reached. However, the diffusion processes of the specimens were 

found to vary greatly. For some specimens, the diffusion process reached a steady state in a 

few days, while for some specimens, the diffusion could not arrive at a steady state even 

after several months! Because of the difficulty in obtaining the full data points till the steady 

state for those specimens with very slow diffusion rate, the 𝐷𝑠 values of such specimens 

were calculated using the data points before the steady state. For the same reason, the number 

of tested specimens was not large. 

The calculated diffusion coefficients of the specimens are summarized in Table 7.2. Also 

shown in the table are the corresponding air void contents. The results indicate that the 

diffusion coefficients calculated by the two methods are very close. A paired-t-test was used 

to assess the difference between the two computational methods more rigorously. With a t-

value of 2.13 and sample size of 15, there is no statistically significant difference between 

the numerical and analytical solutions. Therefore, both methods can be used to calculate the 

oxygen diffusion coefficients of the compacted asphalt mixture samples. 
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Table 7.2 The oxygen diffusion coefficient of three type of compacted asphalt mixture 

Sample No. 
Ds (cm2/s) Air Voids 

Numerical solution Analytical solution (%) 

WC-1 1.52E-03 1.50E-03 9.4 
WC-2 4.32E-04 4.30E-04 8.3 
WC-3 2.04E-04 2.06E-04 6.1 
WC-4 1.29E-03 1.27E-03 9.5 
WC-5 3.97E-03 3.75E-03 14.5 
BC-1 2.81E-06 2.76E-06 3.1 
BC-2 1.36E-03 1.37E-03 16.0 
BC-3 1.49E-03 1.47E-03 13.6 
BC-4 1.31E-03 1.28E-03 12.4 
BC-5 5.08E-04 5.09E-04 11.8 

SMA-1 7.32E-05 7.28E-05 7.0 
SMA-2 3.94E-05 3.94E-05 5.9 
SMA-3 5.08E-03 4.99E-03 16.2 
SMA-4 7.86E-04 7.73E-04 10.0 
SMA-5 3.15E-03 3.05E-03 13.6 

To assess the overall accuracy of the calculated diffusion coefficients and the 

computation methods, the predicted and measured oxygen concentrations as a function of 

time are presented in Figure 7.7. The figure suggests that the predicted oxygen 

concentrations well match the measured values for all the specimens. Both the numerical 

solution and the analytical solution perform well, although the analytical solution seems 

slightly better. The comparison results suggest that it is feasible to calculate the oxygen 

diffusion coefficients of compacted asphalt mixture using the developed apparatus, test 

procedure, and existing computational methods. Hence, this study provides a new way to 

evaluate the oxygen transport efficiency of compacted asphalt mixtures. 
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(a)                                  (b) 

 
(c)                                 (d) 

 
(e)                              (f) 
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(g)                              (h) 

 
(i)                             (j) 

 

(k)                             (l) 
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(m)                                (n) 

 
(u) 

Figure 7.7 Oxygen concentrations in the source and receptor chambers obtained by 
measurement, numerical solution, and analytical solution for: (a) WC-1, (b) WC-2, (c) 

WC-3, (d)WC-4, (e) WC-5, (f) BC-1, (g) BC-2, (h) BC-3, (i) BC-4, (j) BC-5, (k) SMA-1, 
(l) SMA-2, (m) SMA-3, (n) SMA-4, and (u) SMA-5. 

7.4.3 Analysis of the differences in oxygen diffusion coefficients 

Table 7.2 and Figure 7.7 indicate that the oxygen diffusion coefficients of the specimens 

are entirely different. For the same type of mix design, it appears that air void content is 

related to the diffusion coefficients. It also seems that mix design plays an important role in 

determining the oxygen diffusion coefficients. For example, the specimen SMA-1 has an air 

void content of 7%, which is greater than the air void content of the specimen WC-3. 

