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ABSTRACT 

Crumb rubber modifier (CRM) produced from waste tires has been used in pavement engineering 

for more than half a century. This recycling methodology improves sustainable development 

because of environmental benefits of recycling scrap tires and because of improved performance 

of pavement materials when the recycled tire rubber is used as modifier in asphalt binders. This 

application improves both rutting and cracking resistance of asphalt pavement when an appropriate 

design is followed. 

Adding the CRM to asphalt binders leads to modification of binder properties, including 

rheological properties and aging resistance. This modification alters pavement performance in-

service. Previous studies found that rubber-modified binders had better aging resistance than their 

base binders. However, the mechanism of rubber modification on aging resistance was not well 

understood. This study aimed to explore this mechanism for rubber-modified binders. This study 

also evaluated the performance-related properties of dense-graded asphalt mixes using smaller 

quantities of CRM than are used in current applications, and their expected performance in 

different structural applications. 

A literature survey regarding aging of rubber-modified binders revealed the following knowledge 

and technology gaps that were addressed in this study: 1) tracking chemical and rheological 

changes attributed to rubber modifiers and oxidative aging; 2) modeling viscosities of aged rubber-
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modified binders from chemical components; 3) investigating oxidative aging in hot mix asphalt; 

4) performance evaluation of rubber-modified materials. 

Previous studies often used Fourier transform infrared spectroscopy (FTIR) to measure the 

chemical components in asphalt binders. The accepted aging indicators are carbonyl and sulfoxide 

components. This study applied FTIR to track chemical changes in 15 rubber-modified binders 

from four suppliers.  

The results showed that the carbonyl component continuously increased in the rubber-modified 

binder throughout the oxidative aging process simulated by rolling thin film oven (RTFO)-aging 

and pressure aging vessel (PAV)-aging. In contrast, the sulfoxide component mainly developed 

during the early aging stage (RTFO-aging). The CRM did not contain any carbonyl components 

before and after long-term laboratory-aging simulated by PAV-aging, and it did not show 

significant sulfoxide changes after PAV-aging. Considering that the carbonyl and sulfoxide 

components are the main aging products developed during oxidative aging of base asphalt binders, 

the FTIR results indicated that the CRM aged differently to the oxidative aging of the asphalt 

binder. Adding rubber might decrease the aging products in rubber-modified binders because part 

of the base binder was replaced by digested rubber particles. In other words, the rubber could dilute 

the aging products in the rubber-modified binder. 

The comparison between FTIR measured component indices and calculated component indices 

based on the dilution hypothesis indicated that the rubber dilution effect could explain the carbonyl 

component changes for binders without extender oils in unaged and PAV-aged conditions. During 

RTFO-aging, chemical interactions occurred in the rubber-modified binder at elevated 
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temperatures (>160˚C). This interaction significantly changed the carbonyl components in the 

rubber-modified binder beyond those that could be explained by the dilution effect alone.  

The extender oil contained carbonyl and sulfoxide components, and these two components 

increased in the extender oil after RTFO- and PAV-aging. When extender oil was used, chemical 

interactions occurred in the rubber-modified binders in the unaged condition and after RTFO-aging 

and PAV-aging that changed the measured carbonyl component values considerably. The carbonyl 

component changes were beyond the reductions that could be explained by dilution. The FTIR 

measurement also indicated that the dilution could not explain the sulfoxide component changes 

for rubber-modified binders (with and without extender oils) in the unaged, RTFO-aged, and PAV-

aged conditions. 

Although the carbonyl and sulfoxide components also increased with aging in rubber-modified 

binders as they did in the conventional unmodified binders, the rates of increase of these aging 

products in the rubber-modified binders were lower than their base binders.  

The butadiene component was generally used to track the presence of crumb rubber modifier in 

asphalt binders. The butadiene area index was measured in the rubber used in this study, but not 

in most base asphalt binders or the extender oil.  This study found that butadiene components 

showed a strong correlation to rubber content for rubber-modified binders containing between five 

to 35 percent rubber by weight of the binder.  

The rheological properties of rubber-modified binders were measured to evaluate age-hardening 

effects. When rubber particles are between 250 microns and 2.36 mm in size, the current Superpave 

(SUperior PERforming asphalt PAVEments) performance-grading (PG) system might not 

necessarily provide an accurate measurement of the performance properties of the rubber-modified 
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binder. Previous researchers studied the modification of PG test methods to accommodate binders 

with rubber particles greater than 250 microns in size. Those previous studies proposed modified 

PG tests for obtaining the high and low PG for rubber-modified binders.  

This dissertation study further refined the modified PG test methods to allow measurement at 

various test temperatures (high PG tested at temperatures exceeding 58°C, and intermediate PG 

tested between 16°C and 50°C. This dissertation validated the refined PG test methods using three 

unmodified binders, two styrene-butadiene-styrene (SBS) modified binders and two terminal-

blended rubber-modified binders. This refined test method was used to characterize the 

performance of rubber-modified binder with rubber particles up to 2.36 mm under different aging 

conditions. 

Glover et al. proposed a dual-rate aging model to describe the correlation between binder chemical 

changes and physical changes from oxidative aging. Their model divides oxidative aging into 

short- and long-term aging phases. In the long-term aging stage, the age-hardening rate is defined 

as a binder specific constant value called “hardening susceptibility (HS)”. It correlates the increase 

in carbonyl area (CA) index to the increment of low shear viscosity (viscosity at 60°C, 1.59E-05 

Hz [0.0001 radians/second]).  

This study developed a generic hardening susceptibility (GHS) model to predict viscosity beyond 

the low shear viscosity region. This model defines the linear correlation between logarithmic 

viscosity beyond the low shear viscosity region and the CA index. The slope of this correlation is 

the GHS.  

The GHS model was calibrated and validated for seven unmodified binders, two SBS modified 

binders, three reclaimed asphalt pavement (RAP) binders, and eight rubber-modified binders. The 
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GHS model was found to be capable of predicting age-hardening after long-term aging of rubber-

modified binders containing between five and 20 percent rubber and maximum rubber particle 

sizes up to 2.36 mm.  

The extension of the age-hardening model improved the understanding of oxidative aging 

mechanisms in binders. This GHS model also provided a reasonable prediction of age-hardening 

of the binder in two types of asphalt mixes (conventional dense-graded mix and gap-graded 

rubberized mix) after long-term laboratory-aging. Measured properties of extracted binders from 

laboratory-aged mixes could be fitted in the GHS model.  

The mix aging protocol used in this study followed the long-term loose mix aging protocol 

proposed in the National Cooperative Highway Research Program (NCHRP)-871 report. The loose 

mix aging protocol maximizes the mix exposure to oxygen, which decreases the aging gradient 

observed in the conventional specimen aging protocol. This study found that the long-term aged 

loose mixes could be compacted into fatigue beams at the target air-void content. The loose mix 

aging protocol showed similar variabilities in binder contents, mix stiffnesses, and fatigue test 

results among different aging durations compared to those in the compacted specimen aging 

protocol. The long-term aged loose mixes showed that oxidative aging increased mix stiffness, 

while it decreased fatigue life at higher strain levels (>300 mircostrain) and increased fatigue life 

at lower strains in a controlled-strain flexural beam fatigue test. 

Aged binders extracted and recovered from these two mixes showed increases in carbonyl 

components and viscosities. The GHS model provided reasonable estimates of the viscosity 

changes in the recovered binder. The model showed that binder viscosity could be used to predict 

the corresponding mix stiffness. A log-linear correlation between CA index and beam fatigue life 
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(Nf) at a single strain was proposed for these two laboratory-aged mixes with the ln (Nf)-CA mode 

(𝑁𝑓 = 𝛽𝑒𝛼(𝐶𝐴)). In the ln (Nf)-CA model, parameters alpha and beta were dependent on the mix 

properties. This model quantitatively defined the aging influence on the mix fatigue performance. 

Further investigation of this model at different strains and for different mixes is warranted for the 

evaluation of aging effects in mechanistic-empirical (ME) design. 

There is a growing interest in using crumb rubber modifier in hot mix asphalt because of its 

environmental benefits, potential life cycle cost benefits, and widespread availability compared 

with commonly used polymers such as SBS. The most common mix types for using the crumb 

rubber modifier are gap-graded and open-graded mixes. These mixes contain sufficient voids in 

the aggregate structure to accommodate swelled rubber particles. 

In 2015, the California Department of Transportation expressed interest in studying additional 

asphalt mix applications to increase the use of crumb rubber modifier produced from scrap tires 

that may otherwise end up as landfill. Following this motivation, a study was completed in this 

dissertation to investigate the use of relatively small amounts of crumb rubber modifier in dense-

graded mixes and the use of these mixes in different pavement structures. Small amounts are 

defined as five to ten percent rubber by weight of the binder or approximately 0.25 to 0.50 percent 

rubber by weight of the aggregate. These materials were collectively labeled “PG+X” materials, 

meaning that the modified binders needed to meet California Superpave PG binder specifications 

with X amount of CRM.  

Four proposed approaches for PG+X materials were studies as part of this thesis: 
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1. Approach-1: Addition of five to ten percent rubber particles smaller than 250 microns, not 

resulting in a change to the PG of the base binder, achieved by blending softer base binders 

and/or polymers to meet this PG. 

2. Approach-2: Addition of five to ten percent rubber particles smaller than 2.36 mm, with 

allowable changes to the PG of the base binder, and produced using a field-blending 

process. 

3. Approach-3: Adding 0.25 to 0.50 percent rubber by weight of the aggregate directly into 

the mix using a dry-process. 

4. Approach-4: Addition of five to ten percent rubber with particles smaller than 250 microns, 

with allowable changes to the PG of the base binder, and produced using a field-blending 

process. 

This study of PG+X materials investigated 14 options for using small amounts of CRM in asphalt 

binder and ten options for using small amounts of CRM in dense-graded mixes. Laboratory test 

results revealed that PG+X binders showed equal or better performance compared to their base 

binders, including rutting resistance and low temperature cracking resistance. 

The Approach-1, Approach-2, and Approach-4 PG+X binders were found to be suitable for use in 

dense-graded mixes. Mixes with binders containing rubber particles smaller than 250 microns met 

volumetric design criteria at the same binder content as the control base binder. Other mixes with 

larger rubber particles up to 2.36 mm) in the binder required higher optimum binder contents than 

the control mix to meet volumetric criteria. Mixes with dry-process rubber containing 0.25 to 0.50 

percent coarse rubber (smaller than 2.36 mm) by weight of the aggregate also needed higher 

optimum binder contents than the control mix to accommodate the rubber.  
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Beam flexural modulus tests showed that PG+X mixes containing wet-process binders with rubber 

particles smaller than 250 microns (Approach-1 and Approach-4) had higher stiffnesses at high 

temperatures than the control mixes produced with the base binder, but only a marginal stiffness 

difference at intermediate temperatures. These PG+X mixes had better moisture resistance and 

rutting resistance than the control mixes and longer fatigue lives at strain levels below 400 

microstrain in the flexural bending fatigue test. The PG+X mixes with five percent rubber showed 

a higher anti-cracking index than the base binder mixes in the uniaxial thermal stress and strain 

test used to evaluate low-temperature cracking performance. 

The Approach-2 PG+X mixes containing wet-process binders with rubber particles smaller than 

2.36 mm showed higher stiffnesses, better moisture, and rutting resistance than the control mix. 

