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ABSTRACT 

 

Asphalt aging and rejuvenation are two closely related phenomena. Asphalt binder 

as an organic material is susceptible to oxidative aging, which causes the hardening 

of asphalt binder and further leads to the embrittlement, cracking, and fracturing 

of asphalt pavements. Conversely, rejuvenation attempts to restore the engineering 

properties of aged asphalt binders to extend the service life of in-situ asphalt 

pavements or enhance the properties of reclaimed asphalt pavements (RAP). 

Understanding the mechanisms of asphalt binder aging will naturally help the 

development of effective rejuvenation methods because the latter aims to reverse 

the former process. 

Asphalt aging and rejuvenation as key issues in pavement engineering have 

been examined in numerous studies. There are, however, several key challenges 

that have not been fully addressed before this study. Firstly, researchers are aware 

that different conditions affect asphalt aging kinetics and the generated aging 

products, but deviations in the physicochemical properties of asphalt binders 

created in accelerated aging conditions and those in more realistic aging conditions 

are not clear. Secondly, asphalt aging and rejuvenation are commonly studied from 

the perspective of asphaltôs rheological property changes; there is lack of in-depth 

understanding of the fundamental physicochemical property evolutions during the 

aging and rejuvenation processes. Thirdly, the methods and tools used for 

investigating fundamental physicochemical properties are limited. Therefore, 

there is a great need to systematically investigate asphalt aging and rejuvenation 

using state-of-the-art methods, tools, and theories. An overall introduction to this 

study is provided in Chapter 1 of the dissertation. 

The rest contents of the dissertation are organized into three parts. In part one, 

the physicochemical property changes of asphalt binders in different aging 

conditions are studied, and the findings are presented from Chapter 2 to Chapter 

4. In Chapter 2, the influences of three aging conditions on the rheological 

properties of asphalt binders are examined. The aging conditions include a warm 

chamber to simulate more natural situations, an autoclave with pure oxygen with 

high pressure, and a pressure aging vessel (PAV). The longest aging treatment in 

the warm chamber lasted for 1.5 years, while that in the autoclave and in the PAV 

lasted for 28 days and 60 hours, respectively. The aged specimens are used for 
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subsequent analysis. Chapter 2 is focused on the influences of the aging conditions 

on the rheological properties. Chapter 3 is focused on the influences of the aging 

conditions on the functional groupsðcharacteristic molecular segments in asphalt 

binders. Chapter 4 is focused on the influences of the aging conditions at the nano-

scale, i.e., microstructures in asphalt binders and the four general fractions: 

saturates, naphthene aromatics, polar aromatics, and asphaltenes. Chapter 5 is 

focused on the influences of the aging conditions at the molecular level. In this 

chapter, a major drawback in using the gel permeation chromatography (GPC) was 

found and correction methods were proposed. The four chapters provide a 

multiscale view of the physicochemical property changes of asphalt binders 

subjected to different aging conditions. 

The part two of the dissertation includes two chapters. In Chapter 6, the 

phenomenological connections between the chemical properties and rheological 

properties of the aged asphalt binders are analyzed. The oxygen-containing 

functional groups, asphaltenes content and microstructures are found to be the 

driving factor for the rheological property changes. In Chapter 7, the oxidation 

kinetics of different aging conditions are discussed. Attempts are made to explain 

why different aging conditions lead to different chemical reactions, which generate 

different aging products. 

The part three of the dissertation is focused on the physicochemical property 

changes of aged asphalt binders in the rejuvenation process. Part three includes 

three chapters. Chapter 8 examines the effects of rejuvenation on the changes of 

asphalt binders in rheological properties, at the molecular level and at the nano-

scale. It is argued that rejuvenation is unlikely to change the already formed 

chemical bonds. In Chapter 9, a new method is developed to examine the 

rejuvenation effect by using the continuous relaxation spectrum (CRS). The CRS, 

based on sound theoretical foundations, can be used to explain the rejuvenation 

phenomenon as well as to assess the rejuvenation effectiveness of different 

rejuvenators. Based on all the investigations, anti-aging agents and rejuvenators 

are developed. The results of using the anti-aging agents and rejuvenators are 

presented in Chapter 10. Chapter 11 summarizes the overall study and 

recommends future research directions. 

The findings of this study are expected to contribute to a better understand of 

the physical, chemical and microstructural behaviors of asphalt binders during 



V 

aging, rejuvenation and antiaging processes. The newly developed theories, 

methods, and tools are expected to help researchers and practitioners in selecting 

more aging-resistant asphalt binders and more effective rejuvenators, more 

accurately presenting and analyzing the research results, and developing more 

effective recycling practices. 

 

Keywords: Asphalt binder aging, rejuvention, aging conditions, physiochemical 

properties, microstrucutres, antiaging 
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CHAPTER 1. GENERAL INTRODUCTION 

1.1 Research Background and Problem Statement 

1.1.1 Simulation of asphalt binder aging 

Refined from coal or petroleum, asphalt binder is widely used in road and highway 

construction. As a complex organic mixture, asphalt is susceptible to oxidative aging 

by reacting with atmospheric oxygen. Oxidative aging of asphalt binder causes the 

hardening of its stiffness and loss of its durability, which further leads to the 

embrittlement, cracking and fracture of asphalt pavements. The first step to study 

asphalt binder behaviors in aging is to properly and realistically simulate the actual 

aging process in field pavements. It has been one of the most important subjects in 

pavement engineering for decades. Realistic aging simulation is not only a precondition 

to study the aging behaviors of asphalt binders, but also a necessity to assess the 

effectiveness of anti-aging measures.  

To simulate asphalt binder aging in laboratory, two methods were developed in the 

Strategic Highway Research Program (SHRP) to simulate the short-term aging and 

long-term aging, respectively (Branthaver et al. 1993, Anderson et al. 1994). The 

former method uses a rolling-thin film oven (RTFO) to simulate the asphalt binder 

aging process in mixture production, transportation, and construction. The latter uses a 

pressure aging vessel (PAV) to simulate the aging process during long-term road use.  

Before PAV was widely adopted as a standard method for simulating long-term 

aging of asphalt binders, a variety of accelerated aging simulation methods had been 

developed to examine the feasibility of elevating temperatures, atmospheric air 

pressures, oxygen pressures, or their combinations (Peterson 1993, Branthaver et al. 

1993). Experimental results suggest that the aging of asphalt binders at a low 

temperature is likely to follow a different mechanism as compared with asphalt aging 

under a relative high temperature.  

As summarized by Peterson (Peterson 1993, Peterson 2009), low temperature 

results in a ñquenchingò effect on asphalt binders, i.e., immobilization of the asphalt 

components that are potentially reactive with oxygen. As shown in Fig. 1, the reactive 
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components or reactive microstructures in asphalt binders tend to become more 

associate under lower temperature oxidation. On the contrary, high temperature 

oxidation likely separates and disperses the reactive components and reactive 

microstructures. Therefore, the acceleration of aging rate by high temperature may not 

only arise from increased molecular reactivity, but also be influenced from the changed 

colloidal characteristics of asphalt binders. As a result, PAV may not be reliable in 

simulating the true aging process of asphalt binders at relatively low temperature levels 

in field conditions. 

 

 

Figure 1 Low-temperature and high-temperature oxidation models proposed by 

Peterson (Peterson 1993) 

 

Another shortage of PAV is that the standard 20-hour of high temperature and 

pressurized aging treatment may not be able to cover the expected time span of field 

pavement aging. It is generally believed that the RTFO/PAV aging treatment process 

can simulate binder field aging within several years (Branthaver et al. 1993). However, 

this period is far shorter than the design period of modern long-life pavements, which 

are expected to last 40-50 years. 

Above inadequacies suggest that there is a great need to invent new methods for 

performing or predicting asphalt binder aging more realistically. Two possible ways are: 
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1. to change the experimental aging conditions and 2. to predict asphalt long-term aging 

behaviors by developing a general trend on the evolution of asphalt properties from 

short-term aging results. New aging simulation methods may involve changing asphalt 

film thickness and/or applying a relative lower temperature with higher air pressure. By 

comparison, the former method is relatively complicated to analysis because it brings a 

new uncertainty factor on the asphalt thickness. However, limited studies have been 

conducted to examine the feasibility of conducting the aging simulation under a relative 

low temperature and high pressure of atmospheric air or pure oxygen.  

Therefore, before carrying out new methods to perform the realistic asphalt aging, 

a comprehensive investigation on the influence of different aging conditions on the 

physical, chemical and microstructural properties of asphalt binders should be 

conducted. 

 

1.1.2 Formation of chemical products in asphalt binder aging 

The oxidation of asphalt leads to the transformation of its nonpolar fractions to 

more polar fractions which are called oxygen-containing functional groups. Such 

functional chemical compounds include ketones, sulfoxides, alcohols, ethers, esters, 

phenolics, anhydrides and so on (Peterson 2009). Among them, ketones are recognized 

to be highly correlated with the physical properties of asphalt binders, which can be 

quantitatively characterized by the infrared spectroscopy. The area of carbonyl band in 

infrared spectroscopy, also known as CA, is widely used as a chemical aging indicator 

of asphalt binders. 

Recently, Peterson and co-workersô work has aroused attentions on two other 

important aging products ï sulfoxides and alcohols (Peterson 2009, Peterson and Glaser 

2011). It is found that the formation of both sulfoxides and alcohols is related to the 

growth of asphalt viscosity (Peterson and Glaser 2011). Alcohols are discovered as the 

major factor that is responsible for the age hardening of high sulfur-containing asphalts. 

Moreover, aging products generated by PAV are found to be different than those 

generated during natural aging conditions (low temperature) (Peterson and Glaser 2011). 

This finding is suspected to be related to the different oxidation behaviors between 
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high-temperature aging and low-temperature aging as introduced previously. The 

oxidation pathway and production mechanism of the oxygenated chemical compounds 

are shown in Fig. 2. 

 

 

Figure 2 The aging mechanism for the production of functional chemical compounds, 

proposed by Peterson (Peterson 2009) 

 

Petersonôs findings suggest that the generation of polar functional products 

appears to be the driving force of physical hardening. According to Petersonôs 

hypothesis, different aging conditions likely cause different selectivity in producing 

functional groups, and consequently influence the dependency of physical-chemical 

properties. Therefore, a considerable question is that how different aging conditions 

influences the oxidation pathways as illustrated in Fig. 2. However, this question has 

not been comprehensively addressed.  

 

1.1.3 Evolution of microstructures in the aging of asphalt binders 

Microstructures in asphalt binders refer to associations or aggregations in asphalt 

binders that are of a similar size to polymer molecules and impart to asphaltôs 

ñpolymericò properties (Peterson 2009). In most occasions, the microstructures are 

regarded as the large size asphaltene agglomerates. It is generally acknowledged that 
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the aging of asphalt binders promotes the association of asphalt clusters which result in 

an increase in both size and molecular weight of microstructures.  

However, the microstructures can hardly be observed in asphalt by using 

traditional optical microscope due to the dark color of asphalts. Thus, the size of 

microstructure is usually determined by indirect methods such as X-ray diffraction 

(XRD) and the morphology has never been revealed in past studies (Lesueur 2009). 

Recently, our work discovered the microstructures in field-aged asphalt binders by 

using scanning transmission electron microscope (STEM) for the first time (Wang and 

Zhao, 2016). Typical microstructures discovered are shown in Fig. 3. 

 

 

Figure 3 Typical microstructures discovered in 29-year old extracted asphalt binder 

from field pavement in Hong Kong (Wang and Zhao, 2016) 

 

One contribution of this work is the development of a method to examine the 

actual morphology and the micromechanical properties of asphalt microstructures. 

Another important finding is that the microstructures are highly resistant to heating, 

which challenges the classic understanding that bonding in microstructures is 

susceptible to breakage by high temperature (Peterson 2009). Our findings suggest that 

the association of microstructures is irreversible by physical treatment and continuous 

oxidation on asphalt binders will significantly influence the colloidal stability of asphalt 
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binders. A deductive speculation is that the agglomeration of microstructures may be 

more dominant in physical hardening of asphalt than the production of polar materials.  

However, the asphaltene microstructures are difficult to be observed in virgin and 

laboratory aged asphalt binders by STEM. This may be due to the much smaller size of 

asphaltene clusters in laboratory-aged asphalt binders. Another issue is that asphalt 

specimen is usually prepared by solution casting, which is in a very low concentration 

and consequently cannot represent the real association and dispersion state in asphalt. 

Therefore, a new STEM sample preparation method (under patent pending at the 

moment of this thesis submission) is developed in this study in order to reveal the actual 

association states of asphalt microstructures.  

 

1.1.4 Measurement of molecular mass distribution of asphalt binders 

From another angle, the evolution of microstructures is reflected in the gain of 

average molar mass and the content of large size molecules. The growth in size and 

molecular weight of asphalt microstructures is recognized to be the dominant indicator 

that gives rise to the physical hardening. Accordingly, studies have been conducted to 

measure asphalt molar mass distribution (MMD) and investigate the connections 

between MMD and the corresponding physical properties. 

Gel permeation chromatography (GPC), or more generally be called size exclusion 

chromatography (SEC), is a popular method for evaluating the average molecular 

weight and MMD of asphalt binders. It is widely known that the average molecular 

weight and content of large size molecules detected from GPC are profoundly related 

to the asphalt rheological properties (Anderson et al. 1994, Kim et al. 2006). 

In using GPC to measure asphalt binders, however, some potential problems have 

often been ignored. One of the biggest issues is that a filtration process should always 

be performed before injecting the sample solution into the GPC system. This operation 

is to prevent dusts and pollutions from ruining the LC column and pump. The diameter 

of filters used is usually 0.45 ɛm or 0.2 ɛm. In the standard ASTM D6579--using GPC 

to measure the MMD of hydrocarbon and resin, it suggests that a part of soluble 

material might be partially removed during the filtration process due to the clogged 
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membrane. This note reminds a serious question that is always ignored: Will aging 

cause the aggregation of asphalt microstructures to a micron-scale size that cannot pass 

the filters?  

A trial SEM examination on the filter membrane after laboratory-aged and field-

aged asphalt binders being filtered is performed, and the results are shown in Fig. 4. It 

shows that the binder after long-term laboratory aging almost passes the micro filter 

while a few visible particles are blocked by the filter. On the contrary, for the field-aged 

asphalt binder sample, the filter membrane seems to be totally blocked by the filtered 

material which forms a material cake covering the filter.  

Therefore, there is a necessity to implement correction methods for making up the 

blocked proportion of asphalt materials into the final GPC results in order to provide a 

more accurate measurement of asphalt molecular weight distribution. 

 

  

Figure 4 SEM examination of 0.45ɛm micro filters. Left: after filtering 0.1g 60-hour 

PAV aged SHRP AAG binder. Right: after filtering 0.01g 12-year field aged binder 

 

1.1.5 Rheology linked to chemistry 

The connection of rheological properties and chemical features was one of the 

major questions in SHRP research and remarkable results were presented by Peterson 

(Peterson et al. 1994). In summary, the general findings of the physical-chemical 

correlations can be summarized by the following equations:  

Ὕ ρφ πȢυχὃ                                          (Eq.1) 
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ÌÏÇʖ Ὕ  πȢχωπȢπυυὃ                                   (Eq.2) 

2  πȢτω πȢππρψὓ ρȢωπ                              (Eq.3) 

ÌÏÇ ʂ Ὕ χȢτς πȢπωτὃ πȢπσφὖ                             (Eq.4) 

Where R and ɤc are two characteristic indicators for describing the rheological 

master curves. Td is the defining temperature, Mn is the number-average molecular 

weight, A, S, P, N is the content of asphaltenes, saturates, polar aromatics and naphthene 

aromatics, respectively. The factor A+S/P+N is also known as Gaestel index or colloidal 

instability index (Peterson et al. 1994).  

The findings demonstrate that the characteristic parameters of master curve, R-

value and crossover frequency, can be estimated from molecular weight and asphalt 

components. As will be shown in Chapter 2, R value can be treated as a representative 

physical hardening indicator for a typical asphalt binder. Therefore, the correlations 

provide a general relationship between physical aging and the growth in asphalt 

molecular weights as well as the Gaestel index. Later, Peterson (Peterson 2009) and 

Ruan (Ruan et al. 2003) provide a better explanation on the relationship between the 

growth of asphalt viscosity and ketones (carbonyl area) formed on oxidation. While the 

slope of correlation between asphalt viscosity and ketone content is found largely 

dependent on the asphalt types. 

However, as suggested in Fig. 1, it is highly anticipated that different aging 

conditions will alter the connections between the physical properties and the chemical 

indicators, which are often neglected in asphalt aging studies that predict the long-term 

rheological performance of asphalt binders by infrared spectroscopy or asphaltene 

content. Therefore, there is a great need to investigate the effect of different aging 

conditions on the correlations between asphalt rheology and chemistry. 

 

1.1.6 Aging kinetics of asphalt binders 

A number of chemical aging mechanisms and corresponding mathematical kinetic 

models have been proposed in past studies to describe changes in asphalt binders as a 

function of time. In 1998, Peterson proposed the well acknowledged ñdualò aging 
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mechanism which provides a simplified concept of explaining asphalt aging in two 

processes: a fast (ñspurtò) aging stage followed by a slow aging stage with a constant 

aging rate (Peterson and Harnsberger 1998). An illustration of the dual aging 

mechanism is presented in Fig. 5. 

 

 

Figure 5 Aging kinetics of chemical aging products and viscosity during the dual 

oxidation mechanism for a SHRP AAB asphalt, aged under 80 using the PAV 

apparatus (Peterson 1998) 

 

Significant efforts have been made by researchers to reduce the dual aging 

mechanism into a mathematical form. In early times, most models treat the two aging 

stages separately. For example, Liu (Liu et al. 1996) and Mill (Mill et al. 1992) report 

an exponential model for describing the asphalt spurt aging phase. In contrast, the latter 

kinetic models mostly consider the process that consists of two or three reactions in 

parallel. For instance, Glover (Glover et al. 2009) and Jin (Jin et al. 2011) report a fast-

rate constant-rate model which analyzed the aging path as a first-order reaction for fast 

aging stage and a zero-order reaction for constant aging stage in parallel. 

However, most of the reported models suffer a theoretically question that the 

reactive asphalt materials at the fast aging stage do not directly correspond to the 

components of asphalt that are reactive at the constant aging stage. Glaser (Glaser et al. 

2013) presents a solution to this question by assuming that the free radical produced in 

the fast aging stage in addition to the final reaction products was responsible for the 
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hydrogen abstraction in the slow pathway. By incorporating a new indicator Cfast which 

represents the reactive materials in fast reaction at the start of the aging experiment, the 

kinetic model at fast aging stage can be connected with the kinetic model for the 

constant aging stage.  