However, the diffusion coefficient of the specimen SMA-1 is less than three times of that 
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for the specimen WC-3. Similarly, the diffusion coefficient of the specimen WC-1 is greater 

than those of specimen BC-2 and BC-3, although the latter ones have much higher air void 

content. Therefore, oxygen transport in asphalt mixtures is not only decided by the total air 

void, but also the characteristics of air void. 

One specific air void characteristic that affects the oxygen diffusion coefficient of the 

asphalt mixture is the connectivity of the voids. The connected air void forms a path that 

facilitates oxygen diffusion. This may be observed from the CT images. Examples of the 

typical CT images of the WC and SMA mixtures are shown in Figure 7.8 and Figure 7.9, 

respectively. The figures indicate that air voids (black dots) in the WC mixture were smaller 

but were more evenly distributed as compared with those in the SMA mixtures. It appears 

that the smaller air voids in the WC mixture were more likely connected to each other, while 

the bigger ones in the SMA mixtures seemed more isolated. The connectivity of the air void 

is a major factor that affects oxygen diffusion in the asphalt mixture. 

   
Figure 7.8 The CT images of WC mixture 
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Figure 7.9 The CT images of SMA mixture 

Due to the reasons mentioned in the introduction section, it is difficult to quantify the 

connectivity of air void directly. Therefore, attempts were made to evaluate the correlation 

between the commonly measured volumetric characteristics of the mixtures and the 

calculated diffusion coefficients. Spearman’s rank correlation coefficient was adopted for 

this purpose. Spearman’s rank correlation coefficient (ρ) is a non-parametric method for 

evaluating the extent of correlation between the rank values of two parameters when the 

relationship between two variables is monotonic [162, 165, 166], which is calculated by 

using Eq.(7.19) [167]. 

𝜌 = 1 − (
6 ∑ 𝑑𝑖

2

𝑛(𝑛2−1)
)                             (7.19) 

where 𝑑𝑖 is the difference in the ranks between the input and the output values in the same 

data pair, and n is the number of simulations. 

If the absolute value of 𝜌 is close to one, the variable has the maximum effect on the 

oxygen diffusion coefficient; if 𝜌 is close to zero, the variable has the minimal effect. A 

positive 𝜌  indicates that a higher variable value leads to a higher oxygen diffusion 

coefficient, while a negative 𝜌  value means the opposite. The examined volumetric 
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characteristics include effective binder content (Pbe), normal maximum aggregate size 

(NMAS), air voids (Va), voids in the mineral aggregate (VMA), and voids filled asphalt 

(VFA). Because the thickness of the specimens varies slightly, it is also included for 

assessment. Figure 7.10 shows the Tornado plots of Spearman’s rank correlation coefficients 

for the different variables. It can be seen that Va, VMA, and Pbe have positive effects on the 

oxygen diffusion coefficient, indicating that as the increase of these variables likely lead to 

the increase of the oxygen diffusion coefficient. Conversely, NMAS, VFA, and thickness 

have negative 𝜌  values, incidating that the increase of these variables may cause the 

decrease of the diffusion coefficient. VMA, VFA, and Va apparently has the highest effect 

on the diffusion coefficient among the variables.  

 
Figure 7.10 Tornado plots of Spearman’s rank correlation coefficient 

7.4.4 Implication of the oxygen diffusion coefficients of asphalt mixtures on pavement 

durability 

The identified oxygen diffusion coefficients of asphalt mixtures can be potentially used 

in asphalt pavement design, mixture selection, and construction quality control. Load-
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induced pavement responses (e.g., tensile strains), pavement fatigue life and deformation are 

all dependent on the stiffness of asphalt binder, which is affected by its aging state [9]. The 

following equation can model the long-term age hardening (stiffness increase) of an asphalt 

binder [26]. 

𝑟𝑛 = 𝐻𝑆 × 𝑟𝐶𝐴                                 (7.20) 

where 𝑟𝑛 is the long-term hardening rate of an asphalt binder, 𝐻𝑆  is the hardening 

susceptibility of the binder, 𝑟𝐶𝐴  is the growth rate of the carbonyl area in the infrared 

spectrum of the asphalt binder, representing the chemical changes in asphalt binder. 