The fatigue results for the Approach-2 PG+X mixes were inconsistent across range of strains, with 

the control mix performance generally falling between the five percent rubber content mix (longer 

fatigue life than the control) and the ten percent rubber content mix (shorter fatigue life than the 

control). 

The Approach-3 mixes with dry-process rubber showed poorer rutting and thermal cracking 

resistance than the control mix, but better fatigue performance at strains higher than 600 

microstrain. Based on these results, caution should be taken regarding the use of dry-process 

rubber. 

These laboratory tests only revealed material performance under a specific set of controlled test 

conditions, but field conditions could be more complicated given that the combined impacts of 

environmental and traffic loading lead to a wide range of stresses and strains.  



 

x 

To predict the field response, laboratory test results were used as inputs for ME simulation. The 

purpose of the ME simulations was to evaluate the performance of PG+X mix layers under various 

combinations of pavement structure, traffic, and environmental conditions. The simulations 

compared the PG+X mixes to conventional asphalt mix in the same simulation cases. Although 

most PG+X mixes performed better than conventional mixes in laboratory tests, simulation results 

indicated that field performance in different pavement structures varied on a case-by-case basis, 

depending on the scenario. The appropriate application of PG+X mixes should be determined by 

a comprehensive analysis of mix properties, pavement structure, traffic, and climate for each 

potential project-level application. 

In a total of 50 conditions (each simulation condition represents a typical pavement structure, 

climate, and traffic conditions in California) simulated for PG+X mixes with wet-process binders, 

at least one type of PG+X mix had better performance than their control mixes in 36 cases. The 

Approach-1 and Approach-4 PG+X mixes with ten percent rubber performed best in a thin overlay 

structure in the inland valley, north coast, and high desert California climates. On the other hand, 

the mix with five percent rubber performed best in a high desert climate for Approach-2 PG+X 

mixes. The five percent rubber dosage was also the optimum usage in the thick pavement structure 

in the inland valley, north coast, and desert climates for Approach-1 and Approach-4 PG+X mixes. 

A total of 20 conditions were simulated for the Approach-3 PG+X mixes with dry-process rubber 

and their control mixes. The mixes with maximum rubber particles smaller than 2.36 mm generally 

performed equal to or worse than the control mix in the 20 simulations where they were applied. 

The finding from this dissertation indicates that laboratory stiffness and fatigue tests at one specific 

temperature and strain condition might not necessarily represent overall field performance. 

Material properties, pavement structure, climate conditions, traffic, and the interaction among 
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these factors all influence field performance. Therefore, a complete series of laboratory tests and 

field performance simulations based on ME principles are recommended to be conducted in any 

pavement design.  

In summary, this study analyzed the oxidative aging process of asphalt binders and mixes. This 

study also evaluated rubber-modified binder and mix performance, with the goal of optimizing the 

application technology to meet various traffic and environmental requirements. Contributions to 

knowledge from this study include the following: 

• Crumb rubber modifier ages differently to the asphalt binder. Adding rubber into the binder 

decreases the aging components (carbonyl and sulfoxide components) in rubber-modified 

binders after laboratory-aging. 

• The viscosity of long-term aged binders at a given temperature and loading frequency can 

be predicted using the generic hardening susceptibility (GHS) model developed in this 

study. 

• The GHS model can also predict the binder viscosity in the laboratory-aged mix, and the 

model predicted binder viscosity can be used to estimate the mix stiffness. 

• The carbonyl component in the extracted binder can be used to predict the corresponding 

mix fatigue life at a single test strain. 

• Using a small amount of CRM in dense-graded mixes (PG+X) by wet-process generally 

provides satisfactory laboratory results, including moisture resistance, rutting resistance, 

fatigue resistance, and low-temperature cracking resistance. Caution should be used for 

mixes with dry-process rubber. 

• Mechanistic-empirical (ME) simulation shows that PG+X mixes produced with wet-

process binders generally provide equal or better performance than the conventional 
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control mixes. ME simulation should be used to select an appropriate mix based on the 

pavement structure, climate, and traffic conditions of a given project.  
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1 INTRODUCTION 

1.1 Background 

In the United States, more than 94 percent of pavement surfaces are paved with hot mix asphalt 

(HMA) (1,2). These pavements are subjected to various challenges caused by repeated traffic 

loadings and daily/seasonal weather fluctuations. The interaction between the pavement, the 

loading, and the environmental conditions requires a durable asphalt mix that can provide a smooth 

riding surface and a reliable structural capability. To this end, three performance standards are 

generally required: 1) asphalt mixes should not have excessive permanent deformation under 

heavy traffic loadings; 2) asphalt mixes should not crack under stresses caused by material 

contractions or expansions under daily or seasonally temperature fluctuation; 3) asphalt mixes 

should not crack during fatigue under repeated traffic loading/unloading cycles within its design 

life. A durable asphalt pavement layer satisfies these performance criteria throughout its service 

life. 

HMA is generally produced in a mixing plant by blending mineral aggregates and asphalt binder 

at an elevated temperature, which usually exceeds 140°C (2). Aggregates include dust, sand, 

gravel, and crushed stone. The aggregate itself generally accounts for 91 to 96 percent of the total 

weight of HMA (2). The aggregates need to be sufficiently mechanically and chemically durable 

to withstand the damage caused by traffic loading and the environment. Pavement engineers ensure 

the durability of the aggregate by using high-quality mineral sources and applying appropriate 

manufacturing processes. High-quality aggregate is less likely to experience chemical reactions 

and durability problems within the mix. 
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Asphalt binder is extracted from crude oil during refining. Asphalt binder is a composite mixture 

of organic molecules that can be grouped into four types: saturate, aromatic, resin, and asphaltene 

(3). These groups have molecular weights ranging from several hundred to a few thousand Dalton 

(standard molecular weight unit, which is numerically equivalent to 1 gram/mol). Unlike the 

aggregate, asphalt binder is not stable over time. It is highly reactive to oxygen. This reaction 

generates additional polar molecules, resulting in stiffening of the binder. This phenomenon is 

called “oxidative aging” (1).  

Aged asphalt binder loses the capacity of relaxing stress and becomes vulnerable to fracture. The 

oxidative aging process also causes the asphalt mix to be susceptible to fracture and fatigue 

damage. Aged asphalt binder loses cohesion to the aggregate, resulting in raveling under traffic 

and moisture-related damage when exposed to water. Binder sources, mix properties, and 

environmental conditions all influence the oxidative aging process (4,5).  

Recent research results suggest that adding rubber into asphalt binder appears to slow down the 

oxidative aging process (1,4,5). Although the anti-aging mechanism of rubber modifier was not 

fully understood, it was generally accepted that rubber-modified binders experienced less age-

hardening than unmodified base binders (6).  

Adding rubber into asphalt also improves binder performance (7-9). Rubberized HMA (RHMA) 

can be paved in a thin pavement surface layer (30 mm to 60 mm thick) (8,9). The rubber-modified 

binder provides sufficient shear strength to resist rutting at high in-service temperatures. In most 

California inland regions, pavement surface temperatures exceed 60°C during summer. These high 

temperatures soften the asphalt and can lead to deformation under heavy traffic. Digested rubber 

particles improve the resistance to repeated traffic loading/unloading cycles. Reduction in 
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reflective cracking is also achieved at intermediate in-service temperatures, which generally range 

from 10°C to 40°C as an average surface layer temperature in California (1,8).  

Rubber modifiers can be divided into two types according to the material source. One is natural 

rubber modifier produced from rubber trees, and the other is crumb rubber modifier (CRM) 

manufactured from scrap tires. Using rubber in pavement activities provides an approach to reduce 

landfilling waste tires. From this perspective, RHMA has considerable environmental benefits 

(5,9). Otherwise specified, the item-rubber used in the following sections to the end of this 

dissertation refers to crumb rubber modifier. 

The Federal Highway Administration (FHWA) Recycled Materials Policy was established in 

2002. This policy states that recycled materials should be considered in the material selection 

phase. This promotes recycling technologies and develops new opportunities for recycled 

materials (10). 

The Recycled Materials Policy motivates the use of rubber in pavement engineering. Departments 

of Transportation (DOTs) in many states have studied RHMA applications, including but not 

limited to Arkansas, Arizona, California, Florida, Georgia, Kansas, Louisiana, Michigan, 

Mississippi, New Jersey, Texas, and Wisconsin (7,11,12). According to the U.S. Environmental 

Protection Agency, California and Arizona were the leaders in rubber utilization in 2016, followed 

by Florida. Approximately 12 million tires are recycled and used in paving applications annually 

across these states in 2016 (13).  

California faces the challenge of diverting more than 40 million scrap tires from disposal annually 

(11). The California Department of Resources, Recycling, and Recovery (CalRecycle) is 

responsible for developing new implementation approaches for waste tires. Thirty-three million of 
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these tires (81 percent) were diverted from landfills through various alternatives, including reuse, 

retreading, recycling, and combustion. In 2018, 8.8 million scrap tires were recycled to be used in 

paving applications in California, which showed a 29 percent increase compared to the year 2017 

(14). 

The California Department of Transportation (Caltrans) is actively interested in studying RHMA, 

given the environmental considerations of reducing landfilling of scrap tires. The rubber used in 

RHMA in California contains 75 ± 2 percent scrap tire rubber (typically obtained from waste car 

and pickup tires), 25 ± 2 percent high natural rubber (typically obtained from waste truck tires), 

maximum 0.01 percent wire, maximum 0.05 percent fabric, and maximum 3 percent calcium 

carbonate or talc (12).  

In 2005, the California Legislature passed, and the Governor signed AB 338, which requires 

Caltrans to use a specific percentage of crumb rubber per metric ton of the total amount of asphalt 

paving materials used. Specifically, as of 2013, Caltrans was required to use, on an annual average, 

5.2 kg (11.58 lb) of crumb rubber per metric ton of asphalt paving materials in the state highway 

system. This equates to 35 percent of the total paving asphalt placed per year (15). Figure 1.1 

presents the objective and actual utilization of tires in asphalt by Caltrans between 2000 and 2017. 
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Figure 1.1: CRM application by Caltrans (15), the blue line is the utilization data, and the red line is the 

target of AB338. 

 

Caltrans has adjusted its mission statement to include sustainability and to have the goal of 

sustainability and stewardship, to preserve and enhance California’s resources and assets (16). As 

part of this mission, in 2015, Caltrans considered new approaches for using more recycled tire 

rubber to reduce the landfill disposal of scrap tires. This initiated the “PG+X” project, which aimed 

to investigate using small amounts of rubber in dense-graded mixes (17). This increased interest 

in the rubber application was the primary motivation of this study.  

1.2 Problem Statement 

Two issues have been identified in using the rubber modifier in pavement engineering. One is that 

the aging mechanism of rubber-modified binder is not fully understood. Lack of understanding of 

the aging mechanism makes it difficult to develop performance-related specifications and to apply 

mechanistic-empirical (ME) pavement design procedures for RHMA. Secondly, the performance 

of rubber-modified material in different mix types and pavement structures has not been 

thoroughly evaluated. 
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Several aging models have been developed to describe the chemical-physical properties after aging 

(18- 20). None of them were developed specifically for rubber-modified asphalt. Consequently, 

predicting oxidative aging in rubber-modified asphalt is not precise using these aging models. 

Without a substantial evaluation of oxidative aging, caution should be given to the mechanical 

analysis of rubber-modified mixes in the long-term service phase.  