The method by Glaser and Loveridge (Glaser et al. 2013) provides a convincible 

approach to linking asphalt aging kinetics with the reactive components of asphalt 

binders. Therefore, this study investigates the effect of different aging conditions on the 

aging kinetics and the corresponding contents of reactive materials by following this 

theory. 

 

1.1.7 Asphalt recycling and rejuvenation agents 

Every year, more than one billion tons of new asphalt mixtures are produced 

worldwide for paving operations (Lesueur 2009). However, asphalt pavement needs to 

be replaced periodically due to the oxidative aging of asphalt binders, in particular its 

surface layer. Simultaneously, a large quantity of asphalt-containing waste is generated 

from demolition and reconstruction.  

Most highway agencies incorporate a certain amount of recycled asphalt 

pavements (RAP) into new pavements due to its economic and environmental benefits. 

The recycling rate of RAP varies from commonly 20-30% (e.g., Hong Kong and China) 

to 99% (Japan). Rejuvenating agents have been applied to improve the performance of 

asphalt pavements with high-percentage RAP. So far, commercial rejuvenating agents 

frequently used are lubricating and extender oils (Terrel et al. 1989), which mainly aims 

at complementing the lost light components in oxidized asphalt binders.  

However, there are some shortcomings of the current use of rejuvenators. First, 

there lacks a quickly diagnosing method for determining the rejuvenation efficiency. 

Second, those commercial rejuvenating agents do not provide a long-lasting 

performance for the new asphalt mixture. This is because most practices only evaluate 

the physical softening performance, while little attention is paid to its effect on the 

colloidal stability of asphalt binders. At last, based on the second issue, it will be more 

beneficial to adopt a rejuvenating agent that can break the association of asphaltene 
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agglomerates in recycled asphalt binders. 

 

1.1.8 Antioxidants for asphalt binders 

Given the successful application of antioxidants on extending the longevity of 

polymers and polymeric materials, research has been done on the feasibility of using 

antioxidants on asphalt binders. In addition to the traditional antioxidants which cut off 

the oxidation process by breaking the chain reaction by using free-radical traps and 

peroxide decomposers (Peterson 2009), more types of antiaging agents have been 

examined and used for asphalt binders. For example, UV absorbers are applied to 

prevent the UV-catalyzed radical oxidation (Oliver 1995, Mundt et al. 2009). Sodium 

hydroxide and carbon black are utilized to block the diffusion of oxygen to asphalt 

binder by improving the adhesion force between asphalt and aggregates (Apeagyei 

2011). However, the use of antioxidants for asphalt binder is still inadequate in three 

aspects: 1. low compatibility with different type of asphalt binders, 2. limited 

functionality and 3. limited validity period. In addition, a relative high cost of 

antioxidants is a critical concern for applying antiaging modification to asphalt binders 

if long-term performance cannot be guaranteed. 

It is suggested by Peterson (Peterson 2009) that some of the antioxidants used in 

previous studies may also act as the dispersant for the asphaltene-like components in 

asphalt. However, so far limited research has reported on the development of multi-

functional antiaging additives for long-lasting anti-oxidation of asphalt binders. 

 

1.2 Research Objectives 

The aim of this research is to conduct a comprehensive investigation on the changes in 

physical, chemical and the currently missing microstructural properties of asphalt 

binders during long-term aging and rejuvenation. The dissertation is divided into three 

parts. The objective of the first part is to present the findings on the tendencies of 

rheological evolution, chemical functional groups generated during oxidation, asphalt 

components, asphalt microstructures and asphalt molecular weight distributions that are 

caused by different aging methods. The results are expected to offer a better explanation 
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on the physicochemical aging mechanisms caused by the elevated temperature and 

oxygen pressure, and to provide foundations for the design of more realistic simulation 

methods for asphalt aging.  

The second part aims to examine connections between physical features and 

chemical indicators in neat asphalt binders. The phenomenological comparisons made 

aims to bridge the gap among rheological features, chemical aging products and 

chemical component information, consequently, to make the rheological properties 

predictable by chemical indicators. The aging kinetics were latter investigated for 

determining the dependency of temperature and oxygen pressure on chemical reactions 

in asphalt binder aging and disclosing the influences from different aging conditions.  

The third part is focused on investigating the rejuvenation effect on 

physicochemical properties and microstructures in aged asphalt binders. The purpose 

is to shed lights on the question if rejuvenators simply dilute the microstructures formed 

in aged asphalt binders or dissolve them. Based on the rejuvenation mechanism 

discovered, this part aims to develop long-lasting additives for controlling the long-

term aging of asphalt binders. 

The overall objectives of the research, as presented in this dissertation, are to: 

ü Examine the feasibility of predicting changes in asphalt bindersô rheological 

and chemical properties with aging time. 

ü Reveal the mechanisms on the production of chemical functional groups, 

association of microstructures and change of large molecular sizes in asphalt 

binders under different aging environments. 

ü Discover connections between the physical properties, functional aging 

products, polar components and microstructures in order to reveal the driving 

factor of asphalt hardening during aging. 

ü Determine the dependency of temperature and oxygen pressure on different 

chemical indicators and examine the applicability of different aging kinetic 

models on the test data. 

ü Identify interactions between large microstructures in aged asphalt binders 

and the different type of rejuvenation agents, and consequently develop new 
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methods to evaluate the rejuvenation effectiveness in a simpler way. 

ü Develop antiaging additives that can control the hardening of asphalt binder 

as well as the association of microstructures in a long term. 

 

1.3 Major Research Outcomes 

1.3.1 New aging method for asphalt binders 

One of the primary objectives of this study is to identify the effects of different aging 

conditions on the physicochemical properties of asphalt binders. Two steps are followed 

to accomplish the objective: 1. Design aging procedures which involve different 

temperature levels and oxygen pressures. 2. Examine the physicochemical properties 

that are related to binder hardening and pavement failure for asphalt binders treated in 

different aging conditions and aged to different severity.  

Three procedures were designed to simulate long-term asphalt binder aging. 

Before the long-term artificial aging was conducted, RTFO treatment was applied to 

each of the binders according to ASTM D2872 to simulate short-term aging during 

asphalt mixing and transportation process. After RTFO treatments, the binders were 

weighed and placed into steel containers, yielding a uniform thin film of asphalt 

specimens. The thickness of asphalt film in the long-term aging treatment is the same 

with that used in standard PAV treatment, which is about 3.1 mm. 

A warm chamber was used as one of the aging methods. The aging temperature 

was set at 60  with Ñ1ÁC fluctuation. The chamber was kept in a dark environment 

with air circulation during the entire aging process. Each binder sample was equally 

divided into four portions and taken out for test at the 6th, 12th, 15th, 18th month, 

respectively. This aging method intends to simulate binder oxidation in the atmosphere 

air and at field temperature in hot regions, e.g., Hong Kong. Therefore, the first aging 

condition is referred to as ñnatural agingò.  

An autoclave similar to pressure oxidation vessel (POV) was used for the second 

type of aging treatment. A photo of the autoclave is presented in Fig. 6. The aging 

pressure was fixed at 0.5 mPa with pure oxygen and the temperature was set to be 70ÁC 

by using an oil bath. The actual temperature ranged between 67.5ÁC to 72.5ÁC. RTFO-
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treated samples were divided into triplicates and taken out for test on the 14th, 21th, 

28th days, respectively. Oxygen was replenished and pressurized to the target pressure 

every time after the samples being taken out.  

PAV was used as the third aging method. PAV treatments were performed for five 

asphalt binders at 100ÁC in accordance with ASTM D6521. The RTFO-treated samples 

were divided into triplicates and were aged for 20 hours, 40 hours and 60 hours, 

respectively. A summary of the three aging procedures is listed in Table 1. 

 

Table 1 Summary of the three methods for simulating asphalt long-term aging 

Procedure Aging method 1 Aging method 2 Aging method 3 

Type RTFO + 

ñNaturalò aging 

RTFO + 

Autoclave aging 

RTFO + 

PAV aging 

Apparatus Warm chamber Autoclave Pressure aging vessel 

Film 

thickness 

3.1 mm (6.38gÑ0.02g 

in 50mm round pans) 

3.1 mm (8.12gÑ0.02g 

in 50mm square pans) 

3.1 mm (50gÑ0.02g in 

140mm round pans) 

Temperature 60 Ñ 1  70 Ñ 2.5 100 Ñ 0.2 

Pressure Atmosphere 0.5 mPa pure oxygen 2.1 mPa compressed 

atmospheric air 

Duration 6/12/15/18 month 14/21/28 day 20/40/60 hour 

 

 

Figure 6 An autoclave tailor-made for generating aged asphalt binders for this study 

 

The results of physicochemical characterization of neat asphalt binders aged by 

the different methods are presented in Part I and Part II of the dissertation Based on the 
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findings, more proper long-term aging procedure is recommended  

 

1.3.2 New characterization methods for asphalt binders  

In addition to the conventional characterization methods for the physicochemical 

properties of asphalt binders such as the dynamic rheological testing, FTIR and SARA 

separation, this research used three methods to reveal the microstructural changes 

during asphalt aging, rejuvenation and antiaging. The first technique is an updated 

procedure of using GPC as introduced in 1.1.4. The second technique is STEM, and the 

third method is the relaxation spectrum of asphalt binder. 

STEM is a type of transmission electron microscope (TEM) that forms images by 

electrons penetrating through a thin specimen. Compared with the conventional TEM, 

STEM provides more measurement functions such as energy dispersive X-

ray spectroscopy (EDX), electron energy loss spectroscopy (EELS) and low-voltage 

STEM (LVEM). 

 As previously introduced, STEM was utilized as an important tool in this study 

for tracking the evolution of microstructures in asphalt binders during 1. Aging 

processes under different aging conditions, 2. Rejuvenation processes by different types 

of rejuvenating agents and 3. Aging processes of asphalt binders modified by different 

antiaging additives. A photo of the STEM equipment is illustrated in Fig. 7. 

 

 

Figure 7 Scanning transmission electron microscopy for analyzing the microstructures 

in asphalt binders 
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On the other hand, the relaxation spectrum refers to a continuous distribution of 

mechanisms relaxing derived from the Maxwell model for viscoelastic materials. A 

detailed introduction to the background theory of the relaxation spectrum is presented 

in Chapter 9. The relaxation spectrum can serve as a spectral approach to describing the 

liner viscoelastic properties of asphalt binders. The relaxation spectrum is also well 

connected to the chemical constituents of asphalt binders. In this study, two features of 

relaxation spectrum were explored as new indicators of binder stiffness and molecular 

distributions. 

In summary, STEM and relaxation spectrum are employed as new characterization 

methods for asphalt binders, which are mainly used for evaluating asphalt rejuvenation 

and antiaging efficiency as presented in Part III. 

 

1.4 Dissertation Outline 

This dissertation presents the background, methodology, results and discussions 

obtained form an extensive laboratory exploration. The thesis is divided into eleven 

chapters, and nine main chapters presenting the research outcomes on the topics 

described above. A brief introduction to the tasks and studies performed in each chapter 

is summarized below: 

Chapter 1 provides a general introduction of this thesis.  

Chapter 2 examines the influence of different aging conditions on the change of 

rheological properties of asphalt binders. The results include a prediction method for 

asphalt long-term aging. 

Chapter 3 identifies oxygenated functional groups in different long-term oxidized 

asphalt binders and investigates the effect of different aging conditions on the aging 

products. 

Chapter 4 analyses the influence of different aging environments on the evolution 

of Corbett fractions as well as the association of microstructure in asphalt binders. The 

microstructures in laboratory aged asphalt binder is revealed by STEM for the first time. 

Chapter 5 evaluates the aging states of laboratory aged and recycled asphalt 

binders by GPC, which is focused on the development of a correlation method to 
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improve the accuracy of the measurement and reveal the difference of MMD in asphalt 

binders subjected to different aging conditions. 

Chapter 6 investigates the connection between rheological models/properties and 

chemical indicators including functional products, asphaltene content and Gaestel index. 

A further exploration is conducted on the effect of different aging conditions on the 

above correlations. 

Chapter 7 gives an insight into the influence of aging conditions on the aging 

kinetics. It includes a calculation of the dependency of aging kinetics on the aging 

conditions and an examination on the compatibility of different aging kinetic models. 

Chapter 8 and Chapter 9 investigate the rejuvenation effect based on identifying 

the changes in asphalt microstructures. Chapter 8 utilizes the STEM to discover the 

conversion of asphalt microstructures and Chapter 9 applies an indirect method 

(relaxation spectrum) to quantitatively assess changes at micro-scale. 

Chapter 10 develops a new type of composite antiaging additive which consists of 

a microcapsule and an antioxidant. Tests results are presented to illustrate the antiaging 

performance and long-lasting effects. 

Chapter 11 presents an executive summary of general conclusion and the 

recommendations for future work. 

 

1.5 A Summary Map of this Dissertation 

An overview of the flow diagram and the connection between different chapters in 

illustrated in Fig. 8.
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Figure 8 An overview of the organization of this dissertation
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PART I. EFFECT OF DIFFERENT AGING CONDITONS ON THE 

PHYSICAL AND CHEMICAL PROPERTIES OF ASPHALT 

 

CHAPTER 2. INFLUENCES OF AGING CONDITIONS ON THE 

RHEOLOGICAL PROPERTIES OF ASPHALT BINDERS  

2.1 Background and Introduction 

Mostly derived from the petroleum refinery process, asphalt binder is a widely used 

construction material. It is estimated that about 100 million tons of asphalt binder is 

annually produced around the world, and 95% of the material is used by the paving 

industry (Lesueur 2009). As an organic material, asphalt binders in pavements are 

subject to oxidative aging, which embrittles the asphalt binder and affects nearly all of 

its performance-related engineering properties (Wen and Wang 2018). 

Asphalt binder aging as a key issue for asphalt pavements has been extensively 

studied. Landmark research on this subject was conducted during the Strategic 

Highway Research Program (SHRP) era, in which two methods were developed to 

simulate the short-term aging and long-term aging of asphalt binders (Anderson et al. 

1994, Petersen et al. 1994, Branthaver et al. 1993). The former is to use a rolling-thin 

film oven (RTFO) to simulate asphalt binder aging in mixture production, 

transportation, and construction. The latter is to use a pressure aging vessel (PAV) to 

simulate asphalt binder aging during the long-term road use. The methods are currently 

widely adopted in practice, not only for evaluating the property changes of virgin 

asphalt binders during the aging process, but also for artificially creating aged asphalt 

binders to study asphalt recycling or rejuvenation. 

Even during the SHRP era, however, researchers have recognized that different 

aging conditions affect the oxidation kinetics of asphalt binders (Anderson and 

Kennedy 1993, Anderson et al. 1999), which further affect the chemical products 

generated during the aging process as well as the rheological properties of the binders 

(Petersen 2009). It is generally agreed that asphalt binder aging follows a dual oxidation 
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mechanism (Peterson et al. 1998): It initially experiences a fast aging rate (ñspurtò 

reaction stage), and then enters a slow aging stage with a constant aging rate if the aging 

condition remains the same. PAV, which aims to simulate the second-stage aging, has 

become a universal standard for accelerating asphalt binder aging. There are two 

distinctive advantages of using PAV for simulating long-term aging: 1) The 

experimental time can be significantly reduced to one day, and 2) it is safer to operate 

as compared with using pure oxygen to accelerate the aging process. 

The fundamental question regarding laboratory simulation of the long-term 

asphalt binder aging, however, still remains to be answered. In addition, more questions 

are surfaced in recent years concerning the use of PAV to simulate the long-term aging.  

Firstly, it is argued that aging products generated by PAV are different than those 

generated during the natural aging process (Peterson and Glaser 2011). For instance, 

alcohol functional groups are believed to be formed during natural aging while not 

likely to be formed in PAV aging; and the alcohol products are believed to affect the 

rheological properties of aged asphalt binders. Consequently, PAV may not be able 

realistically distinguish the true aging susceptibility of asphalt binders in field 

conditions.  

Secondly, the 20-hour aging treatment by PAV may be inadequate to cover the time 

span of field pavement aging. It is generally believed that the RTFO/PAV aging 

treatment process can simulate binder field aging within several years (Branthaver et 

al. 1993). A recent study showed that binder aging state created by RTFO/PAV is 

equivalent to the aging state of an asphalt binder after being aged for 8 years at 75 mm 

depth from pavement surface (Qin et al. 2014). However, the concept and practice of 

long-life pavement or perpetual pavement have gained popularity in recent decades. 

The expected life span of such pavements is over 40-50 years. Compared to other 

pavement types, the long-life or perpetual pavements are found to be more economical 

and sustainable. Information obtained from PAV aging may not forecast how an asphalt 

binder behaves in much extended service time. Yet, knowing the aging sucepbility of 

asphalt binders used in long-life or perpetual pavments is critical for ensuring its long-

term durability. 
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Last but not least, PAV as part of the SuperpaveTM systems only aims to provide 

limited information on binderôs properties at fixed test temperatures and frequencies. 

With the wide acceptance of mechanistic-based pavement design procedures, the 

mechanic properties of asphalt mixtures at different temperatures and frequencies are 

needed. This further demands information on binderôs rheological properties at 

different temperatures and frequencies. For instance, several models have been 

developed to predict asphalt mixturesô dynamic moduli using bindersô complex shear 

moduli and phase angles as inputs (e.g., Witczak 2007, Kim 2011). Although asphalt 

binders treated by PAV may be tested at different temperatures and frequencies, only 

information associated with one aging state of the binders can be obtained. It is 

unknown how the comprehensive rheological properties of the asphalt binders evolve 

with aging or usage time. 

In view of the above challenges, this study aims to investigate: 1) How different 

aging conditions affect the rheological properties of asphalt binders and 2) feasibility 

of predicting the changes in asphalt bindersô rheological (dynamic shear) properties 

with aging. These questions are believed to be fundamentally important for asphalt 

pavement research and practices.  

In this study, aging simulations were conducted on asphalt binders from different 

crude oil resources. Three aging treatments were used: 1) long-term aging in an 

environmental chamber at about 60 oC and in the atmospheric air, 2) accelerated aging 

in an autoclave at about 70 oC with pressurized pure oxygen, 3) accelerated aging in 

PAV at about 100 oC with pressurized air. To avoid the interference of ultraviolet light, 

all the aging treatments were conducted in dark environments. To achieve severe aging 

states for the asphalt binders, aging time was prolonged to a maximum of 1.5 years, 28 

days, and 60 hours for the three aging treatments, respectively. Samples were taken at 

different time points during the aging process and analyzed for chemical and 

rheological property changes. The above severe aging treatments are seldom performed 

in existing asphalt binder aging studies. The results obtained from the systematic 

investigation are expected to help gain insights into asphalt binder aging in different 

conditions, refine the methods for long-term asphalt binder aging simulation, and 
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predict asphalt binder property changes during the aging process. It is noted that only 

neat (non-modified) asphalt binders are investigated in this study. 