𝑟𝐶𝐴 =
𝜕𝐶𝐴

𝜕𝑡
= 𝐴𝑃𝑎𝑒−𝐸/RT                        (7.21) 

where A, E, and 𝑎 are coefficients dependent on asphalt binder type, R is the gas constant, 

P is oxygen pressure, and T is the absolute temperature. E was also found to be a function 

of oxygen pressure [26]. 

Eq.(7.21) suggests that the oxygen pressure (concentration) and temperature are two 

external factors that determine the hardening rate of the asphalt binder in the asphalt mixture. 

Therefore, identification of oxygen concentration in the asphalt mixture and possible factors 

that affect the concentration is essential in understanding the long-term property evolution 

of the asphalt mixture. 

To gain more understanding of oxygen concentration variations in asphalt pavement, 

oxygen concentration profiles of the specimens were created based on the previously 

determined diffusion coefficients. The schematic diagram for the numerical calculation of 

the profiles is shown in Figure 7.11, and the results are shown in Figure 7.12. In Figure 7.12, 

the area between the two red dashed lines represents the oxygen concentration inside of the 
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compacted asphalt mixture, and the depth is defined according to Figure 7.11. Several 

observations can be made on the oxygen concentration profiles. Firstly, for the same 

specimen, the oxygen concentration gradient significantly affects the oxygen diffusion rate. 

The oxygen concentration gradient is initially high; therefore, the oxygen concentration in 

the source reservoir drops quickly. As the gradient is reduced, the oxygen concentration in 

the source reservoir decreases slowly. Secondly, the oxygen concentration in a specimen can 

be estimated by linear interpolation of the oxygen concentration levels at the two surfaces. 

Thirdly, the oxygen transport efficiency of the asphalt mixtures varies greatly. For the 

specimen SMA-3, the oxygen concentration in the source and receptor reservoirs is balanced 

in about 22 hours, while for the specimen BC-1 there was only a little drop in oxygen 

concentration in the source reservoir even after 520 hours. 

 
Figure 7.11 The schematic diagram of depth used in the numerical solution 
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(a)                                    (b) 

  
(c)                                (d) 

  
(e)                                (f) 
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(g)                                (h) 

 

  
(i)                                (j) 

  
(k)                                (l) 
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(m)                                (n) 

 
(u) 

Figure 7.12 Oxygen concentration profiles at different times for: (a) WC-1, (b) WC-2, (c) 
WC-3, (d)WC-4, (e) WC-5, (f) BC-1, (g) BC-2, (h) BC-3, (i) BC-4, (j) BC-5, (k) SMA-1, 

(l) SMA-2, (m) SMA-3, (n) SMA-4, and (u) SMA-5  

The simulation results provide insights on the oxygen environment exposed by asphalt 

binders in actual pavements, where the surface is exposed to the atmosphere, and the bottom 

is exposed to air in granular base, subbase or subgrade. Because of the biological activities 

in subgrade soil, oxygen concentration at the bottom of the pavement is lower than that in 

the atmosphere [189]. In addition, rainwater that seeps into asphalt pavement not only blocks 

some air paths but also promotes biological oxygen consumption. Therefore, the oxygen 

content in the air of the asphalt mixture is likely to be lower than that in the atmosphere. This 
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concentration gradient drives oxygen to diffuse from the air into the asphalt pavement. If a 

mix design with isolated air pockets is selected, or if the air voids can be controlled at a 

relatively low level for the same mix design, Figure 7.12 indicates that the oxygen diffusion 

may be greatly slowed. This will help make asphalt pavement more aging resistant, leading 

to improved durability. Therefore, the oxygen diffusion coefficient may serve as an indicator 

for the aging-related durability of the compacted asphalt mixture, which may be potentially 

used in asphalt mixture design and construction quality control. 