Issues are also identified for precisely measuring the performance-related properties of rubber-

modified binders, especially those containing large rubber particles (smaller than 2.36 mm 

[passing the #8 sieve]) (2). Testing conventional binders follows the Superpave binder 

specification developed during the Strategic Highway Research Program (SHRP) in the early 

1990s. Conventional binders are those containing particulates smaller than 250 microns (passing 

the #60 sieve) (21). The procedure is not appropriate for testing rubber-modified binders 

containing rubber particle sizes larger than this size. These unanswered questions cause 

specification, quality control, and quality assurance issues.  

RHMA performance in various pavement structures also requires investigation. Previous research 

studies have mainly focused on using RHMA in thin surface pavement layers (less than 60 mm 

thick) since the primary target of the current usage of RHMA is to reduce the reflective cracking 

from sublayers (7-9). The usual structure in the thin RHMA surface layer is either gap-graded 

(RHMA-G) or open-graded (RHMA-O). These mix types have discontinuous gradations that 

provide voids between aggregates to accommodate large, swelled rubber particles, and in the case 

of RHMA-O mixes, to also drain water. The rubber-modified binder contents (base binder plus 

rubber together) are higher than the binder content in dense-graded mixes, resulting in a thicker 

stress-absorption film that alleviates reflective cracking issues. However, gap-and open-graded 

mix layers typically have lower structural capacity than dense-graded mixes of the same thickness. 
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Findings on the performance of using rubber-modified mixes in thicker layers are inconclusive 

(9,22). In recent years, traffic volumes have increased significantly, requiring thicker pavement 

layers. Using multiple lifts of rubber-modified mixes is an interesting topic requiring further 

investigation. This new demand promotes the study of using PG+X mixes in different pavement 

structures. It is also environmentally beneficial to use PG+X mixes in different pavement layers to 

consume more waste tires than current approaches (RHMA-G and RHMA-O). 

1.3 Study Goal and Scope 

The goal of this dissertation is to study the above issues. It aims to improve the understanding of 

the oxidative aging progression and its impact on asphalt performance. This study will also 

evaluate PG+X mix performance. A recommendation for using this new rubber-modified mix 

(PG+X) will be drawn based on the results of this study. 

The first task was to investigate the aging mechanism in more detail than that documented in the 

literature, with a focus on the effect of the rubber on anti-aging potential. This improved 

understanding of oxidative aging was then used to modify, calibrate, and verify aging models for 

rubber-modified binders. Additionally, the effect of oxidative aging on mix performance (stiffness 

and fatigue performance) was investigated.  

Rheology test of rubber-modified binder was also investigated in this study. The Superpave 

performance-grading system developed in previous studies was adapted for use with a rubber-

modified binder with large, incompletely digested rubber particles. The refined performance-

grading system was used to evaluate the properties of rubber-modified binder subjected to various 

aging conditions. A series of laboratory tests were also conducted on PG+X mixes to investigate 

performance. Finally, laboratory test results were used as inputs for mechanistic-empirical 
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simulation to evaluate PG+X mixes under various combinations of pavement structures, traffic, 

and environmental conditions.  

In summary, this study aims to evaluate the oxidative aging progress and the binder and mix 

performance, with the goal of optimizing the application technology to meet various traffic and 

environmental requirements. Based on a better understanding of these mechanisms, it is 

anticipated that CRM utilization will increase. 
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2 LITERATURE REVIEW 

2.1 Rubberized Asphalt Binder and Mix 

2.1.1 History of Crumb Rubber Application in Asphalt Pavement 

As early as the 1930s, natural rubber was blended with asphalt binder for paving activities to 

improve engineering performance (23). In the mid-1960s, recycled rubber from waste tires was 

added to asphalt binder by Charles H. McDonald (24), who blended up to 20 percent of recycled 

rubber with conventional asphalt binder at approximately 200°C for ten to 90 minutes, together 

with some additional solvents to achieve workability. The end product was a hot, jellied mix that 

could be applied to seal cracks or repair distressed pavement surfaces (24). After years of 

development, rubber-modified asphalt became a widely used material in asphalt pavement.  

Asphalt rubber (AR) binder and terminal-blend rubber (TR) binder are the most widely used 

traditional rubber-modified binders (25). AR binder produced from a field-blending approach is a 

highly viscous material. It is obtained by blending rubber particles and base binders at an elevated 

temperature (>180˚C) with a high agitation speed for a sufficient time to allow rubber swelling. 

The swelled rubber absorbs light fractions from the base binder, resulting in rubber swelling. 

Although most rubber particles are swelled, some can still be physically observed in the binder. 

Therefore, the digestion of rubber particles in the binder phase is incomplete for AR binders 

(12,26). The American Society for Testing and Materials (ASTM) defines AR binder as containing 

at least 15 percent rubber by weight of the binder (27). Certain limitations are specified for 

impurities (fibers and metal particles) and moisture content. This definition is not based on any 

limiting technical factors. 
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The Arizona DOT has been successfully using AR binder based on guidance from McDonald's 

since the 1960s. Decades of monitoring showed that RHMA reduced reflective cracking, increased 

rutting resistance, and decreased traffic noise. Using RHMA instead of the conventional HMA 

could cut the maintenance cost by $666 per lane mile per year in the late-1990s (7). 

Caltrans began to use rubber in chip seals from the 1970s and built the first-trial section with 

RHMA around 1980. Caltrans specifies the rubber amount in the AR binder to be 18 to 22 percent 

(25). The maximum particle size must be smaller than 2.36 mm (pass the #8 sieve), with 

requirements for impurities (fibers and metal particles) and moisture content (25). It also requires 

adding two to four percent extender oil by weight of the binder. The extender oil is an aromatic oil 

that improves workability and promotes swelling of the rubber particles. The mixing/blending 

temperature and times for AR binder production are typically at 190°C to 220°C for more than 45 

minutes following the guidance (21).  

In California, traditional applications of AR binders include chip seals, stress absorbing membrane 

interlayers, and gap- and open-graded rubberized hot mix asphalt (RHMA-G and RHMA-O). Field 

observations indicate that rubberized chip seals significantly prolong the service life and improve 

the reflective cracking resistance of the existing pavement surface. RHMA-O provides better 

surface friction and better durability than conventional open-graded HMA (25). RHMA-G can be 

highly cost-effective when paved in thin surface layers (less than 60 mm thick). It can provide a 

50 percent thickness reduction compared to conventional HMA layers when used over existing 

cracked asphalt pavement.  

University of California Pavement Research Center (UCPRC) conducted a study of RHMA-G 

using accelerated pavement test in the late-1990s. Laboratory test results further validated the 
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reduction in the overlay thickness (9). Other studies also reported that newly paved RHMA-G and 

RHMA-O could reduce traffic noise by 1.0 dBA and 1.9 dBA than the conventional HMA. The 

lower pavement surface macrotexture achieved noise reduction. After ten years of service, the 

benefit of traffic noise reduction was still noticeable (28,29), which was attributed primarily to the 

slow aging nature of the binder. 

Terminal-blended (TR) binder is produced using a different process to the AR binder. It is known 

as a “terminal-blended binder” owing to the production technology, as this modified binder is 

mostly manufactured at asphalt plant terminals. The rubber used in TR binders is relatively small, 

typically smaller than 600 microns (passing the #30 sieve), with five to 15 percent dosage by 

weight of the binder (25). Unlike the field-blending method, the terminal-blending approach does 

not require agitation force. Rubber particles can be self-digested in asphalt binders at elevated 

temperatures (i.e.,>200°C) after several hours of swelling, credited to the relatively small particle 

sizes. These digested fine rubber particles alleviate particle settling and inhomogeneity issues (30-

32). Lately, many DOTs are increasingly interested in the application of TR binders as an 

alternative to styrene-butadiene-styrene (SBS)-modified binders. 

Florida DOT has been actively paving rubber-modified HMA since the late 1990s. They allow up 

to five percent of rubber with particles smaller than 300 microns (passing the #50 sieve) in dense-

graded mixes and up to 12 percent of rubber with particles smaller than 600 microns (passing the 

#30 sieve) in open-graded mixes. These rubber particles are preblended with asphalt binders. They 

are not treated as a substitution of the fine portion of the aggregates. Long-term pavement 

performance monitoring revealed that the rubber-modified mixes exhibited a better friction index, 

better rutting resistance, and better durability than conventional HMA (8).  
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In 2015, the Florida DOT updated its rubberized asphalt specification to require a minimum of 17 

percent rubber by weight of the binder to produce a PG 76-22 binder. This rubber-modified binder 

met all Superpave PG criteria except for solubility (30). Solubility measures the homogeneity of a 

modified binder. Settling of rubber particles might lead to separation during transport or storage. 

However, this separation does not necessarily lead to unsatisfactory performance in service. 

Laboratory and accelerated pavement tests showed that this PG 76-22 binder provided equivalent 

rutting and cracking resistance to PG 76-22 SBS binder in the dense-graded mix (31). 

The Louisiana DOT permits the addition of about nine percent rubber into PG 64-22 binder to 

produce a PG 76-22 rubber-modified binder by the terminal-blend approach. There are no 

solubility requirements for this modified binder. Laboratory and accelerated pavement test results 

indicated that mixes produced with the PG 76-22 rubber-modified binder provided satisfactory 

performance compared to control mixes produced with a PG 76-22 SBS-modified binder when 

assessed using the criteria listed in the American Association of State Highway and Transportation 

Officials (AASHTO) M 320 specification (30,32). 

Besides using the wet-process rubber-modified binder in the mix, rubber can also be directly added 

into asphalt mix without pre-blending with the asphalt binder. This application is called “dry-

process”. The rubber particles used in a mix with dry-process rubber can range from fine sizes to 

coarse sizes (600 microns to 2.36 mm [passing the #30 sieve to #8 sieve]). In the dry-process 

approach, generally, up to three percent rubber by weight of the aggregate is mixed with aggregates 

in the blending drum (25). The rubber particles are considered a partial proportion of the 

aggregates. After sufficient heating and mixing, the batched dry materials are blended with the hot 

binder to produce a mix with dry-process rubber.  
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The production process for the mix with dry-process rubber is relatively simple compared to the 

wet process. The amount of rubber is small compared to the amount of aggregate, and blending is 

typically undertaken on feed belts and in the drying and/or mixing drum. Researchers were aware 

of potential issues for using this mix. Mixes with dry-process rubber sometimes have undesirable 

mix performance and/or performance variability within the project. Rubber swelling can cause 

laboratory specimens to expand when they are extruded from molds, which can affect density, air-

void content, and stone-to-stone contact. These factors can all influence test results and overall 

mix performance (33-35).  

In summary, federal and state agencies, research institutes, and industries have studied rubber-

modified asphalt in relatively thin pavement surface layers (30 mm to 60 mm) since the 1960s. 

Some general findings from comprehensive literature reviews include the following (7-9,25,31-

36): 

1. Mixes containing wet-process binders used in a thin surface layer provide better in-service 

performance than conventional unmodified HMA, including rutting, thermal cracking, and 

fatigue cracking resistance. 

2. The initial construction cost of RHMA is higher than conventional HMA for the same layer 

thickness because of the slightly higher asphalt binder content and the higher production 

costs of producing the rubber-modified binder. RHMA also requires higher mixing and 

paving temperatures, which consumes more energy. A recent Caltrans study showed that 

the initial cost for RHMA was only 9.1 percent more expensive than conventional HMA 

in the construction (16). These increased costs per mass or volume of the mix are typically 

offset by performance improvement. Using RHMA permits a thinner layer over cracked 

existing pavement that reduces the overall aggregate and binder consumption. 
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3. The settlement of rubber particles in the binder during transport and storage can influence 

performance and performance variability in a project. Caltrans flexible pavement 

maintenance specification limits a maximum of two-hour duration that RHMA can be 

stored in the silo. 