 

2.2 Materials and Experiments 

2.2.1 Rheological properties of virgin SHRP asphalt binders 

Four SHRP core asphalt bindersðAAD-1, AAG-1, AAM-1, AAK-1 and a local asphalt 

binder with a penetration grade of 60/70 (PG64-16) were used. Since the SHRP core 

asphalt binders have been stored for more than 20 years, it is suspected that their 

chemical and physical properties may be substantially changed even if they are stored 

in dark and sealed containers. Therefore, the chemical and rheological properties of the 

four SHRP binders were re-tested and regarded as the virgin state in this study. A 

comparison of the rheological properties of the SHRP asphalt binders with those 

reported in SHRP-A645 (Jones 1993) is shown Table 1. It suggests that the complex 

shear modulus G* and the rutting indicator G*/sinŭ have been significantly increased 

for AAK and AAM, indicating the AAK and AAM binders were physically aged during 

the storage period. An interesting result found in AAD and AAG binders is that although 

their high temperature performance grade both increased a level, the complex modulus 

at 60 , 10 rad/s in current binder is much less than the value in SHRP reference. This 

difference shows that the viscoelastic property of AAD and AAG binder is largely 

changed, which may be caused by some chemical transformation. 

 

Table 1 Change of rheological properties between reference and current state of four 

SHRP binders 

 PG Grade 

G* (kPa), 60 , 

10 rad/s 

ŭ (Á), 60 , 10 

rad/s G*/sinŭ, kPa, 64 

 

SHRP 

A645 

Current (high 

temperature 

only) 

SHRP 

A645 Current 

SHRP 

A645 Current 

SHRP 

A645 Current 

AAD 58-28 64 3.15 1.64 81.7 76.4 0.69 1.02  

AAG 58-10 70 8.17 2.76 88.2 89.4 1.24 1.52  
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AAK 64-22 64 5.45 10.23 80.0 79.9 1.78 6.44  

AAM 64-16 64 3.78 6.74 84.0 82.5 1.15 4.20  

 

2.2.2 Aging treatments of virgin asphalt binders 

As detailly introduced, three procedures were designed to simulate long-term 

asphalt binder aging. Before the long-term artificial aging was conducted, RTFO 

treatment was applied to each of the binders according to ASTM D2872. After RTFO 

treatments, the binders were weighed and placed into steel containers, yielding a 

uniform thin sample of about 3.1 mm thick.  

A warm chamber was used for the first aging method. The chamber was kept 

closed yet ventilated during the entire aging process. Each binder sample was equally 

divided into four portions and taken out for test in the 6th, 12th, 15th, 18th month, 

respectively. This aging method intends to simulate binder oxidation in the atmosphere 

air and at field temperature; therefore, the first aging condition is referred to as ñnatural 

agingò.  

An autoclave similar to pressure oxidation vessel (POV) was used for the second 

aging method. The aging pressure was fixed at 0.5 mPa with pure oxygen and the 

temperature was set to 70ÁC by using an oil bath. The actual temperature ranged 

between 67ÁC to 73ÁC. RTFO-treated samples were divided into triplicates and taken 

out for test on the 14th, 21th, 28th days, respectively. Oxygen was replenished and 

pressurized to the target pressure every time after the samples being taken out.  

PAV was used for the third aging method. PAV treatments were performed for the 

five asphalt binders at 100ÁC in accordance with ASTM D6521. The RTFO-treated 

samples were divided into triplicates and were aged for 20 hours, 40 hours and 60 hours, 

respectively. 

 

2.2.3 Test of the rheological properties by using a DSR 

Anton Paar MCR 702 TwinDriveÈ Rheometer was used for testing the rheological 

properties of the binder samples. The binder grading and frequency sweep tests were 

conducted in accordance with AASHTO T315. Amplitude sweep was first conducted 
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to identify the linear viscoelastic range of each sample. In frequency sweep, tests were 

conducted from 4  to 64  with an equal increase of 12 . Eleven frequencies 

ranging from 0.1 to 10 Hz were used at each temperature level.  Using the test data, 

master curves were obtained based on the time-temperature superposition principle. 

The selected reference temperature Tr is 25 . A special case is the AAK asphalt binder 

after 18 months of natural aging. The binder became so brittle that the rheometer may 

not be able produce reliable results at 4ÁC and 16ÁC even using a 4 mm parallel plate. 

A summary of the plate used and test temperatures for the samples is shown in Table 2.  

 

Table 2 DSR test configuration and the corresponding temperature 

Sample Test Plate 

Diameter 

Test Gap Test 

Temperature 

Virgin and RTFO samples of five 

binders 

25mm 1mm 52ÁC, 64ÁC 

8mm 2mm 4ÁC to 40ÁC 

Natural aged samples 

AAK 18-month aged binder* 

8mm 2mm 4ÁC to 64ÁC 

4mm 1.75mm 28ÁC to 88ÁC 

Autoclave aged samples 8mm 2mm 4ÁC to 64ÁC 

PAV aged samples 8mm 2mm 4ÁC to 64ÁC 

 

Note: *AAK asphalt binder after 18 months of natural aging became so brittle that the 

rheometer may not be able produce reliable results at 4ÁC and 16ÁC, even a 4 mm 

parallel plate being used. 

 

2.3 Results and Discussion 

2.3.1 Comparisons of the aging extent generated by the different aging methods 

The extent of asphalt binder aging is represented by the following three parameters: 

G*ĬSin ŭ (Temperature=28 and Angular Frequency ɤ=9.96 rad/s), G*/Sin ŭ 

(Temperature=60 and ɤ=9.96 rad/s), and ductility derived from the DSR test data. In 

SuperpaveTM, G*ĬSin ŭ indicates asphalt binderôs fatigue resistance in intermediate 

temperatures, while G*/Sin ŭ indicates the binderôs rutting resistance at high 
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temperatures. Recently, several researchers have proposed the use of binderôs ductility 

value derived from DSR test data to represent its aging-related durability (Glover et al. 

2005, Wang et al. 2014). The ductility of aged asphalt binder is found to be strongly 

correlated to a rheological parameter Gô/(ɖô/Gô), namely DSR function, where ɖô is 

binderôs dynamic viscosity and Gô is its storage modulus (Ruan et al. 2003). The 

measured DSR data in this study was converted to the equivalent ɖô and Gô values at 15 

oC and 0.005 rad/s, which were further used to estimate binder ductility (Glover et al. 

2005).  

The three parameters obtained for the five types of asphalt binders at different 

aging conditions are shown in Fig. 1. Also shown in Fig. 1(c) are the derived binder 

ductility data from the bottom layers of two field pavements: one used for 36 years 

(TM36) and the other used for 29 years (Tolo29). The field data serve as a reference for 

comparison.  

Several observations can be made from the data: 

(1) As expected, aging consistently drives up the values of G*ĬSin ŭ and G*/Sin ŭ 

while reduces the values of derived ductility for all the tested binders. In each 

figure, the trends of G*ĬSin ŭ and G*/Sin ŭ are similar, which are opposite to 

the trend of the derived ductility.  

(2) For the Pen 60/70 asphalt binder, both aging in autoclave for 28 days and aging 

in PAV for 60 hours cannot reach the severity of field aging for pavements that 

served for a long period of time, as judged from the derived ductility (Note that 

the Pen 60/70 binders extracted from the field (Tolo29) and used in the 

laboratory tests are from a same asphalt supplier).  

(3) For all the asphalt binders, natural aging (without high pressure and high 

temperature) of 18 months results in the most severe aging state, as judged from 

all the three aging indicators. 

(4) It appears that different binders react to aging conditions differently. For 

instance, for the Pen 60/70 binder, the severity of natural aging for 6 months 

surpasses the aging severity created by autoclave for 28 days and by PAV for 60 

hours; for AAD, the severity of natural aging for 15 months is close to the aging 
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severity created by PAV for 60 hours (G*ĬSin ŭ and derived ductility). Hence, 

aging conditions affect the apparent aging susceptibility of the binders. 

 

 

(a) 

 

(b) 
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(c) 

Figure 1 Comparison of aging-related parameters for the 60/70 asphalt binder treated 

at different aging conditions 

 

 

(a) 
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(b) 

 

(c) 

Figure 2 Comparison of aging-related parameters for the AAD asphalt binder treated 

at different aging conditions 
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(a) 

 

(b) 

 

(c) 

Figure 3 Comparison of aging-related parameters for the AAG asphalt binder treated 
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at different aging conditions 

 

 

(a) 

 

(b) 
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(c) 

Figure 4 Comparison of aging-related parameters for the AAK asphalt binder treated 

at different aging conditions 

 

 

(a) 
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(b) 

 

(c) 

Figure 5 Comparison of aging-related parameters for the AAM asphalt binder treated 

at different aging conditions 

 

2.3.2 Sensitivity of asphalt binder to the different aging methods 

The sensitivity of asphalt binder aging (in terms of derived ductility) with aging 

treatment methods is presented in Fig. 6. If six months of natural aging is considered, 

aging susceptibility of the five types of binders, rated from low to high, is: 

AAK>AAM>60/70>AAD>AAG. If 14 days of autoclave aging is considered, aging 

susceptibility of the five types of binders, rated from low to high, is: 

AAM>AAK>AAD>60/70>AAG. If 20 hours of PAV aging is considered, aging 
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susceptibility of the five types of binders, rated from low to high, is: 

AAK>AAM>AAD>60/70>AAG. Note that the most extreme aging severity is not 

discussed because the above conditions are more likely encountered in field pavements. 

It seems that different treatment methods generate different ratings on the apparent 

aging susceptibility of the binders, although the best and the worst binders identified 

from the natural aging and PAV aging are the same. 

Fig. 6 also reveals that the slopes of ductility changes with treatment time also 

vary with treatment methods. The slope of the AAG binder is the steepest for all the 

aging treatment methods. However, the second steepest slope is AAD for natural aging, 

60/70 for autoclave aging, and AAD for PAV aging. The differences in the slopes also 

imply that different aging treatment time may provide different results on the aging 

susceptibility of the binders. 

 

 

(a) Natural aging 



48 

 

(b) Autoclave aging 

 

(c) PAV aging 

Figure 6 Comparison of the sensitivity of asphalt binder with aging treatment methods 

 

2.3.3 Changes in performance-related binder properties with aging time 

Since aging treatment of asphalt binders in approximately natural conditions are 

time consuming, it is worthwhile to examine the trend of performance-related binder 

property changes with aging time and the possibility to predict such property changes 

based on data from a short time span. Only asphalt binders treated by the natural aging 

conditions were used for analysis. The G*ĬSin ŭ (an indicator of fatigue resistance 

according to SuperpaveTM) and the ductility values of the binders after RTFO treatment 

and after natural aging treatments are presented in Fig. 7. 
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Several researchers report that asphalt binder aging follows a ñdualò aging 

mechanism: It includes a ñspurt reactionò stage in which binder oxidization occurs 

rapidly and a long-term aging reaction stage in which binder oxidization takes place 

slowly and almost follows a linear trend with time (Peterson 2009). The ñdualò aging 

mechanism has also been extensively discussed from the perspective of chemical 

oxidization kinetics and demonstrated from the generated oxidation products (Peterson 

and Glaser 2011). Using asphalt binderôs properties after RTFO as the starting points, 

it appears that the aging rates before and after the first 6 months are quite different. The 

G*ĬSin ŭ values increase more rapidly in the first 6 months for the binder 60/70 and 

AAM, while for the rest of the binders the values increase slower in the first 6 months. 

Conversely, for all the asphalt binders, the derived ductility values decrease more 

rapidly in the first 6 months and decrease much slower afterwards. In addition, after the 

first 6 months, the derived ductility values approximately change linearly with aging 

time. Therefore, it appears that derived ductility is more consistent with the ñdualò 

aging mechanisms. It is also believed by some researchers that derived ductility better 

reflects the durability loss of the asphalt binder (Glover et al. 2005). In view of the high 

linearity of the derived ductility changes with time after the initial stage, it may be 

possible to firstly age an asphalt binder in an accelerated method to pass the ñspurt 

reactionò stage and then to age the binder in a more natural condition for a short period 

of time to predict its long-term ductility loss. 

 

 

60/70 
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AAD 

 

AAG 

 

AAK 

 

AAM 

Figure 7 The trends of asphalt binder aging with time 
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2.3.4 Changes in binder properties at different test temperatures and frequencies  

2.3.4.1 Linear viscoelastic models 

Master curves are commonly used to describe the linear viscoelastic behaviors of 

asphalt binders. As illustrated in Fig. 8, it is summarized by Anderson et al. (1994) that 

four parameters are needed to fully characterize the linear viscoelastic properties of 

asphalt binders: First, the glassy moduli, Gg, which is the complex modulus of asphalt 

binder at low temperatures and very high frequency or short loading time. Overall, the 

glassy modulus is close to and can be assumed as 1 GPa. The second parameter is the 

steady-state viscosity, ɖ0, which is approximated as the limit of the dynamic viscosity 

when its phase angle approaches to 90Á. The linear tendency line of master curve at low 

frequency is usually referred to as the viscous asymptote. Thirdly, the crossover 

frequency, ɤc, which is the corresponding frequency at a given temperature where phase 

angle is 45Á. And the last determinate parameter is the rheological index, R value, which 

is the difference between glassy modulus and the complex modulus at the crossover 

frequency: R = log|Gg| - log|Gɤc|.  

 

 

Figure 8 Typical dynamic master curve for asphalt binder (Anderson et al. 1994) 

 

In constructing a master curve, the rheological properties (e.g., G* or ŭ) of an 

asphalt binder are measured in its linear viscoelastic range and at multiple temperatures 
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and frequencies. The time-temperature superposition principle (TTSP) is then used to 

shift the measured values at different temperatures to a reference temperature by 

changing the corresponding frequencies. The master curves can not only be used to 

determine the rheological properties not directly tested at the reference temperature, but 

also be used to estimate the rheological properties at other temperatures based on TTSP. 

Over the years, various models have been developed to characterize the master 

curves. A popular model is the Christensen-Anderson model (Christensen and Anderson 

1992), as shown in Eq. 1.  

ȿG*(ɤ)ȿ=Gg 1+(ɤc/ɤ)
log2/R-R/log2

                                                                   (Eq. 1) 

For the phase angle, ŭ, the following equation applies:  

ŭɤ=90/[1+ɤ/ɤc
log2/R]                                                                           (Eq. 2) 

Where ŭ(ɤ) is the phase angle in degrees, at frequency ɤ rad/s. 

Since Gg is typically assumed to be a constant, the master curves are dependent 

on only two parameters: the rheological index R and the crossover frequency ɤc. The 

master curves of the binder AAG at four aging states are shown in Fig. 9 as an example. 

Also depicted in the figures are the R value and log(ɤc). The figure suggests that as the 

asphalt binder is aged, the crossover frequency moves toward the left, while the 

corresponding R value rises due to the reduction in crossover modulus. The crossover 

frequency is inversely related to the characteristic relaxation time of the asphalt binder 

(Ű = 1/ɤc). The increase in the characteristic relaxation time is likely attributed to the 

aging-induced physicochemical changes of the asphalt binder, i.e., the increased 

viscosity of maltenes and the increased size and fractions of asphaltene microstructures. 

The R value and crossover frequency of each binder at different aging state were 

determined in this study.  
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.  

Figure 9 The master curves of origin, RTFO-treated and long-term aged AAG binder 

(Tr = 25 ) 

 

The relationships between R and log(ɤc) are shown in Fig. 10. For each type of 

asphalt binder treated at different conditions, the paired values of R and log(ɤc) are 

shown in the figure. In addition, the R and log(ɤc) values of all the binders treated at 

the natural conditions are shown in Fig. 11.  The following observations can be made 

from the figures: 

(1) Under a same aging treatment condition, the relationships between R and log(ɤc) 

are approximately linear for each asphalt binder. 

(2) For the same type of asphalt binder, the slope of R vs. log(ɤc) changes with 

aging treatment conditions. In particular, the slopes of R vs. log(ɤc) for PAV-

aged binders are much steeper than those for natural- or autoclave-aged binders. 

This implies that the shapes of master curves generated by PAV aging are 

different than those generated by natural aging, while shapes of master curves 

generated by autoclave aging and natural aging are similar. 

(3) Fig. 10 shows that the slopes of R vs. log(ɤc) for all the binders treated at natural 

aging conditions are quite similar. The slopes range narrowly from -0.22 to -

0.19, and R-squared values are very high for all the slopes. This is perhaps 

driven by the specific oxidation kinetics at the approximately natural aging 

condition. 

The direction of aging 
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Figure 10 Relationships between R and log ɤc for each asphalt binder 

 

 

Figure 11 Relationships between R and log(ɤc) for all the binders treated at ñnaturalò 
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aging conditions 

 

For the asphalt binders subject to natural aging, the changes of the R and log(ɤc) 

values with time are shown in Fig. 12 and Fig. 13, respectively. It appears that the R 

and log(ɤc) values increase approximately linearly with aging time. The growth rate of 

R value (or the decrease rate of log(ɤc)), however, varies with asphalt binder type. 

Because of the linear fashion of the changes of R and log(ɤc) values with time, one may 

predict how the master curve changes with time by using test data obtained from a 

relatively short period of time. 

 

 

Figure 12 The changes of R value with time for asphalt binders treated under 

ñnaturalò conditions 
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Figure 13 The changes of log ɤc value with time for asphalt binders treated under 

ñnaturalò conditions 

 

2.3.4.2 Time-temperature superposition 

Shift based on time-temperature superposition principle (TTSP) is needed to 

obtain an asphalt binderôs rheological properties at temperatures and frequencies other 

than those in the master curve. A commonly used TTS equation is the WLF law:  

log(
ɖT

ɖTr
)=-C1

T-Tr

C2+T-Tr
                                                                               (Eq. 3) 

where ɖ(T) and ɖ(Tr) are binder viscosity at temperature T and referenced temperature 

Tr, C1 and C2 is the constant in WLF law.  

Although Eq. 3 uses viscosity, the equation is applicable to other rheological 

properties as well, including the complex shear modulus G*, phase angle ŭ, etc. In this 

paper, G* is used for illustration purpose. To predict the changes in G* at various 

temperatures and frequencies as asphalt binder ages, it is necessary to examine the 

changes in C1 and C2 during the binder aging process. Such information is presented in 

Fig. 14. For each type of the asphalt binder, the figure shows the changes in C1 and C2 

with time at three aging conditions and the relationships between C1 and C2. In addition, 

the relationships between C1 and C2 for all the asphalt binders subject to all the 

treatment methods (after RTFO) are combined and shown in Fig. 15. The following 

observations can be made from the figures:  
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(1) Under different aging conditions, both C1 and C2 values (excluding the RTFO 

treated samples) appear to increase linearly with aging time, except for the first 

data point of the binder 60/70 and the last data point of the binder AAK under 

natural aging conditions.  While the first data point of the binder 60/70 may not 

have passed the fast aging stage according to the ñdualò aging mechanism, the 

last data point of the binder AAK was too brittle to be measured accurately as 

noted in Table 3.  