7.4.5 Evaluation of three semi-empirical equations for predicting oxygen diffusion 

coefficient 

Due to the limited number of specimens, a regression equation that relates the oxygen 

diffusion coefficients with the volumetric characteristics of the asphalt mixtures cannot be 

established. Semi-empirical models targeted at dry porous media (i.e., soil, sand and glass 

beads) have been developed in existing studies [190]. For instance, Penman (1940), Marshall 

(1959), and Millington (1959) proposed the following models, respectively [174, 175, 191]: 

𝐷𝑠

𝐷0
= 0.66𝜀                              (7.22) 

𝐷𝑠

𝐷0
= 𝜀3 2⁄                                (7.23) 

𝐷𝑠

𝐷0
= 𝜀4 3⁄                                (7.24) 

where 𝐷0 is the free diffusion coefficient in air; and 𝜀 is the air-filled porosity which is 

defined as the ratio of air void volume of the sample to the total volume of the sample [192]. 

In this study, air voids in asphalt mixture is equivalent to the air-filled porosity.  

Attempted were made to examine if the models above can provide a reasonable 

estimation of the diffusion coefficients of the asphalt mixture specimens. Results predicted 
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by the models were compared with the measured values and are shown in Figure 7.13. It is 

evident that the three models significantly overpredict the oxygen diffusion coefficients in 

compacted asphalt mixture, although the Marshall model fits the data better than the others. 

Therefore, the existing diffusion coefficient models based on dry porous media are not 

applicable to asphalt mixtures. More volumetric characteristics may need to be included. 

 
Figure 7.13 The diffusion coefficient ratio as a function of air voids predicted by three 

semi-empirical models 

7.4.6 Development of a predicting model for predicting the oxygen diffusion 

coefficient of compacted asphalt mixture  

Based on the previous results, 𝑉𝑎, VMA, and VFA have the greatest effect on the oxygen 

diffusion coefficient of the compacted asphalt mixture. Hence, a new oxygen diffusion 

coefficient model was assumed based on the three parameters, as presented in Eq. (7.25).  

log𝐷𝑠 = 𝑘1𝑉𝑎
𝑘2𝑉𝑀𝐴𝑘3(𝑘4𝑉𝐹𝐴2 + 𝑘5𝑉𝐹𝐴 + 𝑘6) + 𝑘7        (7.25) 

where 𝑘1, …, 𝑘7 are the regression parameters.  

The optimization of the seven parameters was performed using the Solver function in 

Microsoft Excel® until the squared errors between the logarithm of the measured and 

predicted oxygen diffusion coefficients reached the minimum. The final seven parameters 
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were determined to be -6.990E-05,  -0.705,  1.668,  0.887,  -75.019,  833.139, and -4.586, 

respectively. The comparisons between measured and predicted oxygen diffusion coefficient 

for three types of compacted asphalt mixture is plotted in Figure 7.14. The predicted oxygen 

diffusion coefficient shows a good match with the measured value. The 𝑆𝑒/𝑆𝑦  and 𝑅2 

values were utilized to evaluate the goodness-of-fit of the predictive model. The detailed 

method is described in section 6.4.3. The two values of the new model are 0.20 and 0.96, 

respectively. The new model is rated as excellent according to the criteria for subjective 

classification of the goodness-of-fit statistics listed in Table 6.4.It indicates the new model 

has good prediction accuracy.   

 
Figure 7.14 Measured and predicted oxygen diffusion coefficient 

7.5 Summary and conclusions 

The aging susceptibility of a compacted asphalt mixture is affected by the oxygen 

transport efficiency of the mixture, which can be assessed by its oxygen diffusion coefficient. 