Wet-process binder performance is affected by four primary factors: blending/reaction condition, 

rubber content, rubber type, and rubber gradation (37). The following sections summarize a review 

of recent research on these four factors.  

2.1.2 Effect of Blending Temperature and Duration 

The primary activities that occur during the blending/digestion phase are swelling and degradation. 

The separation of these two activities is dependent on time and temperature. Generally, swelling 

dominates the rubber-binder interaction at relatively low temperatures (i.e., 160°C to 220°C), 

while degradation mostly controls the interaction at relatively high blending temperature 

(i.e.,>240°C) (38). 

Swelling is the process of rubber particles absorbing lighter components from the binder and 

swelling two to three times their original volume. Rubber swelling reduces the free space between 

rubber particles and the base binder, resulting in a gel-like matrix that stiffens the binder. The 

viscosity of the rubber-modified binder is, therefore, higher than the base binder (23,39). 

Degradation is the process of rubber particles dispersing in the asphalt binder after extended 

periods at temperatures typically over 220°C. The degradation can be subdivided into 

depolymerization and devulcanization. Depolymerization converts the polymer (macromolecules) 

into component monomers (small molecules). Devulcanization converts large molecules into a 
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mixture of monomers and creates cross-link chemical bonds (40). It is the reverse process of 

vulcanization, which is used to harden synthetic rubber during the tire producing process.  

Depolymerization and devulcanization are not significantly different from each other. Both of 

them break chemical bonds within the rubber-binder matrix, resulting in a gradual reduction in the 

viscosity (23,40). A binder containing a high molecular weight and a high content of polar 

compounds tends to depolymerize. In contrast, binders with low molecular weight and more 

aromatic compounds tend to devulcanize (41).  

In the Superpave PG system, binder properties are characterized by two rheological parameters: 

complex modulus (G*) and phase angle (δ). These two parameters change during the blending 

progress. At lower blending temperatures (i.e., 160°C), the G* value of rubber-modified binders 

increases, while δ value decreases along with time. Rubber swelling dominates this blending phase 

at this relatively low blending temperature. Degradation starts when the temperature increases to 

200°C. During this temperature increase, G* value increases slowly, and δ value continues to 

decrease. At an intermediate blending temperature (i.e., 200°C), the G* value trends from 

increasing to decreasing, indicating that the blending progress transitions from swelling to 

degrading (38). When the temperature is exceptionally high (>240°C), degradation starts to 

overwhelm swelling. Under these conditions, G* value reduces and δ value increases, indicating 

that degradation starts to dominate at this point (42). 

Figure 2.1 presents the change of viscosity, rubber particle attribute changes, and rubber-binder 

matrix along with blending time. Zanzotto and Kennepohl (40) found that although the rubber-

modified binder always showed different performance from the base binder, increasing 

temperature from 200°C to 280°C leads to a partial modification loss that reduces the difference 
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in performance, including the creep stiffness at -20°C, elastic recovery at 20°C, and viscosity at 

60°C.  

 
Figure 2.1: Progression of rubber-binder interaction at an elevated temperature: (a) viscosity change over 

time, (b) rubber particle size over time, (c) binder matrix over time (42). 

 

To understand the blending duration effect, researchers evaluated rubber digestion at a particular 

blending temperature of 177°C. Different rubber particle sizes ranging from 180 microns (passing 

the #80 sieve) to 1.40 mm (passing the #12 sieve) were studied. Lee (43) studied the large 

molecular size (LMS) of rubber using gel-permeation chromatography. Observations indicated 

that the LMS increased after blending. Although the LMS increased continuously over eight hours, 

no further complex modulus changes were observed after the first hour of blending. Xiao et al. 



 

17 

(44) weighted rubber particles after soaking in the asphalt binder. The result indicated that the 

rubber mass continued decreasing over a 24-hour blending period, but the rubber particle size 

reduction occurred primarily during the first three hours. 

Large molecule groups can be developed throughout the blending process within the rubber-

modified binder as smaller particles combine into long cross-linked chains. The degree of rubber 

modification can be controlled by precisely controlling the blending temperature and duration (43).  

In this study, the blending process was carefully controlled to ensure material quality. The quality 

control system followed CalRecycle recommendations (45), including blending the rubber with 

the binder for at least 30-minute and at least 190°C.  

2.1.3 Effect of Rubber Content 

Rubber content is the primary factor influencing the rheological properties (i.e., complex modulus, 

phase angle, viscosity) of rubber-modified binders. Kök and Çolak (46) concluded that as little as 

three percent rubber could noticeably change binder rheological properties. In general, adding 

rubber increases binder viscosity and decreases binder phase angle. Rubber-modified binder shows 

an increased stiffness, better elastic recovery, lower penetration, and lower creep stiffness than the 

base binder (46-57).  

For rubber content increasing from zero to 22 percent, the binder PG, determined by G*/sin (δ) 

and viscosity, increases with increasing rubber content at high in-service temperatures (>40°C) 

(47-55). The corresponding mix stiffness (Marshall stiffness, simple uniaxial creep stiffness) and 

flow number in a repeated loading test also increase with increasing rubber content. This translates 

to improved rutting resistance (46,56).  
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At intermediate in-service temperatures (10°C to 40°C), the intermediate PG determined by 

G*×sin (δ) value decreases with increasing rubber content (50). RHMA has a longer fatigue life 

than conventional HMA in controlled-strain flexural beam fatigue tests (50,51), which are 

typically conducted in the intermediate temperature range. Mixes produced with eight percent 

rubber by weight of the binder have about 50 percent higher initial stiffness and resist about five 

times more load cycles before failure than the control mix made with the base binder. In the same 

mix aggregate structure, eight percent rubber provides equal fatigue resistance to four percent SBS 

polymer (46). 

At low in-service temperature (≤0°C), adding the rubber results in a reduction in creep stiffness 

compared to the base binder. Although the m-value is controlled by the base binder rather than 

rubber, increasing the rubber content leads to a lower creep stiffness. This reduced creep stiffness 

reduces stresses under thermal contraction (47,50,53,55,57), thereby alleviating thermal cracking 

at low temperatures.  

Based on the above discussion, it is clear that increasing rubber content can improve rheological 

properties and mix performance to a point. Statistical results show no noticeable rheological 

property increase when rubber content is over 20 percent by weight of the binder (53). This is 

because the rubber swelling is incomplete for rubber-modified binders with a high rubber content 

(over 20 percent). Rubber swelling is the process that rubber particles absorb light components 

from the base binder (54). Once these light components are consumed, adding more rubber 

particles will have little effect on the rheological properties (55).  

One consequence of high rubber contents (over the general 20 percent dosage) is the notable 

increase in binder viscosity. This causes potential workability issues that require a high 
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temperature for mixing and compacting (52,56,58). Wet-process rubber-modified binder (both AR 

and TR) generally requires mixing the rubber-modified binder with aggregates at elevated 

temperatures of 170°C to 200°C. These temperatures are about 20°C to 40°C higher than 

conventional HMA mix-production temperatures (56). Consequently, RHMA production 

processes consume more energy. The compaction temperature of RHMA is also higher than 

conventional HMA, which can affect transportation and paving operations. This becomes a severe 

problem when the asphalt plant is away from the construction location or paving RHMA in the 

winter session. Lower than optimal mix temperature leads to poor compaction in the field that can 

result in early pavement distresses (59,60).  

Another consequence of high rubber content is that incompletely digested rubber particles cause 

stability issues when settlement occurs after long-distance transportation (48,55). Settlement is the 

physical separation between the heavier rubber and lighter asphalt binder, which further reduces 

the homogeneity of the rubber-modified binder. Navarro et al. (48) found that the storage stability 

decreased with increasing rubber content, and it reached the worst when the rubber content was 

around 15 percent (55). The binder stability would then recover when rubber content continued 

growing. Satisfactory storage stability was observed in a rubber-modified binder containing 40 

percent rubber due to the high bulk viscosity that restricted the settlement of rubber particles. 

However, this high rubber content (40 percent rubber by weight of the binder) was over the normal 

rubber usage (20 percent by weight of the binder), and it has not been authorized to be used in 

California by the year 2020. 

In summary, the rubber content should be adjusted according to project requirements and operating 

conditions. Sebaaly et al. (57) suggested that the optimum rubber content was dependent on binder 

source and rubber particle size.  
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For avoiding extremely high operation temperature and stability issues, the application of PG+X 

binder (five and ten percent rubber) potentially has less of the negative effects discussed above 

compared to conventional rubber-modified binders containing 15 percent and more rubber 

particles by weight of the binder.  

2.1.4 Effect of Rubber Production Methods 

Crumb rubber modifiers are produced by crushing at either ambient or cryogenic temperatures. 

Figure 2.2 illustrates these two grinding processes (61), which are as follows: 

1. Ambient-temperature grinding process: scrap tires are fed into shredders at or over the 

ambient-temperature (20°C to 40°C), and no cooling system is used to embrittle the rubber. 

This process typically provides rubber particles containing a rough and porous texture with 

a large surface area.  

2. Cryogenic grinding process: scrap tires are cooled to temperatures below the glass 

transition temperature (i.e., <-62°C) using liquid nitrogen. At this low temperature, rubber 

can be crushed so that it shatters into small particles. Cryogenic processes require less 

energy and fewer machines compared to ambient-temperature grinding processes. Rubber 

particles manufactured by the cryogenic grinding process have a shiny, smooth surface.  
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a: Ambient-temperature grinding process 

 
b: Cryogenic grinding process 

 

Figure 2.2: Procedure for manufacturing the crumb rubber from scrap tires (61). 

 

Bahia and Davies (47) found that both ambient-temperature and cryogenically ground rubber 

(particles smaller than 600 microns) continued swelling in the binder at 160°C after 23 hours. 
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Thieves et al. (41) further investigated rubber swelling using a scanning electron microscope 

(SEM). They observed that the ambient-temperature ground rubber swelled faster than the 

cryogenic one. Both of them were fully digested in the binder after 90 minutes of blending at 

180°C. 

Theoretically, crumb rubber produced using the ambient temperature grinding process should 

perform better than cryogenically produced rubbers in terms of modification. Ambient-

temperature ground rubber is porous and rough-textured, which enhances the swelling progress. 

Many studies (41,49,62) have found that ambient-temperature ground rubber had better 

modifications of binder rheological properties (higher complex moduli, lower phase angle) than 

fractured cryogenically ground rubber did. The former led to a more homogenous product. 

Figure 2.3 shows the difference between these two types of rubber in the microstructure. The 

surface area of rubber particles produced at ambient temperatures is twice that of the particles 

produced cryogenically, implying an improved rubber-binder interaction for the former (62). 

Researchers analyzed these rubber particles using gel permeation chromatography, which revealed 

that the ambient-temperature grinding process produces rougher edges because of the tearing 

action. In contrast, the cryogenically processed particles exhibited a flat structure due to the 

freezing and fracturing process (63). 