(2) Fig. 15 suggests that C1 and C2 follow a linear relationship. Asphalt binder type, 

treatment method, and treatment time appear to have little influence on the 

linear relationship between C1 and C2.  If the data points from the two most 

severe aging states (18 months of natural aging and 60 hours of PAV aging) of 

the binder AAK are removed as outliers, the following regression equation can 

be obtained to depict the general relationship between C1 and C2: 

C2=7.36C1+23.658, R2=0.9533                                                                  (Eq. 4)  

 

 

  

Binder 60/70 
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AAD 

 

 

AAG 
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AAK 

 

 

AAM 

Figure 14 Changes of C1 and C2 with treatment time and method and the relationships 
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between C1 and C2 for each asphalt binder 

 

 

Figure 15 Relationships between C1 and C2 for all the asphalt binders subjected to all 

the treatment methods (after RTFO) 

 

Because of the good linear relationship between C1 and C2, if the change of C1 

with time is obtained, the change of C2 with time can also be easily obtained (Eq. 4).  

For different asphalt binders, the changes in C1 with time under ñnaturalò aging 

conditions are shown in Fig. 16, which indicates that the changes in C1 with time 

generally follow a linear relationship. Therefore, it is possible to predict the C1 and C2 

values based on limited test data. 
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Figure 16 Changes of C1 with time under ñnaturalò aging conditions (Note that the 

data point for AAG with 18 months of aging is removed) 

 

2.3.4.3 The prediction of rheological properties within the linear viscoelastic range 

As discussed above, several findings are made regarding the rheological model 

(Eq. 1) that characterizes the master curves and the WLF equation (Eq. 3) that specifies 

TTSP. During the long-term aging of asphalt binders, the R value increases with aging 

time, and there is a very good linear relationship between the R value and log (ɤc). The 

changes in R values with aging time not only depend on binder type, but also on 

treatment method. However, for a same type of asphalt binder, after it passes the ñspurtò 

reaction stage, the R value grows linearly with time. Therefore, an asphalt binder may 

be first aged using an accelerated method; once it has passed the ñspurtò reaction stage, 

the binder may be further aged in a more ñnaturalò condition within a limited time. Test 

data on the treated binder can then be used to predict the long-term changes of R values 

and log (ɤc), which can be further used to estimate the master curve of the binder. 

The findings also reveal that the C1 value in the WLF equation approximately 

grows linearly with aging time, and there is a very good linear relationship between C1 

and C2. In fact, the linear relationship between C1 and C2 is not affected by aging 

treatment methods or binder types. Therefore, once the aging of the binder passes the 

ñspurtò reaction stage, one can use the test data to predict the changes in C1 and C2, 

based on which the rheological properties (e.g., G* and ŭ) at different temperatures and 

test frequencies (within the linear viscoelastic region) can be determined. 

The prediction procedure may be illustrated through an example. Assume that the 

binder AAM has been first aged to pass the ñspurtò reaction stage (e.g., using PAV at a 

reduced temperature and/or time). During the long-term aging process, one may use a 

thin film aged in a more natural condition to obtain the changes in R and ɤc with time, 

such as the linear model obtained in this study: 

R = 0.0433t + 2.7655 (Tr=25)             (Eq. 5) 

Log (ɤc) = -0.2122t + 0.5832 (Tr=25)                                                    (Eq. 6) 

Where R is the R value, ɤc is crossover frequency, and t is aging time in months. 
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Based on the predicted R value and ɤc, one can obtain the master curves of 

complex modulus and phase angle of the binder at different aging treatment time using 

the Christensen-Anderson model, as illustrated in Fig. 17 and Fig. 18.  

 

 

Figure 17 Prediction of complex modulus of aged AAD binder using CA model 

 

 

Figure 18 Prediction of phase angle of aged AAD binder using CA model 

 

One may further decide the change of the C1 value with aging time:  

C1 = 0.9832t + 11.463 (Tr=25)                         (Eq. 7) 

One may decide the C2 value using a separate regression equation. However, 

according to Fig. 15, C2 can be predicted from C1 with high accuracy. Therefore, one 
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may determine C2 from the Eq. 4. C1 and C2 values can be used to generate the shift 

factors at different temperatures based on the WLF equation. Hence, the master curve 

at the reference temperature can be used to generate the master curves at other 

temperatures, as illustrated in Fig. 19. It shows that the predicted values and the tested 

values match reasonably well. 

 

 

Figure 19 The predicted G* at different temperatures and frequencies for the binder 

AAM after 6 months ñnaturalò aging 

 

The rheological properties of an asphalt binder at any aging state and any 

temperature can be predicted based on three relationships: 1) the change of R value 

with time, 2) the change of ɤc with time (although R and ɤc are well correlated for a 

same type of asphalt binder aged in a specific condition), 3) The change of C1 or C2 

with time. The prerequisites are that the aging process has already passed the ñspurtò 

reaction stage and aging treatment is under a constant condition. Similarly, one can 

identify the trends of R, ɤc, C1 or C2 with time at other aging treatment temperatures. 

Such information may be used with temperature distributions in field pavements and 

mixturesô characteristics to predict the evolution of binder properties in the field. 

 

2.3.5 Development of a physical aging index regardless of time and temperature 

In most studies, specific physical properties to measure the aging extent of asphalt 
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includes: 1. High temperature parameter such as absolute viscosity and softening point, 

2. Intermediate temperature parameter, for example, penetration and ductility. However, 

these parameters cannot well reflect a more fundamental property of asphalt physical 

nature, e.g., the stiffness of asphalt binder. During SHRP period, a series of physical 

indicators were developed for asphalt according to the test of dynamic shear rheometer 

(DSR) or dynamic mechanical analysis (DMA). Commonly used parameters include 

the fatigue factor, G*ĬSin ŭ, the rutting factor, G*/Sin ŭ, the loss factor, tan ŭ, the 

dynamic complex compliance, J*, and the dynamic viscosity, ɖ*. Still, these parameters 

that obtained from the oscillation tests are time-temperature dependent. Thus, the 

characteristic properties for asphalt physical hardening during aging is usually selected 

using above parameter at a given temperature or frequency, e.g., the fatigue parameter 

G*ĬSin ŭ at 28  and 10 rad/s, the rutting factor G*/Sin ŭ at 64  and 10 rad/s. Later, 

a few derivate indicators of the SHRP parameters were developed that proved to be 

closely connect with the asphalt durability, cracking and rutting parameters. For 

instance, widely acknowledged parameters include the DSR function, Gô/ (ɖô/ Gô) 

(Glover et al. 2005) and the Glover-Rowe parameter, G* (cosŭ)2/sinŭ (Rowe 2011).  

As a single frequency sweep test at a given temperature or a single temperature 

sweep at a determined frequency (as known as the gradation test) of asphalt sample is 

not adequate to character its whole viscoelastic behavior. Therefore, two techniques are 

developed to link the test data fragments and form a continuous properties curve for 

asphalt binder. Firstly, the most widely used method is by construction of the master 

curve, of which a shift factor is applied to the dynamic mechanical data according to 

time temperature supposition principle and follows by a formation of smooth functions. 

As investigated in this study, the aging of asphalt results in a both horizontal and vertical 

shifting of the master curve. The second widely utilized method is the black space curve, 

which is constructed by drawing the phase angle versus the complex dynamic modulus. 

According to Rowe (Rowe 2011), the black space plot is useful for understanding the 

material change with aging, and it is found that the shift of black space plot is correlated 

to the change of R value during asphalt aging. Nevertheless, how to measure the aging 

quantitatively by the shifting of master curve or black space plot is questionable.  
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Therefore, the most critical problem in understanding the physical aging of asphalt 

becomes that whether does the shape of the master curve or black space curve change 

or not during asphalt long term aging? If there is a significant variation of the curve 

shape brought by the asphalt aging, it will be mathematically hard to define the shifting 

of master curve or black space curve. 

As introduced, the four parameters defining the master curve include: 1. The 

glassy moduli, which is normally close to 1 GPa in shear loading, 2. The steady-state 

viscosity, which is also an asphalt specific parameter which is approximated as the limit 

of the dynamic viscosity at low frequency. 3.R Value and 4. Crossover frequency. So 

far, we observed that the R value and crossover frequency shows a liner relationship for 

asphalt binder during aging at a constant condition. And the slope depends both on the 

asphalt types and specific aging environments.  

As introduced, R and ɤc are the two critical parameters to characterize the shape 

of master curve. An example is the CA model, the master curve is charactered only by 

the R and ɤc. Generally, R value represents the characteristic stiffness (Y-axis position) 

and ɤc represents the characteristic reduced frequency (X-axis position). Depending on 

the finding of a linear relationship between R value and ɤc during asphalt aging, it is 

reasoned that under a specific aging condition, the main master curve of aged asphalt 

can be shifted back to the master curve of the virgin asphalt binder, and conversely the 

master curve of the virgin binder can be shifted to a location at any aging state according 

to the R-ɤc relationship.  

An example of the shifting of master curves is shown in Fig. 20. Fig. 20 shows the 

master curves of virgin AAM binder and 20-hr, 40-hr and 60-hr PAV aged AAM binders. 

The master curves of PAV aged binders are shifted according to the method listed in 

Table 3. It is found that a smooth integrated master curve can be re-constructed which 

superposes and extends the master curve of the virgin binder. Note that the shifted 

master curve of PAV aged binder is not perfectly superposed with the master curve of 

the virgin binder. As observed, the stiffness of shifted master curve of PAV binder at 

low reduced frequency is a little higher than the master curve of virgin binder. This is 

due to the increase in the steady-state viscosity (as known as the slope of master curve 
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approaching lowest frequency) of asphalt binder after aging.  At the meantime, it shows 

that at higher frequency, the mater curve shifted from the different PAV aged asphalt 

binders are not completely overlap with each other either. This finding indicates that 

the glassy modulus may not keep at a constant e.g., 1Gpa, during asphalt aging and 

therefore, time-temperature superposition principle may not apply to the asphalt at the 

extreme temperature or time.  

Above result indicates that in addition to the horizontal and vertical shifting, 

asphalt aging also causes the change of radian of the master curve. Overall, this kind of 

change is slightly occurred at higher and lower frequencies. Thus, the shape of master 

curve basically will not change during continuous aging treatments. This finding 

indicates that the master curve is not only the fingerprint for the rheological property 

of a specific virgin binder, but also the rheological fingerprint for all its oxidized sample.  

 

 

Figure 20 The shifting of master curve of PAV aged AAM binders to the master curve 

virgin AAM binder (Td = 25 ) 
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Table 3 Shifting methods of master curve of PAV aged AAM binder to virgin AAM 

asphalt binder 
 

Reduced frequency Complex modulus* Shift coordinate 

Pav 20hr log ɤc Virgin - log ɤc PAV 20hr=1.615 RPAV 20hr - RVirgin=0.538 (+1.615, +0.538) 

Pav 40hr log ɤc Virgin - log ɤc PAV 40hr=2.945 RPAV 40hr - RVirgin=0.937 (+2.945, +0.937) 

Pav 60hr log ɤc Virgin - log ɤc PAV 60hr=3.839 RPAV 60hr - RVirgin=1.143 (+3.839, +1.143) 

*G(ɤc) =9-R, thus G1-G2=(9-R1) -(9-R2) =R2-R1=0.3016(ɤc1-ɤc2) 

 

According to the linear relationship of R and log ɤc discovered in this study: 

2  ! ÌÏÇʖÃ  "                                                                                                 (Eq. 8) 

We define a shift index of the master curve to represent the aging degree: 

)   ʖÃ ʖÃ 2 2  Ѝρ ὃ ʖÃ ʖÃ

 ρ  2 2                                                                                                                           (Eq. 9) 

 

As shown in Eq. 9, the shift factor is determined as the shifting distance between 

master curve of aged binder and the master curve of virgin binder. Thus, the aging 

degree of an asphalt binder can be simply determined by constructing a master curve 

and calculating its R value and crossover frequency without knowing the R-log ɤc 

coefficient A. For an asphalt binder aged under a constant aging condition, the aging 

degree is proportion to the difference of crossover frequency or R value change. Results 

of aging shift index for all the aged binders in this study are calculated and shown in 

Table 4. It is found that AAG and Pen 60/70 binder have the relative lowest increasing 

rate of aging shift factor during the three aging treatment, indicating that AAG and Pen 

60/70 binders are most tolerable to physical age hardening. On the contrary, AAD and 

AAK binders show the highest increasing rate of shift factor and thus are most sensitive 

to physical aging. Therefore, the aging shift index is proved to be a suitable indicator 

that can universally apply to different type asphalts without specific temperature or time 

condition. However, more works on validation of the rationality and accuracy of this 

indicator are needed in the future study. 
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Table 4 Aging shift index of different aging process treated asphalt binders 

Binder RTFO Natural aging, month 

Autoclave aging, 

day PAV aging, hour 

6 12 15 18 14 21 28 20 40 60 

AAD 1.08  2.41  3.89  6.18  6.71  2.63  3.05  3.45  2.46  4.28  6.11  

AAG 0.39  1.36  1.82  2.14  2.44  1.32  1.54  1.82  1.14  1.60  1.94  

AAK 1.33  2.56  4.92  5.47  8.62  2.16  2.94  3.87  1.61  3.45  4.99  

AAM 0.56  3.05  4.07  4.82  5.67  2.86  3.19  3.52  1.70  3.09  4.01  

6070 0.31  2.56  3.03  3.43  4.23  1.34  1.78  2.08  1.42  2.15  2.51  

 

2.4 Conclusions 

Asphalt binder aging is a key issue for asphalt pavements and has been extensively 

studied. At present, rolling-thin film oven (RTFO) is commonly used to simulate the 

short-term aging process of asphalt binder, while pressure aging vessel (PAV) is 

commonly used to simulate the long-term aging process. It has been recognized, 

however, that the physicochemical properties of asphalt binders are affected by aging 

treatment conditions. A systematic study was performed to investigate the effects of 

aging conditions on asphalt binder properties. Three long-term aging treatment methods 

were applied to five types of asphalt binders at various durations. Key findings of the 

study are summarized below: 

1. There is an interactive effect between the aging methods and the apparent aging 

susceptibility of asphalt binders. Aging susceptibility assessed by a PAV may 

not agree with aging susceptibility assessed by a more ñnaturalò condition (i.e., 

without high pressure or high temperature). 

2. Thin-film aging under a more ñnaturalò condition is quite effective in 

accelerated aging treatment. 

3. In using the Christensen-Anderson model to characterize asphalt binders, the 

relationships between R and log(ɤc) are approximately linear for each type of 
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asphalt binder under a same aging treatment condition, but the slope of the linear 

relationship varies with aging treatment conditions and binder types. 

4. In using the WilliamsïLandelïFerry (WLF) equation to characterize the time-

temperature superposition of asphalt binders, C1 and C2 follow a linear 

relationship (C2=7.36C1+23.658 ), regardless of asphalt binder type, aging 

treatment method, and treatment time. 

5. Once the long-term aging of an asphalt binder has passed the ñspurtò reaction 

stage (under the theory of the ñdual aging mechanismò), the values of R, log(ɤc), 

C1 and C2 develop linearly with time if the aging condition remains the same. 

Therefore, it is feasible to use data obtained from limited aging treatment time 

to predict the evolution of the whole spectra of the asphalt binderôs viscoelastic 

properties with time. 
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CHAPTER 3. INFLUENCES OF AGING CONDITIONS ON THE 

FUNCTIONAL OXIDATION PRODUCTS OF ASPHALT BINDERS 

3.1 Background and Introduction 

3.1.1 The use of FTIR to identify the chemical functionalities in asphalt oxidation 

From chemical perspective of view, the aging of asphalt molecule is reflected in the 

change of functional groups. In the oxidation process, the virgin asphalt functional 

groups are substituted by the oxygen-containing functional groups. Simultaneously, the 

generation of polar functional groups dominants the physical hardening of asphalt 

(Peterson 2000, Peterson 2009). It is also known that similar chemical functionalities 

in different asphalt structural composition presents a similar effect on physical 

properties (Peterson 2009). Therefore, efforts have been made by researches to identify 

the chemical functional groups formed on asphalt oxidation and trace the evolution of 

the functional grouping during asphalt oxidation (Peterson 1986, Siddiqui and Ail 1999, 

Lu and Isacsson 2002). As shown in Fig. 1, A remarkable summary of the chemical 

functionalities in oxidized asphalt molecules is reported by Peterson (Peterson and 

Harnsberger 1998). 

 

 

Figure 1 Chemical functionalizes in asphalt formed on oxidative aging (Peterson and 

Harnsberger 1998) 

 

Fourier-transform infrared spectroscopy (FTIR) has long been applied as the 
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analytical technology to evaluate the aging of asphaltic materials, of which provides a 

good sensitivity of functional information. The principle of FTIR is the measurement 

of the molecular structure by the atom vibration and rotation (Smith 2011). FTIR 

provide high efficiency in distinguishing most of the hydrocarbon and heteroatom 

functional groups in asphalt and can perform both qualitative and quantitative analysis. 

However, despite the high accuracy and easy exploiting, one biggest shortcoming of 

FTIR is that the similar polar functionalities are overlapped in infrared spectra if no 

additional identification methods of asphalt are performed (Peterson 2009, Smith 2011). 

This issue will be discussed later in the analysis method of FTIR image. In summary, 

the commonly detected functional groups in FTIR spectra of asphalt can be sorted into 

three types: the aliphatic groups as shown in Table 1, the aromatic groups as shown in 

Table 2 and the oxygen-containing functional groups illustrated in Table 3. 

Note that although nitrogen-containing functional groups exists in most asphalt 

binder and they have potential influence on the asphalt oxidation, the relating 

functionality can be hardly to be observed in infrared spectra either due to the low 

concentration or from the overlapping of other functional groups. Thus, the nitrogen-

containing functional groups are not figured in the Table. 3. 