In this chapter, a two-chamber apparatus was developed to measure the oxygen diffusion 

process of compacted asphalt mixture samples. Possible oxygen consumption during the 
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diffusion test was evaluated. Both numerical and analytical methods were used to calculate 

the oxygen diffusion coefficients of samples prepared with different mixture designs and air 

voids (air void) content. The correlations between the oxygen diffusion coefficients and 

sample volumetric characteristics were examined. Based on the simulated oxygen 

concentration profiles, the oxygen environment exposed by asphalt binders in actual 

pavements and its implication on pavement durability were discussed. The accuracy of using 

existing semi-empirical equations to predict oxygen diffusion coefficients was also 

evaluated. The following conclusions are drawn from this study. 

(1) It is feasible to use the developed apparatus and test procedure to measure the oxygen 

diffusion coefficients of the compacted asphalt mixture. 

(2) Oxygen consumption during the diffusion test can be neglected at room temperature. 

(3) The oxygen diffusion coefficients obtained from the numerical method is similar to 

those obtained from the analytical method, and the oxygen concentrations calculated 

by both methods match well with the actual observations. 

(4) Oxygen diffusion coefficients of the tested samples vary greatly, depending on not 

only air voids content but also other volumetric characteristics. 

(5) The oxygen diffusion coefficients of asphalt mixtures have significant implications 

on the oxygen contents at different depths of the asphalt pavements. 

(6) The traditional models to predict the oxygen diffusion coefficients of dry porous 

media result in an overprediction of the diffusion coefficients for compacted asphalt 

mixture. 

(7) The new predictive model of oxygen diffusion coefficient for compacted asphalt 
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mixture shows good prediction accuracy.   
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 

This research aimed to determine a long-term aging method for compacted asphalt 

mixtures and then investigate the effect of aging on the rheological and chemical properties 

of recovered asphalt binders as well as |𝐸∗| values of compacted asphalt mixtures. The 

other aim of this research was to determine oxygen diffusion coefficients of compacted 

asphalt mixtures and then develop a predictive model for the oxygen diffusion coefficients 

based on the volumetric parameters of compacted asphalt mixtures. 

To accomplish the two main aims, a customized autoclave was developed and used to 

simulate the long-term aging of compacted asphalt mixtures, and a two-chamber apparatus 

was developed to investigate the oxygen diffusion process of compacted asphalt mixtures. 

The major conclusions and limitations of this study are presented below, and 

recommendations are made for future work. 

8.1 Main conclusions 

The main conclusions can be drawn as follows:  

(1) To safeguard the integrity of compacted asphalt mixtures during long-term aging 

simulation, they should be aged under ambient pressure at a temperature that is less 

than the softening point of asphalt binder. Pure oxygen may be used to accelerate the 

aging process. In this study, the long-term aging temperature was chosen to be 40˚C, 

which was lower than the softening point (46.2˚C) of the base asphalt (60/70 pen) 

used in the study. 

(2) The new micro-sampling, and micro-extraction and recovery methods are reliable 

and efficient in extracting and recovering asphalt binders from compacted asphalt 
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mixtures. The methods only use a small amount of sample, and the process 

apparently does not heavily affect the properties of recovered asphalt binders.  

(3) The oxidized chemical products (sulfoxides and ketones) and the dynamic viscosities 

of recovered asphalt binders increase rapidly in the initial stage of compacted asphalt 

mixture aging and then rise at a nearly constant rate. Moreover, sulfoxide is a major 

contributor to viscosity increase at 40ºC.  

(4) The |𝐸∗| values of the three types of asphalt mixtures increase as the aging severity 

of asphalt binders increases. The increasing rates, however, decrease as the aging 

time increases. The increasing rates vary with the types of asphalt mixtures, 

indicating that aggregate gradation may affect the aging susceptibility of compacted 

asphalt mixtures. 

(5) For the three types of asphalt mixtures with the base asphalt typically used in Hong 

Kong, the Improved Hirsch model exhibits the highest prediction accuracy, while the 

2S2P1D model has the lowest predictive accuracy compared with the other five 

models.  