Shatanawi et al. (63) found that at the same rubber content, ambient-temperature ground rubber 

led to a better modification than the cryogenically ground rubber. The larger surface area in 

ambient-temperature ground rubber improves the rubber digestion by enabling a stronger chemical 

bond between the rubber and the binder phase. Compared to the cryogenically ground rubber, 

binders produced with the ambient-temperature ground rubber have a higher viscosity, higher 
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G*/sin(δ) values at high temperatures, lower G*×sin(δ) value at intermediate temperatures, and 

lower creep stiffness at low temperatures (52,64). Rubber-modified binders produced with 

ambient-temperature ground rubbers also have better storage stability (63). 

  
a): Ambient-temperature ground rubber b): Cryogenically ground rubber 

Figure 2.3: SEM images of ambient-temperature ground and cryogenically ground rubber (41). 

 

The literature review (2-25) revealed that most states used ambient-temperature ground rubber. In 

California, Caltrans only allows the cryogenic process for the initial breakdown of the tire to 

remove steel and fibers. The crumb rubber must be produced by ambient-temperature grinding to 

achieve the desired rough and porous texture. Therefore, this study exclusively evaluated the 

ambient-temperature ground rubber in asphalt binders and mixes. 

2.1.5 Effect of Rubber Gradation 

Crumb rubber modifiers can be fabricated into different gradations, ranging from less than 75 

microns up to 2.36 mm (passing the #200 sieve up to #8 sieve). However, no standardization 

clarifies the boundary between fine and coarse rubber. In this study, rubber gradations specified 

for TR binder with particles smaller than 250 microns are defined as fine rubber, while the 

specifications typically used for field-blended binders are referred to as coarse rubber. From a 

performance perspective, fine rubber is preferred over coarse rubber for the following reasons.  
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1. The fine rubber particles are easier to digest, which accelerates the blending process. Due 

to the greater surface area, fine rubber absorbs light oils more efficiently. The relatively 

larger particle surface of fine rubber particles benefits rubber modification (65,66). A 

rubber-modified binder produced with fine particles exhibits a higher complex viscosity 

and a lower phase angle at high in-service temperatures (i.e., 60°C) and a lower creep 

stiffness at low-temperatures than binders produced with coarse rubber (4,53). Mixes 

produced with rubber-modified binders containing fine particles also provide better rutting 

resistance (67).  

2. The finer rubber with a larger particle surface improves the storage stability of the modified 

binder. Binders modified with fine rubbers are more viscous and more stable than those 

produced with the same content of coarse rubber. Figure 2.4 presents evidence for this 

conclusion (39). This figure contains a fluorescence figure of rubber digestion of four-

particle sizes in two base binders. In both binders, the finer rubber particles appear to have 

digested more effectively than the coarser particles. Rubber particles can be observed in 

the figure when particle sizes are 420 microns and 250 microns. In comparison, it is harder 

to detect rubber particles when the size drops down to 150 microns (38).  
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Figure 2.4: Fluorescence microscopy for two rubber-modified binders (A and B) with the rubber 

particle size of (1) 420 microns, (2) 250 microns, (3) 180 microns, (4) 150 microns (39). 

 

In summary, the rubber particle surface area increases as particle size decreases. Smaller particles 

digest into the base binder more effectively than larger particles, resulting in a shorter blending 

time. The efficient interaction between fine rubber particles and the binder creates a more 



 

26 

homogenous product with better storage stability and in-service performance. Further studies are 

needed regarding the effect of rubber gradation on fatigue performance where conflicting 

observations were found in the literature (50,53,67). Grinding rubber into finer particles is 

expensive. Therefore, optimum rubber gradations should be selected based on careful 

consideration of performance requirements and project budgets. 

2.1.6 Rheological Measurement of Rubber-Modified Binder 

Producing RHMA is conducted at elevated mixing and paving temperatures, typically 20°C to 

40°C higher than the production temperatures for conventional HMA (56). Consequently, the 

laboratory test of rubber-modified binders appears to require a modification of the current 

accelerated aging protocols to better reflect production temperatures in the field. The laboratory 

short-term oven-aging protocol needs to be modified to simulate the RHMA production process in 

an asphalt plant.  

As mentioned in Section 2.1.2, the rubber-binder interactions in rubber-modified binders are 

complex, which leads to challenges in quantitative evaluation. The change in physical properties 

can indicate the degree of rubber modification, which also controls the rubber-modified binder 

performance. It is generally accepted that the evaluation criteria for rubber-modified binders 

should be dependent on physical parameters rather than chemical ones (68).  

The Superpave PG system is widely used to evaluate asphalt binder properties. It is appropriate 

for testing rubber-modified binders containing rubber particle sizes smaller than 250 microns 

(passing the #60 sieve), such as TR binders (30). However, it may yield incorrect results when 

evaluating rubber-modified binders containing coarser rubber particles larger than 500 microns, 

such as AR binders (70).  
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The following reasons mostly cause this incorrect measurement: first, the proximity of large rubber 

particles to the test plate can decrease the measuring accuracy. However, the current Superpave 

PG system (30,74) uses a parallel plate geometry with 1-mm or 2-mm gaps depending on the 

testing temperatures. Therefore, it is appropriate for determining the rheological properties of 

unmodified and TR binders since the particles are smaller than 250 microns (i.e., the gap size is 

greater than four times the size of the rubber particles). However, the system is not appropriate for 

AR binders because the rubber gradations used in them have particles that are larger than 500 

microns, up to 2.36 mm. Investigation of the rheological measurement of these rubber-modified 

binders is warranted.  

Second, according to the representative volume element (RVE) theory, the smallest sample volume 

size for the measurement to yield a value representative of the whole property is recommended to 

be three to four times the maximum individual particle size (71-73). This theory is the generally 

accepted criteria for property evaluation. 

Consequently, modification of the current Superpave PG system is necessary for evaluating 

rubber-modified binders containing coarse rubber particles. Researchers (75,76) proposed some 

potential modifications using concentric cylinder geometry, which was validated for PG testing at 

high temperatures (>58°C). This promising finding inspired the investigation of this geometry in 

a broader temperature range, including intermediate temperatures around 20°C, which are the 

usual temperatures for analyzing the fatigue performance. In this study, refinement of the modified 

PG system was conducted in preparation for evaluating PG+X binders. 
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2.1.7 Application of Rubber-Modified Binder in Hot Mix Asphalt 

RHMA is commonly used in three aggregate gradations: dense-gradation, gap-gradation, and 

open-gradation. The performance of dense-graded rubberized hot mix asphalt (RHMA-D) depends 

on the elastic rubber recovery and mix stiffness. The structural capacity of RHMA-D is comparable 

with an SBS modified dense-graded mix (45,77,78). RHMA-D appears to be only suitable for 

binders produced with fine rubber particles (i.e., TR binder). Xiao et al., Zhu et al., and Dong et 

al. (45,77,78) found that voids in the dense-graded mix might not be large or numerous enough to 

accommodate the large incompletely digested rubber particles, which influences compaction, and 

in turn, influences rutting and moisture resistance.   

Gap-graded rubberized hot mix asphalt (RHMA-G) is the most widely used RHMA type in 

California. The gap-graded structure provides sufficient space in the aggregate (VMA) for 

accommodating the incompletely digested, coarse rubber particles. Hence, the minimum VMA 

requirement for RHMA-G is increased to 18 percent, compared to the 13 to 16 percent VMA range 

in a conventional dense-graded HMA (2).  

RHMA-G also requires higher binder content than dense-graded mix because the rubber is pre-

blended with the binder. Therefore, the binder content in RHMA-G is the sum of rubber content 

and binder content together. The combination of rubber and binder provides a thick film covering 

the aggregates, which reduces the low temperature susceptibility of the mix. RHMA-G can 

potentially better withstand thermal cracking than the conventional dense-graded HMA (53). In a 

thin surface layer (30 mm to 60 mm), RHMA-G usually has a long service life with better 

resistance to fatigue cracking and reflective cracking than the conventional dense-graded HMA 

(79).  
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Open-graded rubberized hot mix asphalt (RHMA-O) is widely used as a surface layer to provide 

a quieter and more durable riding surface than HMA-O. The open-graded mixes generally require 

larger voids and consume more binders than dense-graded mixes. RHMA-O and RHMA-G have 

similar field performance, including better moisture damage resistance and rutting resistance than 

conventional dense-graded HMA (80-82). 

The literature review showed that RHMA had been widely studied. However, previous studies 

mostly investigated the use of RHMA in thin surface layers (typically 60 mm). When well 

designed, using RHMA in a thick layer is promising. This potential application of using rubber-

modified mixes in different layer thicknesses with incorporating the rubber in additional ways fills 

in the study objective of the PG+X project. 

2.2 Aging Mechanism of Asphalt Binder and Mix 

Irreversible volatilization, steric hardening, oxidation, and reversible thixotropy are four identified 

asphalt aging processes (83). The first three processes are irreversible, and they can stiffen the 

binder significantly. The reversible thixotropic hardening stiffens the binder by forming binder 

particles into a lattice structure, which is not a stable aging product. Thixotropic is recoverable 

when materials are exposed to heat and agitation (84). Therefore, thixotropic hardening provides 

minor contributions to asphalt aging compared to the other three processes for in-service asphalt 

pavement. 

Volatilization and steric hardening mostly occur during mix production and paving operations. 

Volatilization is defined as the loss of light binder compounds through evaporation at elevated 

temperatures (typically exceeds 110°C). Steric hardening, on the other hand, is a progressive 

polymerization process in which small molecules combine into large molecule-groups (85). These 
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two processes are mostly observed in the early stages of aging (i.e., during the paving operation 

and the first few months after placement on the road).  

The essential aging process is oxidation, which occurs throughout the life of asphalt materials. It 

is defined as binder compounds reacting with oxygen, creating large oxidative molecular groups. 

Oxidation is generally recognized as the primary aging process for in-service asphalt mix, with 

volatilization, steric hardening, and thixotropy aging having minor contributions to long-term 

aging (85). Accessing oxidation or oxidative aging is the primary focus of this study.  

Binder chemistry can also affect the rate of oxidative aging. Asphalt binder is a thermoplastic 

compound containing chemical elements of carbon, sulfur, and hydrogen, together with relatively 

small amounts of nitrogen, vanadium, nickel, and manganese (86). Scholars usually divide the 

organic binder constituents into two groups: maltenes and asphaltenes. The chemical elements are 

the same in these two groups, but the molecular group size and structure are not. The mass weight 

of maltene is lower than that of asphaltene in any binder.  

Maltenes can subdivide into saturates, aromatics, and resins according to the molecular weight in 

increasing order. Saturates consist of nonpolar materials, including linear, branched, and cyclic 

saturated hydrocarbons. Aromatics contain multiple aromatic rings. Resins contain relatively more 

polar substituents than aromatics. These polar substituents also exist in asphaltenes. The distinction 

between resin and asphaltene is solubility. The former can be dissolved in heptane or pentane, 

while asphaltene substituent is not (87).  

Asphaltenes have the highest polarity and the highest molecular weight compared to other 

molecular groups in asphalt binders. Asphaltenes and maltenes can be assembled in a colloidal 

structure to model the properties and performance of asphalt binders. Asphaltene forms the core, 
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covered by resins and aromatics, which are dispersed in saturates, as shown in Figure 2.5 (88). 

Asphaltenes and resins generally control the binder stiffness and strength. In contrast, aromatics 

and saturates dominate viscous and plasticizing properties (89). Therefore, the rheological 

properties of asphalt binder depend on the properties of these four individual fractions and their 

proportions that are all influenced by the aging process.  

 
Figure 2.5: Asphalt binder colloidal structure (88). 