 

Table 1 Main hydrocarbon functional groups of asphalt binder in FTIR spectra 

 

 

 

 

Peak Position 

(cm-1) 

Functional groups 

 

Peak Position 

(cm-1) 

Functional groups 

 

2950-2925 C-H Aliphatic hydrogen 

Stretching vibration  

-CH3, -CH3 & -CH2 

2850-2825 C-H Aliphatic hydrogen 

Stretching vibration  

-CH2 

~1450 C-H Aliphatic hydrogen 

Stretching vibration  

-CH3, -CH3 & -CH2 

~1375 C-H Aliphatic hydrogen 

Stretching vibration  

-CH2 

~725 -CH2 Bending vibration 

-CH2 
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Table 2 Main aromatic functional groups of asphalt binder in FTIR spectra 

 

 

  

Peak Position 

(cm-1) 

Potential functional groups 

1620-1680 C=C Stretching vibration    

C=C  

1600-1580 Conjugated ring vibration 

C=C 

~875 

, ,  

1           2          3  

1. 1,3-disubstituted benzene 

2. 1,4-disubstituted benzene 

3. Penta-substituted benzene 

~805 

,  , , ,  

1           2          3        4          5  

1. 1,2-disubstituted benzene 

2. 1,3-disubstituted benzene 

3. 1,4-disubstituted benzene 

4. Tri -disubstituted benzene 

5. Tetra-substituted benzene 

~746 

,   

1          2  

1. Monosubstituted benzene 

2. 1,2-disubstituted benzene 
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Table 3 Oxygen-containing functional groups and potential aging products of asphalt 

binder in FTIR spectrum 

 

 

In most existing studies, a group of ketones (carbonyl bonding) and sulfoxides 

(sulfinyl bonding) are recognized to be the main aging products in asphalt oxidation. 

The two representative functional groups are the integration of the chemical 

functionality at about 1700 cm-1 absorption wavelength and the integration of the 

absorption band at about 1030 cm-1. The formation of ketones and sulfoxides are found 

to be dependent on temperature and oxygen pressure (Siddiqui and Ali 1999, Liu et al. 

1998). It is commonly agreed that ketone concentration is highly correlated to the 

physical properties of aged asphalt (Morian et al. 2011, Wang et al. 2014). While more 

recently studies suggest that both sulfoxides and ketones control the change of 

Peak Position 

(cm-1) 

Functional groups 

  

Potential 

Compounds 

~3260 

 

-OH (associated), Hydroxyl 

 

(sensitive to water/surface moisture) 

Carboxylic acid, 

Alcohol, 

Hydroxyl 

~1260, ~1300 C-O stretching vibration  

Tertiary alcohols Phenol 

Ether, Ester, 

Carboxylic acid, 

Alcohol, Phenol 

Hydroxyl 

~1160,  

~1080(seldom 

observed) 

C-O stretching vibration , Hydroxyl 

, Secondary alcohols 

 Primary alcohols 

(sensitive to water/surface moisture) 

Alcohol, 

Hydroxyl 

~1700  C=O stretching vibration 

,  

Carbonyl, 

Carboxylic acid, 

Anhydride, 

Ester 

~1030 Sulfoxide 

 

Sulfoxide 
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rheological characteristics in asphalt (Peterson 2009, Pan et al. 2012).  

The oxidation of asphalt is an auto-initiated radical reaction. Radical reaction is 

carried out by three steps: 1) the break of original bond; 2) the oxidation and 

polymerization of the unsaturated bond; and 3) the rearrangement of branched chains 

or rings. Since asphalt is a very complex organic mixture with varies chemical bonds, 

the reactive molecules of asphalt should have complex regioselectivity and chemo 

selectivity. For example, tertiary carbon, allyl carbon, and hydrogen atoms on the 

benzylic carbon are relatively high in activity and easy to be captured by oxygen. 

Briefly, the mechanism of asphalt long-term aging and the production of ketones and 

sulfoxides are illustrated as following, where Asp refers to the asphalt moiety of 

strongly associating components, R refers to the asphalt moiety of weakly associating 

components or hydrogen: 

 

1. Initiation of free radicals: 

                                    (Eq.1 & Eq.2) 

2. Increase of radical chains: 

                           (Eq.3) 

                                       (Eq.4) 

                                             (Eq.5) 

3-1. End of radical chains: Generation pathway of ketone 

                      (Eq.6) 
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                                       (Eq.7) 

3-2. End of radical chains: Generation pathway of sulfoxide and alcohol (1) 

                                                                (Eq.8) 

3-3. End of radical chains: Generation pathway of alcohol (2) 

                                               (Eq.9) 

3-4. End of radical chains: Generation pathway of ether 

                                         (Eq.10) 

 

Due to the oxygen from atmosphere, free radical is auto-induced (Eq. 1, 2) by 

oxygen. Then asphalt molecule chain will increase by loss of hydrogen atom and 

recombination of new asphalt moieties. The radical intermediate products are generated 

in the process of disproportionation reaction or radical rearrangement (Eq. 3, 4, 5). Eq. 

6 to Eq. 10 present the end of the chain reaction and the generation path of different 

aging products. Eq. 6 and 7 show the generation of ketones. The secondary hydro 

peroxides are attacked by peroxyl radicals, then followed by the splitting of the O-O 

bond and generation of ketones. Eq. 8 shows the generation path of sulfoxides. As 

illustrated, the ketone and sulfoxide are both formed from the hydroperoxide precursors. 

Eq. 9 and Eq. 10 present the generation of alcohols and ethers products. Both aging 

products are formed from the homolytic splitting of the O-O bond of hydroperoxides, 

following the step 4 and 5.  

Note that there are two pathways for the generation of alcohols. The first type 

alcohols are formed concurrently with the sulfoxide as shown in Eq. 8. Peterson 

(Peterson and Glaser 2011) reported that this type of alcohols is multifunctional because 

they located at large molecular agglomerates and will function as the polar groups. The 
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second type of alcohols are called the primary alcohol and the generation pathway is 

shown in Fig. 9. This groups of alcohols are attached in relatively small hydrocarbon 

side chains on aromatic ring and should have little influence on the asphalt viscosity 

(Peterson and Glaser 2011). 

Recently, alcohols are also noticed as a major product of asphalt aging. Peterson 

(Peterson and Glaser 2011) explained the generation of alcohols by a modified dual 

oxidation mechanism. It is concluded by Peterson that alcohols generate ña similar 

effect on viscosity increase as do the ketones.ò Lins (Lins et al. 2008) found the 

generation of ketones and alcohols during photodegradation process of hot-mix 

bitumen. Another recent study reported that alcohol, aldehyde and esters are identified 

at the same time in oxidized asphalt by FTIR (Yut and Zofka, 2011).  

These findings suggest that a variety of hydroxyl and single carbon-oxygen 

functional groups are formed during the aging of asphalt. The carbon-oxygen single 

bonding is existed in a variety of chemical classes such as ether, carboxylic acid, ester, 

methoxy and heterocycle. However, as illustrated in Table 3, these groups show similar 

absorption wavelength and overlap in the IR spectra. Therefore, the alcohol (hydroxyl 

groups) and ether (ether groups) are used as the two representative chemical 

functionalities in this study. 

 

3.1.2 Test and analysis methods of FTIR 

In FTIR measurement process, two modes are mostly applied to detect asphalt 

molecules. The first is the ñtransmission modeò, of which the infrared beam is 

penetrated through the thin film of asphalt specimen. Transmission mode is more 

widely applied in the earlier studies as it is the basic detection mode for most FTIR 

measurement. The shortcoming of the transmission mode is the preparation of asphalt 

thin film is relatively complicated and time consuming. Because it is difficult to prepare 

an asphalt film that thin enough to let the infrared beam totally penetrate. Therefore, a 

common method is by solvent casting the asphalt solution on the potassium bromide 

(KBr) plate. However, the evaporation of the solvent will bring further problems such 

as solvent residence, moisture absorption and film uniformity. Despite suffering from 
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the above disadvantages, an advantageous aspect of using transmission measurement is 

that it is good complied with the Beerôs law: 

ὃ  ‐ ὰ ὧ                                                                                                        (Eq.11) 

where A=absorbance, Ů=extinction coefficient, l=beam path length, c=molecular 

concentration.  

On the other hand, the FTIR measurement on asphaltic material in recent years are 

mostly by attenuated reflectance method (ATR) mode. ATR mode brings a much more 

convenient measurement way by directly contacting the asphalt sample with the internal 

reflection element (IRE) and thus can be without the help of any solvents. However, the 

major shortcoming of ATR measurement is that is does not produce a Beerôs law spectra 

(Glaser et al. 2015). The reason is that the depth of penetration into the asphalt sample 

in ATR mode is not only depends on the wavelength but also the index of refractive 

indices of test sample at the wave length (Glaser et al. 2015). Nunn (Nunn and 

Nishikida 2008) proposed the penetration length of ATR mode as: 

ÄÐ                                                                                         (Eq.12) 

where dp=penetration depth, ɖ1=refraction index of the prism, ɖ2=refraction index of 

the material, ɗ=incident angle. 

Therefore, researches have argued that the use of IR spectrum from ATR mode is 

unsuitable to study the asphalt oxidation due to 1. it does not obey the Beerôs law and 

2. the refraction index is different for different type asphalts. In addition, there are few 

researches existed to validate the deviation between the concentration of functional 

groups measured from ATR mode with the true concentration in asphalt molecules. 

Nevertheless, some efforts have been made to prove the feasibility and high precision 

of using ATR-FTIR for quantification of organic groups (Van and Kazarian 2004). And 

it is believed that the spectra form ATR mode can possibly well match the results from 

transmission test protocol if the Beerôs law can be accurately estimated by the 

penetration depth of the evanescent IR wave. 

In authorôs opinion, because by far there is also no existing verification of the 

accuracy of concentration from transmission mode with true value, the spectra obtained 
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from both measurement modes are still mainly used for semi-qualitative analysis of 

asphalt oxidation. A good practice is that one should never compare the spectra from 

transmission mode and spectra from ARM mode together and should never compare 

the ATR spectra from different FTIR apparatus. Based on the above premises, the ATR 

results of different type asphalts are considered as comparable due to the refractive 

index ratio is similar within different sourceôs asphalts (1.64 to 1.66) (Instruments, M. 

1997).  

To quantitatively calculate the IR absorption of functional groups, two analysis 

methods are usually applied. One is the amplitude method (Hou et al. 2018) which 

extracts the amplitude (height) of the selected peaks. However, due to the high 

inconsistency of the results from different testing times and laboratories, amplitude 

method is seldom applied in nowadays research. In other words, the limitation of the 

amplitude method comes from the inconsistence of results of IR spectrum from 

different testing environments. The second method is the area method which extracts 

the band area around the selected peaks. But the area method is still not a universal 

technique as the different efforts have made to define the band areas. For instance, the 

most used way to calculate the area of selected functional groups is the two points 

method, which identifies the peak by the tangent of two limit point of selected 

functional groups (Smith 2011, Hou et al. 2018). This method is developed by Peterson 

and is still honored as one of the best available methods of quantization of IR spectrum 

(Peterson 1986). 

For both methods, it suffers a same problem: the existence of overlap of peaks as 

well as the existence of a same functional groups. One of the solutions is the 

deconvolution method, which separates the overlapping spectral bands according to 

different principles. This kind of work have been explored by many researches (Glaser 

et al. 2015, Marsac et al. 2014). However, although this method is applicable to 

distinguish the gathered functional groups, the issue of how to identify the certain 

wavenumber for specific chemical bonding still exists. Because even in a typical IR 

spectrum of one type asphalt, it contains thousands of possible solutions to determine 

the chemical multivariable. Once the deconvolution of specific band peaks is set to 
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assumed functional groups with certain wavenumbers, the solving of the results 

becomes a mathematical problem. An example is shown in Table 4 illustrating the 

deconvolution model of a specific functional group. However, the shortcoming of this 

method is obvious: large time consuming and complex identification of the chemical 

multivariable is needed. 

 

Table 4 An example of the model compounds for deconvolution the carboxylic acid 

peak at about 1700 cm-1 (Glaser et al. 2015) 

Model compound Peak Location, cm-1 Absorptivity Coefficient 

3-Indolepropinonic acid 1735 12239 

Benzoic acid 1722 12397 

Cholic acid 1734 13051 

Lauric acid 1736 13731 

Phenyl octanoic acid 1736 12966 

 

Above introduction discussed the two measurement methods and several analysis 

methods when using FTIR to measure the aging extent of asphalt binders. In this study, 

ATR mode is selected as the measuring technology due to the large number asphalt 

specimens. As introduced, two points area method is selected to calculate the relative 

content of specific functional groups.  

After applying the area method, the spectrometric index of the selected band can 

be either determined by the absolute value of the area or by dividing a reference area. 

The absolute value of carbonyl area has been applied in most previous studies, which 

is widely known as the CA. On the other hand, reference area (RA) refers to the 

functional group that is insensitive to the change of asphalt chemical aging. For 

example, widely applied reference area is the band at 1460 cm
-1 or the band at both 

1460 and 1376 cm-1. Other reference area includes the band at 2920 cm
-1, band at both 

2920 and 2850 cm-1, the sum of band area between 600 cm-1 and 2000 cm-1, as well as 

the sum of band area between 600 cm-1 and 3000 cm-1 (all the characterized peaks). It 

can be seen that the only diversity in different infrared indexes is from the difference of 
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reference area chosen. Therefore, before selecting the IR indicator in this study, the 

sensitivity of change in different reference area during asphalt aging is evaluated.  

In summary, this study is performed in two stages. The first stage focuses on the 

identification of the functional products in long-term laboratory aged asphalts and then 

examine the effect of different aging conditions on the sensitivity of different reference 

areas. The second phase investigated the influence of different aging conditions on the 

production of chemical functionalities. In addition to the major oxidation product 

ketones and sulfoxides, the ethers and alcohols are also examined as oxidation 

functionalities.  

 

3.2 Materials and Experiments 

3.2.1 Chemical properties of virgin SHRP asphalt binders 

Four SHRP asphalt binder: AAD-1, AAG-1, AAM-1, AAK-1 and a Hong Kong widely 

used Penetration 60/70 asphalt binder are used in this research. Some selected 

fundamental chemical properties of the four SHRP asphalt are drawn in Table 5. 

According to the element distribution, AAD and AAK is the high sulfur content 

asphalt while AAG and AAM binders show a much lower sulfur concentration. At the 

same time, AAD and AAK binder present a much higher heavy metal concentration 

than AAG and AAM binders. From the prospective of aromaticity of asphalt molecules, 

AAG and AAK binder shows a higher aromatic content of carbon. At last, AAD, AAG 

and AAK binder present a low wax content while AAM binders contains a relatively 

higher content of wax. 

 

Table 5 Fundamental chemical properties of four SHRP asphalt binder from reference 

(Jones 1993) 

 AAD-1 AAG-1 AAK -1 AAM -1 

C, % 81.6 85.6 83.7 86.8 

H, % 10.8 10.5 10.2 11.2 

O, % 0.9 1.1 0.8 0.5 

N, % 0.77 1.1 0.7 0.55 
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S, % 6.9 1.3 6.4 1.2 

Vanadium, ppm 310 37 1480 58 

Nickel, ppm 145 95 142 36 

Aromatic C% 23.7 28.3 31.9 24.7 

Aromatic H% 6.82 7.27 6.83 6.52 

Wax, % 1.94 1.13 1.17 4.21 

 

3.2.2 Aging treatments of virgin asphalt binders 

The procedures of laboratory aging simulation are introduced in Chapter 1. 

 

3.2.3 Extraction of 29-year field aged asphalt binder 

HMA pavement sample cores were collected in Tolo Highway, Hong Kong. 

Sample cores were taken from the pavement in 2016 and were subsequently tested. The 

structure of the extracted core from Tolo Highway is shown in Fig. 2. 

The sample cores obtained from the field were cut into eight slices, including 

OGFC, WC, BC, and five slices of RB. OGFC and WC data was not included for 

analysis in this study because it had been resurfaced and under the influence of solar 

radiation. Field bitumen samples were extracted by using an extraction bowl unit 

according to the standard ASTM D2171/D2172M-11. Dichloromethane was used as the 

extraction solvent. Bitumen binder was recovered from the clarified solution by using 

a rotary evaporator according to the standard EN 12697-3:2005. Extracted bitumen 

binders were examined by FTIR to ensure that dichloromethane was totally removed 

during the rotary evaporation as no identifiable peak of dichloromethane at the 

wavelength of 1265 cm-1 in the FTIR spectra. Total six cores (in dissimilar aging status) 

and corresponding 36 specimens were extracted for charactering the chemical 

functionalities of asphalt binder under field aging 
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Figure 2 One of the sample cores from 29-year Tolo highway that used for binder 

extraction 

 

3.2.4 Test of the chemical properties by using FTIR spectrometer 

A Nicolet iS 50 FTIR Spectrometer was used for FTIR test. All the samples were 

measured using the attenuated total reflectance (ATR) mode. The measured wavelength 

range was 4000 cm-1 to 600 cm-1. 32 times scan at 4cm-1 resolution was set for each 

sample. To eliminate the disturbance of surface moisture, all the samples were warmed 

at 50  for 30 minutes before test. All the samples were tested twice, and the average 

result of measurements was used for quantitative analysis. 

 

3.3 Results and discussion 

3.3.1 Identification of the aging products by FTIR 

Typical FTIR spectra of unaged, RTFO-aged, 18-month natural aged, 28-day autoclave 

aged, and 60-hour PAV aged asphalt binder is shown in Fig. 4 to Fig. 14. Before 

comparison, all the absorbance of FTIR spectrum is normalized to [0,1]. More detailed 

spectra displaying the wavelength from 1800 cm-1 to 900 cm-1 is also illustrated for 

better displaying the evolution of key oxidation functional groups. The functional 

groups observed are in good agreement with what is known as the hydrocarbon and 

sulfur-containing molecular types as well as the general oxidation chemistry of these 

molecular types (Peterson 2009).  

For the aliphatic and aromatics functionalities, consistent bands (introduced in 
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Table. 1 and Table. 2) are observed in different type asphalt binders. One special case 

is the AAM binder which presents a unique band at about 975 cm-1. Detailed FTIR 

spectrum displaying the wavelength from 1000 cm-1 to 650 cm-1 of AAM binder is 

shown in Fig. 12. The wide band at 975 cm-1 is suspected from the trans-alkenes, 

indicating the AAM binder contains a proportion of unsaturated hydrocarbon in the 

virgin molecule. It is observed that this band was slightly changed during different 

aging processes.  

As depicted in Fig. 3 to Fig. 13, the oxygen-containing functional groups found 

include the peak at around 3300 cm-1 (hydroxyl or acidic, -OH), 1700 cm-1 (carbonyl, 

C=O), 1300 cm-1 & 1260 cm-1 (C-O groups), 1160 cm-1 (hydroxyl or phenol, -OH), 

and 1030 cm-1 (sulfoxide, S=O). Among these functional groups, the outstanding 

carbonyl products and sulfoxide products are known as the most critical aging products 

(Peterson 2009, Martin et al. 1990). It presents that both carbonyl band and sulfoxide 

band are obviously enlarged in all the aged asphalts comparing with the RTFO aged 

binders. The outstanding peak amplitude of the two functional groups in aged asphalt 

binder indicates that the asphalt specimens were severely oxidized. It needs to mention 

again that the characteristic band is an integration of similar functional groups. For 

instance, carbonyl material refers to the compounds of substance with the C=O bonding. 