(6) Regarding the robustness of the six predictive models for the three mixture types 

blending with the base asphalt, the Improved Hirsch model exhibits the greatest 

robustness. The Witczak 1-37A, Witczak 1-40D, and Al-Khateeb models have better 

robustness for the WC and BC mixtures than those for the SMA mixture, while there 

are no differences between WC and BC mixtures, and SMA mixture for the Original 

Hirsch and 2S2P1D models. Asphalt binder aging has an adverse effect on the 

robustnesses of Witczak 1-37A, Witczak 1-40D, Original Hirsch, and Al-Khateeb 
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models, while not heavily affecting the accuracy of the 2S2P1D model.  

(7) The results of the sensitivity analysis indicate that the predicted |𝐸∗| values are the 

most sensitive to the binder properties (i.e., |𝐺∗|, δ, and η), and the least sensitive to 

the volumetric properties (i.e., Va, VMA, and VFA) for the three mixture types tested 

in this study.  

(8) It is feasible to use the customized apparatus and test procedure to determine the 

oxygen diffusion coefficients of the three types of asphalt mixtures. Oxygen 

consumption by the asphalt mixtures during the test process can be neglected at room 

temperature. The oxygen diffusion coefficients of compacted asphalt mixtures vary 

widely, depending on not only air void contents but also other volumetric 

characteristics.  

(9)  A predictive model of oxygen diffusion coefficient was developed based on the 

volumetric parameters of compacted asphalt mixtures. The model is proved to be 

accurate in predicting the diffusion coefficient.  

8.2 Limitations of this study 

For research topic 1, the entire aging period for each specimen type is very long since 

the capacity of the customized autoclave is limited and the aging temperature is low. Hence, 

the three types of asphalt mixtures were prepared with one type of asphalt binder to simulate 

the long-term aging. The six predictive models of |𝐸∗| values were then examined using 

the |𝐸∗| values of these mixutres at different aging states. The limited binder type and 

mixture types may affect the findings of the study, which are subject to further investigation. 

For research topic 2, it is the first time in pavement field to determine the oxygen 
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diffusion coefficients of compacted asphalt mixtures. There is no previous experience to 

follow; consequently, the overall progress is not as fast as that originally anticipated. 

Additionally, the diffusion test is also time-consuming for some specimens. Hence, the 

specimens were limited to the three types of asphalt mixtures were tested. The diffusion 

prediction model developed with these limited specimens need to be further calibrated using 

more specimens. 

8.3 Recommendations  

Some remaining research works may be conducted in the future. 

(1) The results of research topic 1 were measured using one specimen size standard for  

|𝐸∗| test. It is assumed, also suggested in existing studies, that asphalt binder in this 

specimen is aged uniformly. Different specimen sizes may be considered in the future 

research efforts so that how specimen size affects both radial and vertical aging 

gradients of compacted asphalt mixtures may be examined [193].  

(2) This dissertation adopted only one asphalt binder type (base asphalt, 60/70 pen) 

typically used in Hong Kong. Different combinations of polymer-modified asphalt 

binders and aggregate gradations may be used to simulate the long-term aging of 

compacted asphalt mixtures at temperatures lower than their softening points. Then, 

the binder type effect as a possible interactive factor may be evaluated. 

(3) The oxygen diffusion test may be conducted by considering other possible 

influencing factors (e.g., types of asphalt binder, aggregate gradation temperature, 

pressure, moisture, crack, pavement structure), so that the oxygen diffusion 

coefficients may be predicted in more realistic conditions. 
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(4) Quantitative models may be developed to predict the aging susceptibility of asphalt 

binders in compacted asphalt mixtures, using the mixtures’ diffusion coefficients as 

a key predictor variable. 

(5) Finally, a new aging model may be developed based on the oxygen diffusion and 

consumption coefficients of compacted asphalt mixtures and the environmental 

conditions inside of field pavements. This would help improve the aging prediction 

of asphalt pavements, leading to more accurate pavement design. 
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