 

Maltene components are highly vulnerable to oxidation. This time-dependent activity starts when 

oxygen contacts with asphalt binder through air voids in the asphalt mix (18). Oxygen reacts with 

maltenes to generate carbonyl groups and sulfuric groups associated with polar species (87). It is 

widely accepted that increased polar functional groups polar-polar interactions and yield a sol-gel 

transition. Oxidation generates a detectable change in the rheological property of the asphalt 

binder, which stiffens the binder. This reaction between diffused oxygen and asphalt binder is 

known as “oxidative aging” (87). The newly developed asphaltenes change binder molecular 

structures. The asphaltenes associate with polar functional groups, resulting in a continuous 

stiffening and embrittlement of the binder (18).  
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Binder components, pavement structures, and environmental conditions are factors that all affect 

the oxidative aging progress. High pavement temperatures and large interconnected voids in the 

mix lead to faster and more intense oxidative aging (90). Using modifiers such as rubber and SBS, 

however, appears to slow oxidative aging (91).  

Oxidative aging causes hardening and stiffening of the binder. This stiffer binder, in turn, increases 

the stiffness of the asphalt mix (92). Irreversible stiffening has numerous negative impacts. Mirza 

and Witczak (19) found that oxidative aging significantly affected the asphalt mix properties 

within 20 mm (0.75 in.) of the pavement surface because of its exposure to atmospheric oxygen. 

The aged asphalt mix is more vulnerable to adhesion failure between the binder and aggregate. 

This aged asphalt mix is susceptible to spalling, raveling, moisture damage, top-down cracking, 

low-temperature cracking, and fatigue cracking. These distresses shorten the service life of asphalt 

mix significantly (93,94).  

Oxidative aging in the pavement is a complex chemical-physical process. Although aggregate is 

not sensitive to aging (only weathering), aggregate properties (i.e., chemical constituents, 

gradation, water absorption) can affect the aging process. Different aggregates absorb different 

amounts of binder, which in turn affects film thicknesses (94). Differences in film thickness lead 

to differences in oxygen diffusion, which, in turn, affects the rate of oxidative aging. Air-void 

contents influence the amount of oxygen that contacts the binder. Therefore, an aging gradient 

typically exists in the asphalt mix, with maximum aging at the surface and less aging at the bottom 

of the layer (81). 

According to AASHTO R 30 (95), short-term laboratory-aging of HMA is achieved by oven-aging 

of the loose mix, which simulates the oxidative aging process during mix production. Long-term 
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aging of HMA is achieved by oven-aging compacted specimens to simulate aging after placement 

and compaction of the layer. Accidentally specimen collapses are observed during the long-term 

aging protocol, which damages the specimen before further laboratory testing. Recent studies (81) 

recommended to long-term oven-age loose mixes to prevent specimen collapses and reduce the 

aging gradient. The loose mix allows maximum contact with air, which promotes uniform 

laboratory aging. Specimens can be compacted with the aged mixes for testing. 

Researchers from North Carolina State University, Arizona State University, and Western 

Research Institute (96) compared the aging in loose mixes and compacted specimens. They found 

that loose mix-aging was more severe than compacted specimen aging. There was an aging 

gradient in the compacted specimen due to oxygen diffusion. This aging gradient could be 

eliminated by reducing the specimen size. For example, using a specimen with 38 mm diameter 

and 100 mm height instead of the standard specimen size with 100 mm diameter and 150 mm 

height. They found that the best method to eliminate the aging gradient was to shorten the oxygen 

diffusion route in the mix by aging loose mix instead of compacted specimens (96). This 

modification excludes the aging gradient effect on aged specimens. The long-term loose mix aging 

protocol was further investigated in this study. 

2.2.1 Development of Aging Models 

Researchers work towards understanding the mechanism of oxidative aging and modeling aging 

progress, with the goal of predicting the performance of asphalt mix at a given aging state. Most 

aging models predict binder viscosity changes using material parameters that include binder 

properties, aggregate properties, pavement structure, air-void content, depth of the layer from the 
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surface, and pavement temperatures. This section briefly describes three representative aging 

models.  

One well-known model is the global aging system (GAS) model developed by Mirza and Witczak 

in 1995. This aging model predicts the binder viscosity change using a regression model of large-

scale field data (19). The database includes 2,308 measurements from 47 in-service projects.  

Regression methods were applied to this database to generate the GAS model. The GAS model 

captures the increases in oxidative-related viscosity at 6 mm below the pavement surface. The 

basic equations used in the GAS model are given in Equations 2.1, 2.2, and 2.3.  

𝑙𝑜𝑔 𝑙𝑜𝑔 𝜂 = 𝐴𝑅 + 𝑉𝑇𝑆 𝑙𝑜𝑔 𝑇𝑅         2.1 

𝑙𝑜𝑔
𝜂

13,000
=

−8.5 𝑙𝑜𝑔
𝑃𝑒𝑛

𝑃𝑒𝑛𝑇𝑅𝐵

5.42+𝑙𝑜𝑔
𝑃𝑒𝑛

𝑃𝑒𝑛𝑇𝑅𝐵

         2.2 

𝑙𝑜𝑔 𝑙𝑜𝑔 𝜂𝑎𝑔𝑒𝑑 =
𝑙𝑜𝑔 𝑙𝑜𝑔𝜂𝑡=0+𝐴𝑡

1+𝐵𝑡
𝐹𝜐        2.3 

Where: 
𝐴 = −0.004166 + 1.41213C + C log(MAAT) + D log log ηt=0 
𝐵 = 0.197725 + 0.068384 log C 

𝐶 = 10274.4946−193.831 logTR+33.9366 log(TR)
2
 

𝐷 = −14.5521 + 10.47662 logTR − 1.88161 log(TR)
2 

η = viscosity measured by a penetration test in centipoise.  

TR = temperature in degree Rankine where the viscosity is estimated (°R= °F+459.7). 

AR = regression line intercept. 

VTS = slope that defines the viscosity-temperature susceptibility.  

ηaged = aged viscosity in centipoise, which represents the viscosity at an assumed depth of 

6.3 mm (0.25 in.) from the surface. 

ηt = viscosity at mixing/laydown in centipoise. Subscript (t) is the in-service time in 

months.  

Parameter A = a function of the mean annual air temperature (MAAT) together with the 

viscosity at mix/laydown.  

Parameter B = a function of the temperature of interest. 

Parameter FV = adjustment factor for optional air void content  
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In Equation 2.1, measured binder penetrations and softening points are converted to viscosity over 

a broad range of temperatures at the initial stage before aging occurs. The slope of double-

logarithmic viscosity versus logarithmic temperature represents the binder temperature 

susceptibility. In Equation 2.2, TRB is the temperature measured at the softening point using a ring 

and ball test. The viscosity after mixing/laydown can be calculated with Equation 2.2. The 

viscosity of aged binders can be predicted using Equation 2.3. 

The GAS model develops an empirical correlation between in-service time and binder viscosity at 

multiple temperatures. Since this model is only calibrated for dense-graded mixes containing 

conventional unmodified binders, it is not appropriate for modeling polymer- or rubber-modified 

asphalt mixes, including gap- and open-graded mixes. 

In 2005, Houston et al. (20) developed another representative aging model using the data from 

field aging and laboratory pressure aging vessel (PAV)-aging. The PAV-aging is an accelerated 

laboratory protocol to accelerate the oxidative aging of asphalt binders by pressurizing air and 

elevating temperatures. This accelerated test is designed to simulate long-term oxidative aging and 

hardening of binders in the field, according to AASHTO R 28 (97).  

In the Superpave PG system, two laboratory-accelerated aging protocols are specified by 

AASHTO (97,98). The Rolling Thin Film Oven (RTFO)-aging simulates short-term aging during 

production and placement of asphalt mixes (99). The PAV-aging conducted at 2.1 MPa at an 

elevated temperature (typically 90°C to 110°C) simulates five to ten years of field aging of asphalt 

binders (100).  

There are several limitations to these laboratory aging protocols. For example, the range of five to 

ten years in the PAV-aging is rather broad, and the procedure does not support prediction outside 
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this range. The test method also does not account for a reduction in air-void content over time 

caused by densification under traffic loading. This change is apparent for pavements that are not 

well compacted during construction. To address these limitations, Houston et al. (20) proposed the 

following PAV-aging model to estimate field aging from PAV-aged binders. 

𝑡𝑎𝑔𝑖𝑛𝑔 = 𝑒𝑥𝑝 [
(

𝑇𝑃𝐴𝑉
0.445445×𝑉𝐴𝑜𝑟𝑖𝑔

0.378370)−109.9632+78.2945×(𝑙𝑜𝑔 𝑙𝑜𝑔𝜂𝑅𝑇𝐹𝑂,60℃)
2

2.132432+0.193560×(𝑙𝑜𝑔 𝑙𝑜𝑔𝜂𝑅𝑇𝐹𝑂,60℃)
2×𝑀𝐴𝐴𝑇

]    2.4 

Where: 

VAorig = initial percent air-void content after construction. 

ηRTFO, 60ºC = viscosity of RTFO residue at 60°C. 

MAAT = mean annual air temperature in °F.  

During the PAV-aging model development, Houston et al. (20) found that the difference between 

laboratory-aging and field-aging could not be ignored. Aging of asphalt mixes with air-void 

contents higher than eight percent in the laboratory protocol was more severe than in the pavement 

after aging of seven to ten years. This situation was reversed when the mixes had air-void contents 

of less than eight percent.  

Morian et al. (102,103) further investigated the influence of air-void contents on oxidative aging. 

They found that the slope of carbonyl group increment (or kinetics parameter) was significantly 

correlated to air void contents in the asphalt mix. The properties of the PAV-aged binders were 

close to those of the aged binders extracted from the mix when mix air-void content was over 11 

percent. The difference between these two aging protocols grew when mix air-void content 

decreased, with PAV-aged binders being more conservative than those measured on field mixes.  
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The third aging model discussed is the dual-rate aging model developed by Glover et al. from 

Texas A&M University (18). This model predicts physical properties after aging from chemical 

component changes and is described in detail in Section 2.2.3. 

2.2.2 Measurement of Aging Components 

As mentioned at the beginning of Section 2.2, asphalt binder contains various chemical 

components. Carbonyl and sulfoxide components have been identified as aging products that 

develop during oxidative aging (85,104). The sulfoxide component is generated in the initial stages 

of aging. Its growth is usually terminated because of its instability over a long-term duration (104). 

In contrast, the carbonyl component continues accumulating as long as these fractions have access 

to oxygen. The carbonyl component is the primary aging product in the long-term aging stages 

(18,91). Consequently, the carbonyl component instead of the sulfoxide component should be used 

as the aging indicator for tracking oxidative aging in asphalt binders. 

The carbonyl component contains a carbon atom with a double bond to an oxygen atom (C=O). 

This structure can further bond with other atoms or functional groups to form ketone, carboxylic 

acid, and anhydride (85). Figure 2.6 sketches these component groups. Ketone contains a C=O 

bond and two attached carbon atoms. Carboxylic acid has a hydroxide (OH-) and an undefined 

functional group (R) attached to the C=O bond. Anhydride has one oxygen atom that bridges two 

C=O bonds, and each of them bonds with another undefined functional group (R and R').  

Although there are numerous forms of carbonyl groups, major carbonyl groups in asphalt binders 

are primarily ketones with a long hydrocarbon chain (105). Fourier transform infrared 

spectroscopy (FTIR) can precisely measure chemical components and track chemical component 

changes in asphalt (106,107).  
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Figure 2.6. Illustration of carbonyl components: (a) ketone, (b) carboxylic acid, and (c) anhydride (105). 