This peak is an integrated absorbance of different type aging products such as the 

carboxylic acid and ketone compounds. As illustrated in the introduction of the aging 

mechanism, carbonyl products and sulfoxide products both formed form the 

hydroperoxide precursor.  

The hydroxyl functional groups appeared at 3260 cm-1 and 1160 cm-1 is suspected 

to mainly come from the aging products of carboxylic acids. By comparison, the wide 

band at 3260 cm-1 is more obvious as it can be identified in all the virgin and aged 

binders. While the existence of functional group at 1160 cm-1 is selective on the asphalt 

sources. In general, the band at about 1160 cm-1 is more noticeable in virgin and aged 

AAD and AAK binders. Secondly, this band can be moderately observed in AAG and 

Pen 60/70 binders. For natural aged and autoclave aged AAM binders, this functional 

band can be slightly observed. This finding indicates that the formation of alcohol may 
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depend on both the aging condition and the asphalt types. 

However, it is inevitable that these two peaks will affect by the hydroxyl group 

from water because the surface moisture cannot be eliminated. This issue is hard to 

avoid in the FTIR measurement by ATR mode due to no nitrogen protection can be set 

up. Thus, in order to prevent the potential disturbance from the water, the -OH 

functional group is not taken into consideration as the aging product in this study but 

will be analyzed individually. On the other hand, another functional group of C-O single 

bonding is often ignored in using FITR technique to analysis the aging of asphalt binder. 

This group is shown at 1300 cm-1 and 1260 cm-1, which may originate from the phenolic, 

anhydride and carboxylic acid compounds. In major, these compounds are the final 

aging products. At the same time, a proportion of the intermediate aging products such 

as the phenolics may also responsible for this band. 

In summary, ketones, sulfoxides, ethers and alcohols are identified as the main 

aging products after asphalt long term oxidation. The sum of ketone, sulfoxide and ether 

will be used to present the total growth of oxygen-containing functional groups. 

Alcohol will be treated separately due to its sensitivity to ambient water or surface 

moisture. 

 

 

Figure 3 Full FTIR spectra of virgin, RTFO, long-term natural/autoclave/PAV aged 

AAD binder 

Alcohol or 

Carboxylic Acid 

(Hydroxy) 
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Figure 4 Detail spectra (1800 cm-1 to 900 cm-1) of virgin, RTFO, long-term 

natural/autoclave/PAV aged AAD binder 

 

 

Figure 5 Full FTIR spectra of virgin, RTFO, long-term natural/autoclave/PAV aged 

AAG binder 

 

Ketone 

(Carbonyl) 
Ether or Phenol 

Sulfoxide 

Alcohol 

(Hydroxy) 
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Figure 6 Detail spectra (1800 cm-1 to 900 cm-1) of virgin, RTFO, long-term 

natural/autoclave/PAV aged AAG binder 

 

 

Figure 7 Full FTIR spectra of virgin, RTFO, long-term natural/autoclave/PAV aged 

AAK binder 
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Figure 8 Detail spectra (1800 cm-1 to 900 cm-1) of virgin, RTFO, long-term 

natural/autoclave/PAV aged AAK binder 

 

 

Figure 9 Full FTIR spectra of virgin, RTFO, long-term natural/autoclave/PAV aged 

AAM binder 
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Figure 10 Detail spectra (1800 cm-1 to 900 cm-1) of virgin, RTFO, long-term 

natural/autoclave/PAV aged AAM binder 

 

 

Figure 11 Detail spectra (1000 cm-1 to 650 cm-1) of virgin, RTFO, long-term 

natural/autoclave/PAV aged AAM binder 

 

Trans-alkene 

-C=CH2 
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Figure 12 Full FTIR spectra of virgin, RTFO, long-term natural/autoclave/PAV aged 

Pen 60/70 binder 

 

 

Figure 13 Detail spectra (1800 cm-1 to 900 cm-1) of virgin, RTFO, long-term 

natural/autoclave/PAV aged Pen 60/70 binder 

 

3.3.2 Sensitivity of different reference area (RA) in asphalt during different aging 

treatments 

As introduced, functional group analysis by infrared spectra has developed serval 

methods to define the bonding area and the corresponding aging index. A most widely 

used indicator is the carbonyl area (CA), which is defined as the absolute area in the 
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carbonyl region (the integrated area from 1650 to 1820 cm-1). In addition to CA, there 

have been researches who considered that use the sum of carbonyl and sulfoxide content 

as an integrated aging index for characterizing the physicochemical change of asphalt 

binder during aging (Huang et al. 2012).  

On the other hand, the CA or CA plus SA index is more widely defined by dividing 

a reference area. This part will discuss about the selection of reference area by 

quantitative evaluation of the fluctuations in absolute area during different aging 

treatment. For reference, an illustration of typical FTIR spectrum of 29-year field aged 

asphalt binder and different reference area selected is shown in Fig. 14. 
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Figure 14 Typical FTIR spectrum of 29-year field aged asphalt binder and introduction of different aging indexes examined
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As shown in Fig. 14, the field extracted asphalt presented similar oxygen-

containing functional groups. The C-O band at 1300 cm-1 and alcohol indicating band 

at 1160 cm-1 can be easily observed. As introduced, the reference area is usually selected 

from a single band that is insensitive to the change of asphalt chemical aging. In 

opposite, some researchers utilized the sum of band areas as the reference areas so as 

to avoid using spectrum normalization (Lamontagne et al. 2001). On the whole, studies 

have reported that the spectrometric index by the ratio of CA to above two kinds of 

reference area both provided good correlation with the physical evolution of asphalt 

(Peterson and Harnsberger 1998, Lamontagne et al. 2001). 

After normalization, four aliphatic bands at 2925 cm-1, 2850 cm-1, 1460 cm-1 and 

1376 cm-1, one aromatic band at 1600 cm-1 and the integrated area of all the character 

peaks are examined as the reference functional groups. In this study, different 

spectrometric index is defined according to Lamontagne (Lamontagne et al. 2001) with 

a small modification. The peaks at 1300 cm-1 and 1260 cm-1 that come from C-O stretch 

bonding in ether, phenol or hydroxyl compounds are also considered as oxygenated 

functional groups and counted in the integration of the reference area ɆA. Different 

aging indexes are defined as following: 

 

Index of different oxygenated functional group:  

1. Carbonyl index (CI) = CA/ɆA = A1700/ɆAĬ100% 

2. Sulfoxide index (SI) = SA/ɆA = A1030/ɆAĬ100% 

3. Ether index (EI) = (A1300 + A1260)/ɆAĬ100% 

4. Alcohol index = (A3260 + A1160)/ɆAĬ100% 

5. Total aging index (AI) = carbonyl index + sulfoxide index + ether index 

Where 

6. Total reference area ɆA = A2925 + A2850 + A1700 + A1600 + A1460 + A1376 + A1298 + A1262 

+ A1030 + A875 + A805 + A746 + A722. 

*For AAM binder, A965 is also included. 

 

Table 6 presents the average results, standard deviation and coefficient of variance 

calculated for each reference area. Where SD = stand deviation, C. V= coefficient of 

variation. 

 

Table 6 Sensitive of change in reference areas during aging of different asphalts 
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Asphalt Statistics 
RA Total Band 

Area ɆA 2925 cm-1 2850 cm-1 1598 cm-1  1460 cm-1 1376 cm-1 

AAD 

*12 

Mean 63.72  16.54  3.81  35.32  8.29  149.98  

SD 1.25  1.48  0.38  2.04  0.76  8.65  

C.V 1.96% 8.93% 9.87% 5.78% 9.13% 5.77% 

AAG 

*12 

Mean 63.91  17.62  10.69  33.83  7.51  151.53  

SD 1.16  1.19  0.77  1.56  0.38  3.55  

C.V 1.82% 6.74% 7.22% 4.62% 5.11% 2.34% 

AAK  

*12 

Mean 62.50  16.40  5.26  31.79  7.03  145.02  

SD 1.36  1.68  1.04  3.54  0.74  9.30  

C.V 2.18% 10.22% 19.78% 11.14% 10.58% 6.42% 

AAM  

*12 

Mean 57.77  18.54  5.21  25.27  4.50  125.35  

SD 1.01  0.87  1.23  2.07  0.64  2.92  

C.V 1.75% 4.69% 23.54% 8.20% 14.32% 2.33% 

Pen 

60/70 

*12 

Mean 60.64  17.68  5.30  28.59  5.48  136.93  

SD 0.68  1.14  0.54  2.20  0.26  5.27  

C.V 1.13% 6.46% 10.23% 7.68% 4.79% 3.85% 

FA-29 

*36 

Mean 61.42  18.42  6.47  26.18  6.34  149.82  

SD 1.37  0.33  0.83  1.53  0.45  7.33  

C.V 2.23% 1.81% 12.79% 5.83% 7.15% 4.89% 

Average C. V 1.84% 6.47% 13.90% 7.21% 8.51% 4.27% 

* Number of samples 
 

Interesting results are observed in Table 6. Firstly, the RA2920 presents a lowest 

variation during asphalt aging as the average coefficient of variation for the six asphalts 

is 1.84%. The RA2850 shows the second smallest fluctuation and the average CV is 

raised to 6.47%. By contrast, the widely applied RA1460 and RA1376 present an 

unexpected higher variation, indicating that the band at 1460 cm-1 and 1376 cm-1 is 

relatively more susceptible to asphalt aging than the RA2920 and RA2850. At last, the 

RA1600 shows a largest fluctuation during asphalt aging of which the average CV is 

13.90%. Therefore, it is suggested that the band peaked at 2920 cm-1 may be most 

appropriate to select as the reference area, while the band peaked at 1600 cm-1 is not 

suitable to pick as the reference area. It is also surprising that the change of total band 

area during asphalt aging is relatively small as the average CV is 4.27%. This finding 

implies that the raise of area of oxygenated function groups wields relatively little 

influence on the total area. 

To intuitively illustrate the alteration of different IR indicators and investigate the 

corresponding influence from varied asphalt aging conditions, some examples of the 

comparisons on different common used IR indexes is going to be presented. 
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Comparison of differed IR indexes from all the laboratory and field aged asphalt binders 

are made at the same time. 

Firstly, the single band RA1460 and RA1376 are compared with each other. Fig. 15 

shows the curve of CA/RA1460 vs CA/RA1460+1376. It presents that a constant slope is 

between the ratio of CA to RA1460 and the ratio of CA to RA1460+1376. The excellent 

linearity relationship implies that the change of the band area at 1460 cm-1 is consistent 

with the band at 1376 cm-1 during different asphalt aging treatments. The value of 

RA1376 is about one quarter of the area of RA1460 as all the slope is close to a constant 

0.8.  

Next, the absolute carbonyl band area CA is compared with the CA/RA1460 and CI 

(CA/ɆA). In other words, the difference between the CA index and two relative CA 

index originates from the variation of the reference area at 1460 cm-1 and the total 

reference area. Fig. 16 presents the comparison between CA and CA/RA1460 and Fig. 

17 shows the relationship between CA and CI. It can be observed from Fig. 16 that the 

average RA1460 is dissimilar in different condition treated asphalt binders. The autoclave 

aging and PAV aging lean towards to a higher value of RA1460 while the natural aging 

leads to a lower reference area. By comparison, Fig. 17 presents that the correlation 

between CA and CI is relatively closer among different aging treatments.  

In summary, the results suggest that 1. Due to minor variation in different reference 

areas during asphalt aging, the spectrometric index CA, CA/RA1460, CA/RA1460+1376 and 

CA/ɆA are almost linear related to each other. 2. The reference area at 1460 cm-1 

relatively tends to be affect by different aging conditions. By comparison, ɆA is more 

constant during different aging treatments. Note that this conclusion still does not give 

judgments on the rationality of using RA1460 or ɆA as the reference area. In this study, 

the carbonyl index (CI), sulfoxide index (SI), ether index (EI), alcohol index and the 

total aging index (AI) are selected for the spectrometric index calculations from FTIR. 
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Figure 15 Comparison between CA/RA1460 and CA/RA1460+1376 

 

 

Figure 16 Comparison between CA and CA/RA1460 
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Figure 17 Comparison between CA and CI (CA/ɆA) 

 

3.3.3 Comparisons of the extent of different IR indicators generated by the 

different aging methods 

The four aging indexes obtained for the five types of asphalt binders at different 

aging conditions are shown in Fig. 18 to Fig. 22. The following conclusions can be 

obtained from the data:  

(1) All the aging process raises the carbonyl index with aging time. For AAG, 

AAM and Pen 60/70 binders, a jump of carbonyl index can be observed from 

the asphalt after RTFO treatment to the 6 months natural aged, 14 days 

autoclave aged and 20 hours PAV asphalt. This finding indicates the formation 

of carbonyl compounds in the three asphalts is still in the spurt aging stage 

after RTFO treatment. Comparatively, the results suggest that the formation of 

carbonyl compounds in the AAD and AAK binders is likely to pass in the 

second slow aging stage after the RTFO treatment. 

(2) It appears that a jump of sulfoxide after RTFO short term aging can be seen in 

AAD, AAK and Pen 60/70 binders. After that, a regular increasing of sulfoxide 

content is found in different long-term aging processes of three binders. AAD 

and AAK binders demonstrate a relative high value of sulfoxide index (more 

than 10%). This finding is consistent with the study of Peterson (Peterson and 

Glaser, 2011) that same as the carbonyl products, sulfoxide also follows the 

dual aging mechanism in asphalt with high sulfur content. The sulfoxide 

products are suspected to also acts as the critical chemical aging products 
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influencing the physical properties. An implication is shown in last chapter that 

long term aged AAD and AAK presenting a relatively largest stiffness. On the 

other hand, AAG and AAM binders exhibit a relatively lower sulfoxide content. 

And the trend of sulfoxide content is irregular in AAG and AAM binders 

during different aging processes. 

(3) The overall content of ether index (generally less than 1%) is much lower than 

the carbonyl index and sulfoxide index in the aged asphalt binders. No unified 

change rule of ether index is observed in the five asphalts. However, some 

change regulations can be seen in specific asphalts under certain aging 

condition. For instance, a continuous increasement of the ether index is showed 

in the AAG and AAM binders under autoclave aging, as well as in the AAG, 

AAK and Pen 60/70 binders under PAV aging. While for the AAD binder under 

PAV aging and AAM binder under autoclave aging, a continuous reduction of 

ether index is observed. 

(4) As expected, aging consistently drives up the value of total aging index after 

the initial jump from RTFO aged binder. It is suggested that the total aging 

index is reasonable to represent the chemical aging extent, as the carbonyl 

index and sulfoxide dominated the physical hardening of aging binder during 

aging jointly. Except for the AAD binder (28-day autoclave aged asphalt 

binder), 18-month natural aged asphalt binder results in the most severe aging 

state, as judged from the total aging indexes.  

(5) It appears that different binders react to aging conditions individually. For 

instance, for the Pen 60/70 binder, the severity of 12-month natural aging 

(judged from the total aging index) surpasses the aging status created by 28-

day autoclave aging and 60-hour PAV aging. While for the AAG binder, the 

severity of asphalt by 12-month natural oxidation is lower than the aging extent 

created by 28-day autoclave aging and 60-hour PAV aging. Therefore, it 

indicates that different aging conditions affect the aging susceptibility of 

different types of asphalt binders. 
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Figure 18 Comparison of different aging indexes of RTFO and long-term artificial 

aged AAD binders 
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Figure 19 Comparison of different aging indexes of RTFO and long-term artificial 

aged AAG binders 
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Figure 20 Comparison of different aging indexes of RTFO and long-term artificial 

aged AAK binders 
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Figure 21 Comparison of different aging indexes of RTFO and long-term artificial 

aged AAM binders. 
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Figure 22 Comparison of different aging indexes of RTFO and long-term artificial 

aged Pen 60/70 binders. 

 

3.3.4 Effect of aging condition on the formation of ketones, sulfoxides and ethers 

To investigate the influence of different aging conditions on the formation of 

functional groups, the ratios of different oxygenated functional group indexes to the 

total aging index are calculated. Fig. 23 and Fig. 24 illustrate the ratio of carbonyl index 

and sulfoxide to the total aging index for all the asphalts, respectively. As observed in 

Fig. 23 and Fig. 24, natural aging results in a lowest carbonyl index of AAD, AAG and 

AAM binder comparing with the other aging treatments. Correspondingly, more 

sulfoxide materials of AAD, AAG, AAK and AAM are generated under the natural 
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aging. Therefore, it is suggested that atmosphere aging under low temperature is likely 

to drive the aging products to the sulfoxide than carbonyl compounds for most asphalt 

binders. The special case is the Pen 60/70 binder which generates more carbonyl 

products and less sulfoxide compounds under laboratory natural aging. 

Secondly, it is exhibited that the aging by autoclave tends to produce a higher 

percentage of carbonyl compounds for AAG, AAK and AAM binders, indicating high 

pressure oxygen leads to more formation of ketone products for the three binders. In 

contrast, autoclave aging produces a lower content of sulfoxide products among the 

AAD, AAK and AAM binders. Above finding presents that for typical binders, 

autoclave aging process is more probably to produce ketone compounds than sulfoxide 

compounds, indicating that more hydroperoxide (known as primary products) are 

attacked by the alky or aromatic molecules other than sulfur compounds. 

At last, Fig. 23 and Fig. 24 present that PAV aging treatment is likely to produce a 

medium content of carbonyl products and sulfoxide products between natural aging and 

autoclave aging. An exception is the AAD binder that showed a highest content in 

carbonyl products under PAV aging. In summary, it is suggested that the generation 

direction of carbonyl products and sulfoxide products was dependent on both the 

asphalt type and aging condition. Therefore, the aging mechanism of a certain asphalt 

was sensitive to the temperature and oxygen pressure. 

Fig. 25 shows the ratio of ether index to total aging index. The production of C-O 

band materials comes from the secondary hydro peroxides that are attacked by peroxyl 

radicals, which leads to the production of sulfoxide and ether compounds. It appears 

that AAD, AAM and Pen 60/70 binder undertaking natural aging show a highest ether 

content. On the other hand, AAK presents a highest ether content under autoclave aging 

and AAG presents a highest ether content under PAV aging. Overall, no consistent 

change regulation is linked between the ether products to the carbonyl products or 

sulfoxide results. 