 

Radiation is the functional core of the FTIR measurement. Material molecules and atoms absorb a 

distinctive wave of incident radiation. An absorbance spectrum can be used to identify the 

corresponding component (108). The radiation travels in a sinusoidal waveform. One wave cycle 

of radiation travel is defined as the wavelength. The wavelength can be converted to wavenumber 

with Equation 2.5 (109): 

𝑤 = 1
𝜆⁄            2.5 

Where: 

𝑤 = wavenumber of light in cm-1. 

λ = wavelength of light in cm.  

Figure 2.7 shows an FTIR spectrum of asphalt binder with wavenumber ranging from 4,000 cm-1 

to 400 cm-1 using Bruker FTIR equipment. The spectrum plots wavenumber on the horizontal axis 

and the absorbance unit on the vertical axis. The absorbance unit is generated from Equation 2.6 

(109): 

𝐴 = 𝑙𝑜𝑔(
𝑙0
𝑙1
⁄ )           2.6 

Where: 

A = specimen absorbance with arbitrary units.  

l0 = intensity of the background scanned at a specific wavenumber. 

l1 = intensity of the specimen scanned at the same wavenumber. 
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A background scan is always the first activity of the FTIR test. Background scans capture the 

absorbance of components not related to the specimen, and these are removed from the final 

spectrum. Twenty-four scans are applied to each specimen, and an average detected absorbance 

unit is obtained as the measurement result. The final specimen absorbance unit is calculated by 

subtracting the background absorbance from the detected absorbance. Peaks on the spectrum show 

specific components in specimens. The detailed settings of FTIR used in this study are documented 

in Section 4.2.2.  

 
Figure 2.7: An example of the FTIR spectrum of asphalt binder.  

 

2.2.3 Dual-Rate Aging Models 

Glover et al. (18,87,94,110) divide oxidative aging into short- and long-term aging. In the short-

term stage, chemical components rapidly react with oxygen since sufficient maltenes are available 

for oxidative reactions. The highest reaction rate occurs at the very beginning of oxidative aging, 

and it gradually decreases over time. This short-term oxidative aging mostly occurs during 
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production and placement and possibly the first few months after construction (91). After that, 

long-term oxidative aging continues. The rate of oxidative aging reduces to a relatively slow but 

constant rate throughout the remaining service life of asphalt mix (90,92). Figure 2.8 is a sketch 

of these two phases defined by the dual-rate aging theory (18). 

The dual-rate aging model developed by Glover et al. in 1992 (18,87,94,110) captures the change 

in chemical components and viscosities of the asphalt binder. In the short-term aging stage, aging 

products grow at a fast rate. An initial increase in viscosity occurs, shown as point A to point C in 

Figure 2.8. Point A refers to the binder at unaged status. Point B is considered as representative of 

the RTFO-aged binder, which is obtained from short-term laboratory aging. Point C is defined as 

the beginning point of the long-term aging stage, where aging products start to accumulate at a 

slow but constant rate. This constant-rate region is modeled by an Arrhenius expression with 

temperature and pressure parameters. 

 
Figure 2.8: Oxidative aging phase defined in the dual-rate model (18). 
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In the dual-rate model, the correlation between aging products and low-shear viscosity (LSV) at 

60°C and 1.59E-05 Hz (0.0001 radians/second) can be modeled using Equation 2.7 and 2.8 (111): 

ln 𝜂∗ = ln 𝜂0
∗ + 𝑟𝜂𝑡          2.7 

CA = CA0 + rCAt          2.8 

Where: 

ƞ* = complex viscosity. 

CA = numerical integration of the FTIR carbonyl area groups with a wavenumber from 1,650 

cm-1 to 1,820 cm-1. 

Subscript 0 = initial aging point of the long-term aging stage. 

It should be noted that the ƞ*0 and CA0 values are higher than the values of RTFO-aged binders, 

as shown by the difference between point B and point C in Figure 2.8. The oxidative kinetic (rca) 

can be calculated from the Arrhenius equation (Equation 2.9) (18): 

𝑟𝑎 = 𝐴𝑎𝑝
𝛼exp(

−𝐸𝑎
𝑅𝑇⁄ )         2.9 

Where: 

A = pre-exponential factor.  

P = oxygen partial pressure. 

Eα = activation energy, and subscript α is the selected specific rate. 

R = universal gas constant. 

T = temperature.  

The hardening susceptibility (HS) is used to calculate the hardening rate (rƞ) from the oxidative 

kinetic (rca), as shown in Equation 2.10. This HS parameter is binder dependent at a given 

atmospheric pressure, as shown in Equation 2.11 (87). A low HS value is favorable for resisting 

age-hardening effects (91). The increasing rate of low shear viscosity is dependent on carbonyl 

growth. 

𝑑 𝑙𝑛𝜂∗

𝑑𝑡
=

𝑑 𝑙𝑛𝜂∗

𝑑𝐶𝐴

𝑑𝐶𝐴

𝑑𝑡
          2.10 

𝐻𝑆 =
𝑑 ln𝜂∗

𝑑𝐶𝐴
=

𝑟𝜂

𝑟𝐶𝐴
          2.11 
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Where: 

dCA/dt = growth rate of carbonyl area index (CA), representing the oxidative kinetic (rca).  

HS = a correlation parameter, acting as a surrogate of the hardening rate.  

Accelerated laboratory aging can be used to obtain the HS parameter. Hours of aging of the asphalt 

binder at high-temperatures in the laboratory can be converted to equivalent months or years of 

field-aging (87). Several studies that investigated the possibility and accuracy of using accelerated 

aging approaches to match field-aging are presented in the following paragraphs. 

Texas A&M Transportation Institute (TTI) conducted accelerated laboratory-aging on asphalt 

binders to predict the oxidative kinetic and hardening parameter for the dual-rate aging model (94). 

The aging protocol entailed pouring a 1-mm thick binder film into pressure oxidation vessels 

(POV) at five different temperatures. Table 2.1 summarizes the setting of the laboratory aging 

protocol. The kinetic parameter (rca) obtained from the POV-aged binder fitted in the dual-rate 

aging model reasonably well. Results showed that oxidative kinetics and age-hardening models 

built on accelerated aging protocol could predict the oxidation and age-hardening (94). These 

findings confirmed that POV-aging was a quick and reliable aging protocol to obtain the dual-rate 

aging model parameters. 

Table 2.1: Texas A&M Laboratory Aging Test 

Aging Temperature (°C) Aging Duration (Days) 

60 2, 5, 10, 15, 20, 30, 45, 60, 75, 90 

70, 80 1, 3, 5, 7, 10, 20, 30, 40, 50, 60 

89, 98 1, 2, 4, 6, 10, 15, 20, 25, 30 

 

TTI also compared the PAV-aging at 2.1 MPa to the POV-aging at 0.1 MPa, which is normal 

atmospheric pressure. The results indicated that the PAV-aging generated a higher constant-

reaction rate than the POV-aging. The activation energy of the PAV-aged binder was linear to that 
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of the POV-aged binder (94). This finding revealed that a linear correlation could be used to relate 

short-duration PAV-aging results to those from long-term POV-aging. 

The University of Nevada, Reno, conducted another POV-aging at an atmospheric air pressure 

near 0.08 MPa to represent local conditions. Table 2.2 summarizes the experimental factors. The 

results indicate that the aging rate of an individual binder was source dependent. Therefore, 

generalizations about asphalt binder aging should be made with caution (105). Their second aging 

phase was conducted by PAV-aging, with durations of 20, 40, and 60 hours at 2.1 MPa. 

Comparison between PAV-aging and POV-aging showed an apparent difference between these 

two aging protocols. This study concluded that a full evaluation of field weather conditions and 

appropriate PAV-aging protocol setting are necessary for an accurate simulation of field-aging 

(112).  

Table 2.2: Reno Laboratory Aging Test 

Aging Temperature (°C) Aging Duration (Days) 

50 4 to 320  

60 2 to 160  

85 0 to 40 

100 0 to 12 

 

In general, the carbonyl component increase showed the same tendency as the asphaltene increase 

during oxidative aging (113-115). Lin et al. (113) further expanded the basic dual-rate aging model 

(Equation 2.10) to include the asphaltene function. In Equation 2.12, (∂lnη*/∂AS) defines the 

asphaltene effect on binder stiffening, where (∂AS/∂CA) is the asphaltene formation susceptibility. 

(∂AS/∂CA) defines the maltene capacity to produce new asphaltenes. Along with oxidative aging, 

the amount of maltene reduces, and the rate of oxidative aging slows. The newly formed 
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asphaltenes affect binder viscosity. This reaction followed the Pal-Rhodes rule, as shown in 

Equation 2.13 (114).  

𝑟𝜂 =
𝑑 𝑙𝑛𝜂∗

𝑑𝑡
=

𝜕 𝑙𝑛𝜂∗

𝜕𝐴𝑆

𝜕𝐴𝑆

𝜕𝐶𝐴

𝜕𝐶𝐴

𝜕𝑡
         2.12 

𝜂∗ = 𝜂𝑚
∗ (1 − 𝐾%𝐴𝑆)−𝜈         2.13 

Where: 

ηm
* = maltene viscosity.  

K = asphaltene solubility. 

%AS = asphaltene content in the binder. 

ν = asphaltene particle shape parameter. 

Chipps et al. (115) investigated rubber-modified binder aging and proposed an aging model based 

on Lin’s model. This study evaluated the asphaltene and macromolecule rubber particle analogy 

effect on oxidative aging. The model was developed in Pal-Rhodes format, as shown in Equation 

2.14. 

𝜂∗ = 𝜂𝑚
∗ (1 − 𝐾1%𝐴𝑆 − 𝐾2%𝑝)

−𝜐𝑎𝑣𝑔        2.14 

Where: 

K1 and K2 = constant parameters for asphaltene and rubber. 

p = weight amount fraction of tire rubber.  

This equation was considered to provide approximate values because it ignored the proportion of 

changes between asphaltene and the rubber during oxidative aging. This proportion change led to 

the polar aromatics converting to asphaltene, which was not considered in the equation. Chipps et 

al. (115) developed the following equation to calculate the HS of the rubber-modified binder: 

𝐻𝑆 =
𝜕 𝑙𝑛 𝜂

𝜕𝐶𝐴
=

𝜐𝑎𝑣𝑔(𝐾1
𝜕%𝐴𝑆

𝜕𝐶𝐴
+
𝜕𝐾2𝑝

𝜕𝐶𝐴
)

1−𝐾1%𝐴𝑆−𝐾2%𝑝
         2.15 
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They also found that the HS value of rubber-modified binder remained approximately constant 

during aging due to the combined effects of parameters (∂%AS⁄∂CA) and (K1%AS). The HS value 

is lower in a rubber-modified binder than in a conventional binder. The results indicate that 

relatively low HS values slowed the oxidative age-hardening (115). 