As a conclusion, the results of FTIR examination show that varied temperature or 

oxygen pressure will lead to different oxidation processes of radical reaction and result 

in different directions of aging products. A summary of the tendency of aging products 

generated from different is shown in Table 7. Generally, the low temperature 

atmosphere aging tends to produce more sulfoxide and ether products. Comparatively, 

carbonyl compounds are more possibly generated in pure oxygen pressurized condition. 
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Figure 23 Ratio of carbonyl index to total aging index during different long-term 

aging process 

 

 

Figure 24 Ratio of sulfoxide index to total aging index during different long-term 

aging process 
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Figure 25 Ratio of ether index to total aging index during different long-term aging 

 

Table 7 Comparison of different tendency of aging products under natural, autoclave, 

PAV aging treatments 

 AAD AAG AAK AAM Pen60/70 

Natural aging Sulfoxide, 

Ether 

Sulfoxide 

 

Sulfoxide Sulfoxide, 

Ether 

Carbonyl, 

Ether 

Autoclave 

aging 

- Ketone Ketone, 

Ether 

Ketone Sulfoxide 

PAV aging Ketone Ether - - - 

 

3.3.5 Effect of aging condition on the formation of alcohols 

The alcohol compounds are not taken into consideration as a part of the total aging 

index due to its susceptibility to water. And it is difficult to determine how much of the 

detected hydroxyl groups is arose from the surface moisture or ambient water in a single 

measurement. However, if we consider the disturbance from water is consistent for each 

measurement, the alcohol index can be relatively compared in different asphalt 

specimens. Fig. 26 to Fig. 30 present the change of alcohol index of asphalt binder 

during different aging treatments. 
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Figure 26 Comparison of alcohol indexes of RTFO and aged AAD binders 

 

 

Figure 27 Comparison of alcohol indexes of RTFO and aged AAG binders 
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Figure 28 Comparison of alcohol indexes of RTFO and aged AAK binders 

 

 

Figure 29 Comparison of alcohol indexes of RTFO and aged AAM binders 
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Figure 30 Comparison of alcohol indexes of RTFO and aged Pen 60/70 binders 

 

Several observations can be made from the results. Generally, except for the AAM 

binder, an increase of the alcohol index can be found in aged asphalt binder comparing 

with the alcohol index in the original RTFO aged asphalt binder. This finding suggests 

that alcohol products are formed in different long-term oxidation processes. As pointed 

by Peterson, no alcohols are formed from the fast reaction (Peterson 2009). However, 

there shows no fix growth in the alcohol index with the continuous aging treatments. 

Comparatively, the alcohol index shows minor change variation in AAD, AAG and 

AAK binder during three aging treatments. On the contrary, AAM and Pen 60/70 

binders present a large fluctuation of alcohol index in different aging processes. It 

implies that the AAM and Pen 60/70 binders are more likely to be interfered by the 

surface circumstance. 

At second, it is appeared that the value of alcohol index is between the value of 

sulfoxide and carbonyl index in AAD, AAK and Pen 60/70 binders, and is higher than 

the sulfoxide and carbonyl index in AAG and AAM binders. This finding suggests that 

alcohol products are extensively formed during the oxidation process. The alcohols 

should also responsible for the increase of asphalt hardening because alcohol chemical 

groups are more polar dipoles than ketones and with strong hydrogen bonding 

functionality (Peterson and Glaser 2011).  

Thirdly, the asphalt binders under laboratory natural aging demonstrate a highest 

range of alcohol index comparing with the asphalts in autoclave and PAV aging 

treatments. The phenomenon can be identified in all the five asphalt binders. This 
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finding indicates that under low temperature atmosphere aging, the hydroperoxides 

formed on benzyl carbons are more likely to be scavenged by the sulfides (Eq. 8) rather 

than decomposed to ketones (Eq. 6 & Eq. 7). As a result, the alcohols simultaneously 

formed with sulfoxides are more generated under the natural aging environment.  

 

 

Figure 31 The effect of aging condition on the mechanism of asphalt long-term 

oxidation 

 

A summary of the effect of different aging conditions on the mechanism of 
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production of ketones, sulfoxides and alcohols are summarized in Fig. 31. The elevated 

aging condition (temperature or oxygen pressure) are found to affect the increase of 

radical chain reactions, as well as the evolution of the intermediate hydroperoxides. 

Due to the different polarity of the aging products formed, it is believed that different 

aging conditions will affect the relationship between chemical products and physical 

properties during asphalt oxidation. And this question will remain to be answered in 

Chapter 6. 

 

3.4 Conclusions 

Understanding the change of asphalt chemical products during asphalt oxidation is one 

of the key issues for performing realistic aging simulation. It has been a long doubt on 

whether the aging condition in PAV can actually replicate the asphalt aging process 

under field condition (low temperature, atmosphere). Therefore, a study by FTIR was 

performed to investigate the effects of temperature and oxygen pressure on the aging 

products of different asphalt binders. Key findings of this study are summarized below: 

1. Four chemical classes of aging products: ketones, sulfoxides, ethers and 

alcohols are identified using infrared spectroscopy in all the oxidized asphalts 

by different aging treatments. 

2. After normalization, the RA2920 shows a least variation in asphalt binders 

during different aging treatments. While the commonly used reference area 

RA1460 is found to present a higher fluctuation and sensitive to different aging 

conditions. 

3. All the aging process drives up the carbonyl index and aging index. By contrast, 

a regular rising of sulfoxide compounds is only observed in typical asphalt 

binders. Ethers products constitute of a small proportion of the aging 

functional groups and no fix evolution of ether index is observed during 

oxidation. 

4. An interactive effect is found between the aging conditions and the aging 

susceptibility of functional groups. In general, aging under a low temperature 

and atmosphere is likely to produce more sulfoxide and ether products. While 

carbonyl compounds are more possibly to be generated in pure oxygen 

autoclave aging treatment. 

5. Finally, it is discovered that alcohol products are formed in the long-term 

oxidation process and natural aging is found to promote the formation of 
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alcohols. Thus, under low temperature atmosphere aging, the intermediate 

hydroperoxides are more likely to be scavenged by the sulfides which produce 

sulfoxides and alcohols rather than decomposed to ketones. 

This study proves that different aging conditions result in varied oxidation 

pathways of asphalt molecules. Aging simulation by autoclave and PAV tends to 

produce more ketones than sulfoxides and alcohols. In consequence, the dissimilar 

polarity of oxygenated functional groups will affect the physical hardening of asphalt 

in difference aging conditions. Thus, it proves that PAV and autoclave is not suitable to 

perform realistic aging simulation. 
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CHAPTER 4. INFLUENCES OF AGING CONDITIONS ON THE 

COMPOSITIONS AND MICROSTRUCTURES OF ASPHALT 

BINDERS 

4.1 Background and Introduction 

As the most polar, most aromatic and highest molecular weight component from crude 

oil, it is hard to describe the chemical composition of asphalt in limited molecule 

formula. Commonly, the composition of asphalt includes thousands of non-polar 

saturated hydrocarbons with relatively high molecular weight and relatively small, 

polar, aromatic molecules (Lesueur 2009, Peterson 2009). Therefore, different methods 

have been studied to separate the asphalt into different fractions. In early time, high 

performance liquid chromatography (HPLC) and ion exchange chromatography (IEC) 

were adopted to separate the asphalt by chemical functionality (e.g., Jennings et al. 

1980, Branthaver et al. 1993, Jones et al. 2001). Among them, IEC separated the asphalt 

binder into acid, base and neutral fractions. However, the major disadvantage is that 

these techniques cannot well separate the high polar and aromatic materials in asphalt, 

of which is critical in shaping asphalt physical properties and oxidative hardening. Later, 

supercritical fluid chromatography (SFC) is attempted by researches to separate the 

asphalt components (Branthaver et al. 1993, Guiliano et al. 2000). The principle of SFC 

is similar with the HPLC or gas chromatography (GC) but that SFC uses the carbon 

dioxide as the mobile phase. However, the shortcoming of SFC is similar with IEC that 

it only provides incomplete separation (Branthaver et al. 1993). 

At the same period, the procedure developed by Corbett (Corbett 1969) attracted 

the most widely attention, and the fractions from the separation schemes is called as the 

Corbett fractions. Corbett faction separates the complex components of asphalt into 

four generic fractions: saturates, naphthene aromatics (NA), polar aromatics (PA, also 

known as resins) and asphaltenes. Thus, the separation of Corbett fractions is also called 

as SARA separation. The separation procedure is according to different polarity of the 

fractions that asphalt specimen is eluted by n-heptane, benzene and a final two-steps 

elution (a 50/50 blend of benzene and methanol followed by trichloroethylene, ASTM 

D 2172-17) (King and Corbett 1969).  
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Figure 1 An example of separated Corbett fractions from a typical aged asphalt (from 

left to right: Asphaltene, Polar aromatics, Naphthene aromatics, Saturates) 

 

In general, naphthene aromatics, polar aromatics and asphaltenes fractions are 

highly reactive with oxygen. As reported by Peterson (Peterson 2009), the relative 

reactivity with atmospheric oxygen of the saturates, naphthenic aromatics, polar 

aromatics, and asphaltenes fraction for a typical asphalt is 1:7:32:40, respectively. The 

aging of asphalt accompanies with the transfer of aromatics to resins and resins to 

asphaltenes. Detail introduction of the four fractions and their corresponding sensitivity 

to oxidation is as follows: Saturates usually amount for 5ï15 wt.% of a paving grade 

asphalt, which forms a colorless or lightly colored liquid at room temperature. The H/C 

ratio is close to 2 with only traces of hetero atoms. The saturates contain a few 

crystalline linear n-alkanes, typically in amounts of 0ï15 wt.% of the overall fraction. 

Because of the low chemical reactivity, it is highly resistant to the atmosphere oxidation 

(Lesueur 2009, Peterson 2009). Therefore, the saturates is usually regarded that it has 

a dilution effect on asphalt oxidation. 

Aromatics are the most abundant constituents of an asphalt as they amount for 30ï

45 wt.% of the total asphalt (Lesueur 2009). The naphthene aromatics forms a yellow 

to red liquid at room temperature. The skeleton of naphthene aromatics is aliphatic 

hydrocarbon with lightly condensed aromatic rings. An early study reported that the 

NA shows a relative low reactivity with oxygen as measured by oxygen consumption 

(King and Corbett 1969). Another study reported that the NA fractions can be further 

divided into two groups, first group shows high activation energy and oxygen reaction 

order, and another group presents a low activation energy and oxygen reaction order 

(Liu et al 1998). In comparison, the polarity of polar aromatics is much higher than the 

naphthene aromatics which is closer to asphaltene. Consequently, the reaction speed of 
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PA and oxygen is much faster than the NA fraction (Peterson 2009, Liu et al 1998). 

The polar aromatics contains fused aromatic rings and is most probable to have a 

structure corresponding to 2ï4 fused rings (Lesueur 2009, Siddiqui et al. 2002, Ralston 

et al. 1996). Polar aromatics play a crucial role in the stability of asphaltene component, 

since they act as a stabilizer for the asphaltenes. The evidence is reported by many 

studies that PA presented surfactant-like behaviors (Lesueur 2009, McLean and 

Kilpatrick 1997, Carnahan et al. 1999).  

Asphaltene accounts generally between 5 and 20 wt.% of a paving grade asphalt. 

Asphaltene forms a black powder at room temperature and are largely responsible for 

the black color of the asphalt. By far, asphaltene is the most studied asphalt fractions 

because it plays a dominant role in affecting the asphalt viscosity and other rheological 

properties. It is recognized that most asphaltene presents a 4ï10 fused rings structure 

together with some pending aliphatic chains (Groenzin and Mullins 1999, Groenzin and 

Mullins 2000). In addition, asphaltene is known to demonstrate some crystal-properties 

(Shirokoff et al. 1997, Trejo et al. 2009). The classic model of asphaltene structure and 

an illustration of recently revealed asphaltene structure is shown in Fig. 2 and Fig. 3, 

respectively. Fig. 2 presents the two early competing models for depicting the 

asphaltene structure (Murgich et al. 1996, Yen 1992). In ñIslandò model, a large 

polyaromatic core is surrounded by aliphatic branches. In ñarchipelogoò model, 

aromatic moieties are connected by aliphatic chains. Fig .3 shows typical results of 

asphaltene structure from the latest research by Schuler (Schuler et al. 2015). It is 

reported that more than 100 asphaltene molecules are examined at atomic resolution 

using atomic force microscopy (AFM) and molecular orbital imaging by scanning 

transmission electron microscopy (STEM). In summary, modern molecular techniques 

have been uncovering the mystery of asphaltene real microstructures. However, the 

effect of oxidation on the asphaltene microstructure remains to be discovered and fully 

understood. 
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Figure 2 Classic ñIslandò model and ñarchipelogoò model of asphaltene (Murgich et 

al. 1996) 

 

 

Figure 3 The real asphalt structure revealed by AFM-STM (Schuler et al. 2015) 

 

On the basis of SARA fraction, more parameters were developed to describe the 

balance of different chemical components. Since 1914, asphalt began to be identified 

with a colloidal structure (Rosinger 1914). The study of colloid stability indicated that 

the stabilization of the asphaltenes micelles necessitates the existence of a repulsive 

force and an attractive interaction due to Van der Waals forces (Mullins et al. 2003). In 

aqueous media, the repulsive force is often caused by the electrostatic origin according 

to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (Leontaritis and Mansoori 

1987, Mullins et al. 2003). In the meantime, another possible non-DLVO repulsive 

interaction should be existed because free charges are not enough to ensure DLVO type 

stabilization. As the consequence, the model of asphaltenes stability should most 

probably rely on a steric net-like repulsion, which is originated between the polar 

aromatics and the asphaltenes, as well as their assemblies. 

A colloidal model was later developed to explain the difference in rheological 

properties between a so-called ñsolò and ñgelò asphalt (Pfeiffer and Saal 1940, Loeber 

et al. 1998, Read and Whiteoak 2003). As shown in Fig. 4, in this model, asphalt is 

described as a colloidal dispersion of asphaltenes micelles surrounding by the maltenes 

(a combination of saturates, naphthene aromatics and polar aromatics). The polar 

aromatics are thought to stabilize the asphaltene micelles by different ways, which will 

be detailly discussed in the results analysis. Efforts have been made to connect the 

balance parameters with the asphalt durability and resistance to oxidation. For instance, 

Traxler (Traxler 1960) reported that a better-dispersed asphalt binder is likely to 

oxidizes more slowly. The degree of dispersion is indicative of the colloidal 
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characteristics and inversely related to the dynamic properties of asphalt. 

 

 

Figure 4 The early colloidal model: sol and gel asphalt (Read and Whiteoak 2003) 

 

Although sol and gel model present the component compatibility of dispersion in 

asphalt components and may indicate corresponding tendency of asphalts to oxidative 

aging, no strong results have been shown to relate the sol or gel parameter and asphalt 

age hardening. The tendency of gel-sol to asphalt oxidation is largely depending on the 

asphalt sources and aging conditions. In conclusion, the correlations are not sufficient 

to warrant the routine use as predictors of the field performance of a specific asphalt 

(Peterson 2009). Apparently, this shortcoming is resulted from that only weight 

percentage of different asphalt fractions are used in the calculations. The percentage of 

asphaltene or maltene is not directly linked with the chemical natural and microstructure 

of the molecule clusters. Therefore, the indicator from SARA fractions or its derived 

parameter shows a low conformity in different asphalt binders. More straightforward 

identification of asphalt colloidal microstructure is needed to understand the oxidation 

behaviors.  

Until 2015, the microstructures in long term field aged asphalt was firstly revealed 

using scanning transmission electron microscopy (STEM) by Wang (Wang and Zhao 

2016). Two kinds of microstructures in aged asphalt binders were identified in the study. 

The first type of the microstructures is needle-shaped with a crystalline structure, while 
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the second is plate-shaped without a regular pattern. Typical image of the two 

microstructures is shown in Fig. 5. An interesting finding is that the size of 

nanoaggregates in field-aged asphalt binders appeared to vary greatly from a few 

nanometers to a few micrometers. The size is much larger than the classic predicted 

size for asphaltene nanoaggregates in crude oils and solvents. Therefore, it indicates 

that the traditional asphalt and asphaltene models may not well represent the 

microstructure in long term oxidized asphalt. Simply sol-type and gel-type asphalt is 

inadequate to describe the effect of oxidation on the association and dispersion of 

asphaltene or core materials. 

 

  

Figure 5 Two type of microstructures identified in long term field aged binders (Wang 

and Zhao 2016) 

 

This chapter aims to shed lights on the influence of different aging conditions on 

the generation of asphalt components and microstructures. The study examined the 

change of asphalt components during long-term aging simulation from two aspects: the 

evolution in macroscopic SARA fractions and the change of microscopic 

microstructures. So far, there is no comprehensive investigation on the evolution of 

asphalt SARA composition in different aging treatments. On the other hand, no existing 

study has reported the microstructure found in long term laboratory aged asphalts by 

STEM. Therefore, it is the first time to reveal the different microstructure of aged 

asphalt binder after different artificial oxidation treatment. By this study, it is expected 

to find a relationship bridging the asphalt composition (composition ratio) and the 

microstructures in oxidized asphalt binders. As a result, this study intends to provide 

more accurate fundamentals in predicting the change of asphalt microstructures under 

real pavement aging. 
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4.2 Materials and experiments 

4.2.1 Comparison of the reference data and current status of Corbett fractions in 

SHRP asphalt binders 

Since the SHRP core asphalt binders have went through a more than 20 yearôs storage, 

it is suspected that their chemical and physical properties have been changed even if 

they are stored in dark sealed tanks with extremely slow aging rates. Thus, the chemical 

properties of the four SHRP binders were retested and regarded as the virgin state in 

this study. A comparison of the chemical components the SHRP asphalt binder used in 

this study with the SHRP reference in SHRP-A645 (Jones 1993) is shown in Table 1. 

It presents that the asphaltene and saturates content in current four SHRP binders were 

all increased while the content of polar aromatics was all obviously decreased 

comparing with the SHRP reference. The largely changed Corbett fraction content 

proves the long-term evolution of the origin SHRP binder.  

 

Table 1 Change of Corbett component between reference and current state of four 

SHRP binders 

 
SHRP A645 Current 

 
Asphaltene PA NA Saturates Asphaltene PA NA Saturates 

AAD 19.7 41.4 28.6 13.5 17.6 29.4 26.6 26.4 

AAG 8.8 51.2 32.5 8.5 11.8 39.3 33.5 15.4 

AAK  22.9 41.8 30 5.1 25.7 23.4 37.1 13.7 

AAM  9.4 50.3 41.9 1.9 16.6 27.3 35.5 20.6 

Asphaltene content in SHRP A645=Asphaltenes (n-heptane) +Asphaltenes (iso-Octane) 

PA=Polar Aromatics, NA=Naphthene Aromatics 

 

4.2.2 Aging treatments of virgin asphalt binders 

The procedures of laboratory aging simulation are introduced in Chapter 1. 

 

4.2.3 Test of the asphalt component by Corbett fractions separation 

Separation of asphalt into four fractions was conducted according to the standard 

ASTM D4124-11. About 1 gram of each asphalt specimen was used for analysis. Iso-

octane was first used for separation of asphaltene fraction. The primary separated 
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asphaltene fraction was washed twice by the additional Iso-octane. Total asphaltene 

mass was calculated by sum of dried asphaltene and residual recovered asphaltene. 

Subsequently, fractions of saturates, naphthene aromatics and polar aromatics 

were separated in order by the chromatographic column. Heptane, toluene/methanol 

and trichloroethylene were used as the extraction solvents. A difference procedure with 

the ASTM D4124-11 is that the three fractions were directly recovered by the oil-bath 

rotary evaporator (105ÁC, 45 min to 1h). Re-test was conducted if the final recovery 

percentage is out of 95% to 100% range. All the chemicals for fraction separation were 

HPLC grade that purchased form Alfa Aesar Limited and VWR International Limited. 

 

4.2.4 Test of the asphalt microstructure by STEM 

JEOL JEM-2100F scanning transmission electron microscope (STEM) at working 

voltage of 200 kV was used in this study for investigating the microstructures of aged 

asphalt binder under different aging treatments. As reported by Wang, microstructures 

can be hardly seen in virgin asphalt binders and laboratory aged asphalt binders (Wang 

and Zhao 2016). However, it may be caused by the preparation methods of 

asphalt/asphaltene specimens. In that study, the asphalt specimen is prepared by 

dropping of asphalt solution and solution evaporation, which has the shortage of low 

asphaltene concentration and potential loss of asphalt components. Therefore, a new 

preparation method was utilized in this study. 

Different from the traditional solvent casting method, the STEM specimen was 

prepared by a new designed method, which is under patent pending status at the moment 

of submission. 

 

4.3 Results and Discussion 

4.3.1 Effect of aging condition on the SARA fractions 

The changes in Corbett fractions during different long-term oxidation processes are 

shown in Fig. 6 to Fig. 10. As expected, a general regulation of asphalt components 

change is the movement from the nonpolar fractions to the polar fractions (Siddiqui and 

Ali 1999, Peterson and Harnsberger 1998, Liu et al. 1998). The transfer of asphalt 

composition is because of the formed less-polar products can associate with other polar 

molecules by hydrogen bonding and accordingly associated to more polar materials 

(Barbour and Petersen 1974, Branthaver et al. 1993). Detailed conclusions on the four 

components of asphalt during long term aging under different conditions are follows:  
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Asphaltene: As the component with highest polarity, asphaltene showed a regular 

growth of all the asphalts during the three aging conditions. Asphaltene has been long 

recognized highly related to the fluidity, temperature susceptibility and ductility of 

asphalt binder (Corbett, 1970). According to the previous study by Wang (Wang et al. 

2014), asphaltene is highly correlated with the physical age hardening in long term field 

aged binders. For all the asphalt binders, natural aging of 18 months led to the highest 

asphaltene content of each asphalt, which was consistent with the total IR aging index 

in last chapter. For 18 months natural aged AAD and AAK binder, the asphaltene 

content was reached nearly 45% and 50%, respectively. This result implies that the 

laboratory natural aging is quite effective in raising the asphaltene content, and 

asphaltene component is largely connected with the oxygen containing functional 

groups after severe aging.  

Naphthene aromatics: The loss of less-polar fraction was obviously suggested in 

the decline of naphthenic fractions. The mechanism of loss of NA is that during the 

autoxidation process, the naphthene aromatics was dehydrogenated and acted as the 

initiation molecule for the radical reaction. Then the intermediate molecule was 

generated by the reaction of the dehydrogenated naphthenic material with oxygen, 

which produced aromatic products that can interact through ˊ-ˊ bonding (Siddiqui and 

Ali 1999). In general, a regular reduction of naphthene aromatics is identified in asphalt 

under natural aging and PAV aging. While the naphthene aromatics shows slightly ups 

and downs in most asphalt binders under autoclave aging. 

Polar aromatics: So far, no certain tendency of polar aromatic was known during 

asphalt aging. In most cases, the possibility of a net loss in polar aromatics is higher 

than the possibility of a rise in polar aromatics during asphalt aging (Peterson 2000, 

Peterson 2009). In this study, the change discipline of the content of polar aromatics is 

summarized in Table 2, which showed that most of the changes of polar aromatics was 

unfixed. In addition, it is observed that the concentration of polar aromatics was much 

lower in the autoclave aged AAG and AAM binders comparing with the aged binder 

under the other two aging conditions. From an intuitive view, the outstanding saturates 

may explain the ñdisappearedò polar aromatics and a further investigation is as follows. 

Saturates: After short term aging, saturates content of the five virgin asphalt 

binders all significantly decreased because of the high temperature in RTFO test caused 

the loss of volatiles. While the loss of volatile saturates component in long-term aged 

PAV binders was not so obvious as expected. Overall, minor variations were observed 
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of the saturates content of five asphalt binder during natural and PAV aging. However, 

a large raise of saturates content was found in the five binders under autoclave aging, 

especially for the AAD, AAG and AAM binders. The jump of saturates content was 

occurred after 14 days autoclave aging and subsequently, the saturates content was 

maintained at the high level.  

Three hypotheses may answer the unexpected raise of saturates: 1. A proportion 

of saturates were oxidized by the oxygen due to the high-pressure pure oxygen, which 

resulted in a production of oxygen-containing saturates fraction. 2. A proportion of alkyl 

saturates were generated form the split of alky chains in polar aromatics or asphaltene. 

If this reason was more dominated, whether the saturates contained oxygen was unsure. 

3. Similar with the second reason, a proportion of aromatic materials were split from 

the polar components. This type of aging products may have a relatively symmetrical 

ring structure with lower polarity than naphthene aromatics. Due to the lower content 

of polar aromatics fraction in autoclave aged asphalt binders, the last suspicion may 

have highest possibility.  

To verify the above hypothesis, the typical FTIR spectrum of saturates from 18-

month natural aged, 28-day autoclave aged and 60-hour PAV aged AAM binder were 

examined, and the results were illustrated in Fig. 11. It shows that no oxygen-containing 

function groups could be found in the FTIR image of three samples, indicating no 

saturates fraction was formed from the oxygen-containing primary radicals. Therefore, 

the first suspicion is proved untrue. Comparing the result of long-term natural aged 

saturates and long-term PAV aged saturates, similar spectrum was observed that only -

CH3- and -CH2- vibration characteristic peaks can be seen i.e., 2925 cm-1, 2850 cm-1, 

1460 cm-1, 1376 cm-1 and 722 cm-1. It is suggested that the chemical nature of saturates 

components in these two asphalt binders are almost alkyl hydrocarbons. While 

surprisingly the autoclave aged saturates showed an outstanding peak at wavelength of 

1600 cm-1. This finding indicates that the saturates after long term autoclave aging 

consisted of both alkyl and aromatic (or alkene cyclic) structures. Another indicator was 

the small peak at 815 cm-1. This peak implied the existence of trisubstituted C-H 

bending from alkenes. Thus, a proportion of low-polarity aromatic hydrocarbons is 

proved to be separated into the saturates when performing the Corbett separation test. 

An example of the above hypothesis is shown in Eq. 2, which explains the mechanism 

on production of low polarity aromatics. However, more detailed mechanism should be 

investigated in the future for a further verification of the effect from autoclave aging 
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(pressurized pure oxygen). 

In conclusion, autoclave aging caused unexpected change of Corbett fractions. 

High pressure pure oxygen largely influenced the diffusion of oxygen through non-

polar components to polar aromatics and asphaltenes, simultaneously, changed the 

aging mechanism in long-term oxidation process. Under such circumstance, the asphalt 

was likely to have more directly decomposition of hydroperoxides, consequently a 

proportion of polar aromatics will interact with the hydroperoxides and split into alkene 

radicals. Cobbett separation may not suitable any more in this situation for identifying 

the chemical components of oxidized asphalt molecules.  
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Figure 6 Comparison of SARA fractions of RTFO and aged AAD binders 
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Figure 7 Comparison of SARA fractions of RTFO and aged AAG binders 
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Figure 8 Comparison of SARA fractions of RTFO and aged AAK binders 
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Figure 9 Comparison of SARA fractions of RTFO and aged AAM binders 

 



140 

 

 

 

 



141 

 

 

 

Figure 10 Comparison of SARA fractions of RTFO and aged Pen 60/70 binders 

 

Table 2 Comparison of tendency of polar aromatics fraction during different aging 

process 

 AAD AAG AAK AAM Pen 60/70 

Natural Decrease Not clear Not clear Not clear Not clear 

Autoclave Increase Not clear Not clear Increase Not clear 

PAV Not clear Decrease Not clear Decrease Not clear 
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Figure 11 FTIR spectra of saturates component in three long-term aged AAM binder 

 

Equation 2 An example of possible reaction that produce low polarity aromatic 

compound of asphalt under autoclave aging 

 

4.3.2 Effect of aging condition on the colloidal stability 

To connect the asphalt fraction with the asphalt colloidal nature, the colloidal 

instability index (Ic, hereinafter abbreviated as colloidal index) by Gaestel (Gaestel et 

al. 1971) is used in this study to reflect the long-term aging effects. The colloidal index 

is defined as the ratio of the sum of the asphaltene and saturates content to the sum of 

the naphthenic aromatics and polar aromatics content: 

 

)Ã !ÓÐÁÈÌÔÅÎÅ3ÁÔÕÒÁÔÅÓȾ.ÁÐÔÈÅÎÅ ÁÒÏÍÁÔÉÃÓ0ÏÌÁÒ ÁÒÏÍÁÔÉÃÓ        (Eq.1) 

 

In the asphalt colloidal theory, the asphaltene and saturates are also known as the 
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ñflocculantò agents, and the aromatics are recognized as the ñpeptidizingò agents (Read 

and Whiteoak 2003, Siddiqui and Ali 1999). A higher Ic ratio represents the asphalt 

closes to gel type while a lower Ic stands for a close to sol type. A marked threshold of 

gel character asphalt is 1.2 and threshold of sol type asphalt is 0.7 (Gaestel et al. 1971). 

The results of the colloidal index of five asphalt binders are shown in Fig. 12 to Fig. 16. 

 

 

Figure 12 Colloidal index of aged AAD binder under different aging conditions 

 

 

Figure 13 Colloidal index of aged AAG binder under different aging conditions 
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Figure 14 Colloidal index of aged AAK binder under different aging conditions 

 

 

Figure 15 Colloidal index of aged AAM binder under different aging conditions 
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Figure 16 Colloidal index of aged Pen 60/70 binder under different aging conditions 

 

Results showed that the value of Ic in most asphalt binders were gradually raised 

during the three aging processes, which was mainly because of the movement from the 

naphthenic aromatics to the polar fractions. Some exceptions are the AAK binder after 

40-hour PAV aging, Pen 60/70 binder after 15-month natural aging and 21-days 

autoclave aging, which presents an inverse reduction. Comparatively, aged AAD and 

AAK binders showed a high level of Ic which are more than 1, which indicates the 

binders are close to a gel type. Correspondingly, the asphaltene in the two asphalt is 

suspected to highly associated and interconnected. While aged AAG, AAM and 60/70 

binders were close to a sol type, indicating the asphaltene clusters are more dispersed 

and non-interacting with each other after long term aging. 

To investigate the effects of aging condition on the colloidal index, the range of Ic 

of different aged binders during three aging processes is shown in Fig. 17. It is found 

that for AAD, AAG and AAM binders, binders after autoclave aging tended to have a 

much higher colloidal index because of the simultaneous increasing of saturates and 

asphaltene content. While for AAK and Pen 60/70 binders, natural aging led to a higher 

Ic than autoclave aging because of a high growth rate of asphaltene content. In 

comparison, all the five kinds of binders under PAV aging showed the relatively lowest 

Ic because of the relative lower saturates content and higher naphthene aromatics 

content. Thus, it is suggested that PAV aging will not cause severe aggregation of 

asphaltene comparing with the natural aging and autoclave aging. 

In summary, high oxygen pressure in autoclave aging caused large difference of 
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asphaltene flocculation behavior in some specific kinds of binders. Except for AAK 

binder which showed a large gap, the range of colloidal index under PAV aging was 

slightly lower to the result under natural aging. On the other hand, high temperature 

aging is likely to results in a lower colloidal index comparing with low temperature 

aging. 

 

 

Figure 17 Colloidal index of five asphalt binders during different long-term aging 

process 

 

4.3.3 Effect of aging condition on the microstructures 

The colloidal index provides the idea of the microscale structure of asphalt. The 

general assumption is that a gel type aged (high Ic) asphalt binder presents a higher 

bounded hard-core microstructure, while a sol type (low Ic) aged asphalt binder consists 

of more dispersed microstructure. However, as introduced, the shortcoming of Ic is that 

it cannot reveal the real morphology of the microstructures in aged asphalt. Therefore, 

it is hard to distinguish the microstructure and the constitution of hard-core material 

and the asphalt ñsolventò phase in different type of asphalt binders only by Ic. 

Different aging treatment has long been recognized to affect the generation of 

asphalt microstructure. According to the model proposed by Peterson (Peterson 1993), 

the immobilization by association of the molecules in the asphalt microstructure largely 

deuces the ability to react with oxygen of asphalt binder. This model demonstrates that 

low temperature aging of asphalt binder is likely to produce a random network of 

associated molecules, and there may be a sharp boundary between the associated hard 
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core and non-associated phase. By contrast, high temperature aging is probable to 

produce more unassociated microstructure because of the low thermal energy of the 

system. 

 

 

Figure 18 Low temperature ñQuenchingò oxidation and high temperature oxidation 

model proposed by Peterson (Peterson 1993) 

 

In this study, the scanning transmission electronic microscopy (STEM) is used for 

identifying the real microstructure in laboratory aged asphalt binders. As introduced, 

STEM has been proved to be an efficient tool in charactering the morphology of 

microstructures of long-term field aged asphalt binder.  

In this study, the preparation of asphalt specimen for STEM test is by making a 

thin film of asphalt binder without solvent dissolving. Thus, it is believed that the 

microstructure discovered represents the real state in asphalt. 

The results of discovered microstructure in laboratory aged AAD, AAK, AAG, 

Pen 60/70 and AAM asphalt binder are shown in Fig. 20 to Fig. 25, respectively. The 

15-month natural aged, 28-day autoclave aged, and 60-hour PAV aged asphalt binders 

are compared at the same time so as to investigate the different morphology of 

microstructures formed in asphalt binder under varied aging treatments. The difference 

of microstructure observed in each binder is discussed separately below: 

1. For AAD binder, rod-shaped microstructure is found only existing in natural 

aged and autoclave aged asphalt binder. While the dispersed needle-shaped 

microstructure can be discovered in all the three treated asphalt binder. 

Simultaneously, more concentrated plate or spherical microstructure can be 
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identified in natural and autoclave aged asphalt binders than PAV aged 

specimen. 

2. Needle-shaped microstructure is outstandingly dispersed in all the three AAK 

binders. Rod-shaped, plate-shaped as well as spherical microstructures are 

distributed in the three AAK binders with a small amount. By comparison, a 

longest length of needle-shaped nanostructure can be seen in natural aged 

asphalt binder. While the needle microstructure in autoclave aged asphalt 

binder is relatively shorter but more extensively distributed. 

3. Only plate-shaped and spherical microstructure can be distinctly observed in 

laboratory aged AAG and Pen 60/70 binder. The plate-shaped nanostructure is 

more dominated in aged AAG binder and the spherical nanostructure is more 

extensive in Pen 60/70 binder. A common finding is that the microstructure is 

found more concentrated in natural aged binder than the autoclave aged binder 

than the PAV aged asphalt samples. 

4. For AAM binder, no obvious microstructure can be observed in the asphalt 

colloid. Occasionally, very small sized (in several nanometers) microparticles 

can be identified in 15-month atmosphere aged binders. This finding indicates 

that no associated material of asphalt colloid is formed during the long-term 

aging of AAM binder. Therefore, it is suspected that the asphaltene and polar 

aromatics in AAM binder is not firmly interconnected with each other and no 

network of core molecular clusters is formed in the molecules. 

As a conclusion, it is unearthed that low temperature atmosphere aging and 

pressurized pure oxygen aging tends to produce more associated and large sized core 

microstructures in the asphalt colloid. In contrast, PAV aging generates a less associated 

and dispersed microstructure. This finding is in good accordance with Petersonôs model 

that the physical hardening of asphalt under low temperature aging is largely governed 

by physicochemical factors relating to the dispersion state of associated microstructure 

rather than the inherent reactivity of the asphalt molecule with oxygen. The model 

answers the reason why low temperature (e.g., 60 ) aging is also efficient in causing 

binder hardening. Besides, it also partially explains the existence of densely dispersed 

large microstructure in asphalt under field aging. A summary of the relationship 

between asphalt aging mechanism and oxidation condition is shown in Table 3. 

 

Table 3 Assumption of dominant asphalt aging mechanism in different aging condition 
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Aging condition Colloidal 

index 

Microstructure 

association 

Dominant aging mechanism 

60  + atmosphere 

 

Mediate High Microstructure association 

70  + high pressure 

pure oxygen 

High High or 

mediate 

Microstructure association + 

Oxygen reaction 

100  + high 

pressure atmosphere 

Low Mediate or 

Low 

Oxygen reaction 

 

Another discovery is that asphalt with different source exhibits differed colloid 

natural. The microstructure in asphalt binder experienced different laboratory oxidation 

treatments can be divided into two classes. The first type is the microstructure in AAD 

and AAK binder, which consists of rod-shaped, irregular plate shaped and spherical 

microstructure. The outstanding rod-shaped microstructure can be further separated 

into two kinds. The first one with the relatively large size is similar with the rod-shaped 

microstructure found in field aged asphalt binder, which has a width of about 100 

nanometers and the length can reach to several micron meters. The second one is the 

needle shaped microstructure that with a very small scale of width, while the length can 

be from tens of nanometers to one micro meter long. By comparison, rod-shaped 

microstructure is more extensively discovered in AAD binder, and need-shaped 

microstructure is more broadly dispersed in AAK binder. 

The second class of microstructure is identified in AAG, AAM and Pen 60/70 

binders. For this type, the colloidal system of asphalt binder is mainly constituted of 

irregular plate shaped and spherical microstructure. The overall diameter of the 

microstructure is less than 100 nanometers. While no rod-shaped or needle shaped 

microstructure can be found in the three binders regardless of the aging condition. 

Comparatively, the microstructure in long term aged AAG and Pen 60/70 binders are 

more distinct as microstructure can be very rarely discovered in long term laboratory 

aged AAM binder. 

In summary, different aging condition is found that it will not influence the type 

of microstructures formed in different asphalt binder. All the natural aged, autoclave 

aged and PAV aged AAD and AAK binder exhibited the rod-shaped and needle shaped 

microstructure. In view of the colloidal index calculated, it is implied that the first type 












































































































































































































































































































































































































































































































