Jin et al. (116) later improved the dual-rate aging model to include both fast- and constant-rate 

reactions. The growth of the carbonyl component in the full aging phase is calculated using 

Equations 2.16, 2.17, and 2.18:  

𝑑𝐶𝐴

𝑑𝑡
= 𝑀𝑅𝑇𝐹𝑂𝑟𝑓𝑒

−𝑟𝑓𝑡 + 𝑟𝑐         2.16 

𝑟𝑓 = 𝐴𝑓𝑝
𝛼𝑒(

−𝐸𝑎𝑓
𝑅𝑇⁄ )          2.17 

𝑟𝑐 = 𝐴𝑐𝑝
𝛼𝑒(

−𝐸𝑎𝑐
𝑅𝑇⁄ )          2.18 

Where: 

MRTFO = limited amount of carbonyl component generated during the fast-reaction period. 

𝑟𝑓 and 𝑟𝑐 = fast- and constant-reaction rates, which are dependent on the temperature.  

p = oxygen partial pressure,  

α = reaction order concerning P, whose average value is 0.27.  

Based on carbonyl values calculated using the above equations, LSV at 60°C and 1.59E-05 Hz 

(0.0001 radians/second) after aging can be predicted by Equation 2.19, which is the integration 

format of Equation 2.11 (117). 

𝜂𝐿𝑆𝑉 = 𝑒𝐻𝑆×𝐶𝐴+𝑚          2.19 

 

In summary, the dual-rate aging model predicts oxidative aging through the following steps:  

1. The carbonyl component after aging is determined using Equation 2.16 through Equation 

2.18 at any aging temperature and atmospheric pressure conditions.  
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2. The LSV value after aging can be calculated using Equation 2.19 based on the carbonyl 

component and HS parameter obtained from laboratory tests. Practically, asphalt binder 

kinetics (Ea, A) and asphalt binder hardening parameters (HS, m) can be determined from 

measurements of accelerated laboratory aging of binders or mixes at several stages of aging 

(i.e., different aging temperatures over different durations). 

The foundation of the dual-rate aging model is built on the kinetic rate of carbonyl components. 

This dual-rate aging model develops a regression correlation between oxidative products and 

rheological properties of the asphalt binder. The age-hardening model correlates carbonyl area 

group changes to low-shear viscosity increases. One limitation of this model is that it only 

estimates LSV, while the actual viscosity of the binder in asphalt mixes is mostly beyond this 

region. This limitation motivated the investigation of predicting viscosity beyond the LSV region 

in this study. 

The original dual-rate aging model was developed on conventional unmodified binders and SBS-

modified binders. Only one TR binder with a five percent rubber dosage by weight of the binder 

was evaluated using this model (91). Further investigation of the dual-rate model on rubber-

modified binders is required. 

Farrar et al. (118) proposed another chemical-mechanical aging model in 2013. This model 

predicts the change in crossover modulus using a second-order aging kinetics relationship. 

Crossover modulus is defined as the cross point where storage modulus (G’) and loss modulus 

(G’’) is equal in the viscoelastic spectrum. From a structural perspective, the plateau region is a 

critical part of studying the molecular interaction, as it links with the molecular weight distribution, 
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which changes along with oxidative aging (119). This change in molecular weight distribution, in 

turn, correlates to the carbonyl components (118).  

Farrar modified the dual-rate aging model by considering that fast-rate oxidative kinetics might 

not be practically significant for in-service pavements. This model introduced a continually 

changing rate of crossover modulus, and a reasonable prediction of crossover modulus for long-

term aging was identified. The two original equations are Equation 2.20 and 2.21 (118). 

1

𝐺𝐶
∗(𝑡)

=
1

𝐺𝐶0
∗ + 𝑟𝑡           2.20 

𝑟 = 𝐴𝑃𝛼𝑒
−𝐸

𝑅𝑇⁄            2.21 

Where: 

𝐺𝐶
∗ (𝑡) = crossover modulus as a function of time. 

𝐺𝐶0
∗  = initial crossover modulus after production and placement.  

r = reaction rate that is also calculated using the Arrhenius equation.  

This model receives less attention than the Glover dual-rate model, probably due to the crossover 

modulus alone providing limited information about binder performance. However, credit for 

results reported by Farrar is that rheological changes beyond low shear viscosity could be 

estimated from aging products. It further inspired the study of predicting binder viscosity beyond 

the LSV region in this study.  

2.3 Aging Mechanisms in Rubber-Modified Binders 

Oxidative- and age-hardening rates are mostly affected by binder components when sufficient 

oxygen is accessible. Consequently, oxidative aging can be altered by adding modifiers to asphalt 

binders (96,102,104). Crumb rubber modifier is one such modifier. Huang and Pauli (4) found that 

rubber-modified binders were less brittle than their base binder after long-term oxidative aging, 

with crumb rubber appearing to act as an antioxidant. 
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Glover et al. and Farrar (115,120) found that rubber-modified binders showed slower oxidative 

aging than conventional binders. This improved aging resistance may be attributed to two 

mechanisms. Rubber either slows down the oxidative rate (chemical effect, rubber changes the 

oxidation of the binder) or reduces the age-hardening effect on binder properties (physical effect, 

oxidation continues but with limited stiffness increase), or a combined effect of these two 

mechanisms.  

Specifically, for the physical effect, it may be credited to rubber particles that influence the 

viscosity together with the base binder (8). Rubber-modified binders produced at relatively low 

temperatures (<200°C) yields a slow hardening rate and a low HS value. The swelling of rubber 

particles elevates the bulk viscosity by building gel-microstructures. In contrast, the high 

temperatures (>240°C) degrade long polymer chains and matrix structures in the binder. It 

diminishes rubber particle swelling and results in the aging product dominating the viscosity. 

Rubber-modified binder, after blending at high temperatures (>240°C), has relatively less aging 

resistance than those produced under low temperatures (<200°C). However, HS values were still 

lower than the base binder due to the increased resistance to oxygen diffusion (8,115). 

Modeling of oxidative aging in the rubber-modified binder is complicated because of two reasons. 

Firstly, the dual-rate aging model discussed in Section 2.2.3 only considers the viscoelastic 

behavior at LSV levels. This strain level does not accurately represent binder or mix performance. 

The magnitude difference in stiffness between aggregate and binder causes high strain levels to 

localize within the asphalt binder. Average binder strains are about eight times larger than the 

macroscopic bulk strain of the mix. Thus, strain levels in the asphalt binder are usually beyond the 

LSV range (121-123). Secondly, the measurement of rheological properties is not accurate when 

using the current Superpave PG system, as discussed in Section 2.1.6. The potential offset of 
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rheological measurement can mislead the analysis of the age-hardening effect on rubber-modified 

binders, especially for those containing large rubber particles over 250 microns. 

The complexity of evaluating oxidative aging also exists in the asphalt mix phase. Temperatures 

during mixing and paving operations can be highly variable. Air-void contents also vary in the 

mix, which results in inconsistent oxygen exposure. These uncertainties complicate the validation 

of asphalt binder models in asphalt mixes (124). Therefore, using the aged mix to validate the 

binder aging model is warranted.  

One possible solution is to reduce the mix specimen size to study oxidative aging in asphalt mixes 

(96,125). Fine aggregate matrix (FAM) mixes containing the fine portion of the aggregate matrix 

(i.e., materials smaller than 2.36 mm, passing the #8 sieve) in an asphalt mix seems appropriate to 

be a connection between the binder and the full-gradation mix. Underwood (125) have already 

built a FAM aging model to connect binder and mix performance. However, there is still an aging 

gradient through the FAM mix specimen, and an appropriate methodology of producing FAM mix 

specimens is under discussion. Different methodologies have been proposed by different 

researchers (96,126-128).  

Another possible solution is to age the loose mix to exclude the aging gradient. The extracted 

binder from the aged asphalt mix could then be used to validate the aging model (96). One 

limitation of this methodology is that the air-void content impact cannot be directly modeled based 

on loose mix aging alone. Besides, the extraction and recovery process may soften the recovered 

binder. Yazeed (129) compared the different solvents used in the extraction and found that the 

solvent type changed the recovered binder properties (i.e., complex modulus, phase angle). He also 
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suggested to complete the whole extraction and recovery test within 17 hours to limit the solvent 

effect on recovered binders.  

2.4 Pavement Performance Using Rubber-Modified Mixes 

Oxidative aging mostly occurs on the top surface, where easily exposed to oxygen. Luo et al. (130) 

found that oxidative aging could happen beyond the immediate top surface. In some cases, 

materials deeper than the top 25 mm (1") may be influenced by oxidative aging. The oxidative 

aging can change the pavement performance as the aged asphalt mix is stiff and brittle. Brittleness 

is mostly unfavorable for the pavement performance, while the consequence of stiffness change 

depends on the structure and the material response to loadings and temperature fluctuations.  

One typical distress in service is low-temperature cracking caused by thermal fatigue under cycles 

of temperature fluctuation. This cracking initiates at the pavement surface, and it penetrates to the 

bottom of the layer. Oxidative aging causes the asphalt binder to become brittle and more 

susceptible to thermal cracking (120). 

Aged binder is stiffer than the original unaged binder and whether this stiffening leads to a 

beneficial effect on fatigue performance or not is layer thickness-dependent (93). Bottom-up 

fatigue cracking is influenced by traffic loading, mix stiffness, and the relationship between 

stiffness and fatigue life to the tensile strain at the bottom of the layer. The standard rule is “stiffer 

mixes are better for thick pavements, and softer mixes are better for thin pavements”. Figure 2.9 

illustrates this statement graphically. 

This rule points out the stiffness change effect on the mix fatigue life. A mechanistic analysis is 

required for different scenarios, with the consideration of mix stiffness and fatigue performance 

under different strains (131). 
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In a relatively thin layer, fatigue performance is generally strain-controlled. Stiffening of binder 

reduces the asphalt mix’s ability to dissipate the energy caused by traffic loading and 

environmental factors (i.e., daily temperature fluctuation creates thermal stress). When dynamic 

and thermal energies in asphalt mix beyond its withstanding capability, cohesive failure happens, 

resulting in pavement distresses, including top-down thermal-cracking and bottom-up fatigue 

cracking.  

Conversely, in a thick asphalt layer, fatigue performance is mainly stress-controlled. Although 

brittle aged binder still impairs cracking resistance, this stiff binder can reduce the bending tensile 

strain at the bottom of the layer. This stiff material can reduce the risk of reflective and fatigue 

cracking attributed to the high stiffness generates a lower strain than the soft material. The 

performance of the thick pavement has to be analyzed through careful consideration of material 

properties and structural response to stress.  

 

Figure 2.9: General rules of fatigue resistance and stiffness (131). 

 

ƐTS ƐTs ƐtS Ɛts

soft binder(s) stiff binder(S)
NTS
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T=Thick layer; t=thin layer

Ɛ=Log layer tensile strain

N=Log layer fatigue life 
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Rubber-modified binders appear to slow the aging compared to unmodified binders, indicating 

that RHMA would remain flexible for a longer duration (123). In Figure 2.9, rubber-modified 

binder performance after long-term oxidative aging is plotted as the solid line, and conventional 

unmodified binder is plotted as a dashed line. In the thin layers, a soft binder (rubber-modified 

binder) provides a longer fatigue life under certain strain levels. Greene et al. (31) and Mohammad 

et al. (132) found that RHMA in a thin surface layer provided better cracking resistance than 

conventional HMA, attributing to the soft rubber-modified binder after a long-term of oxidative 

aging.  

In thick layers, soft mixes can generate more significant tensile strains than stiffer mixes at certain 

stress levels, as shown in Figure 2.9. The rubber-modified mix performance in thick surface layers 

and other structural layers is not well evaluated and is the focus area of this study. 
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3 PROBLEM STATEMENT AND STUDY METHODOLOGY 

3.1 Research Gaps 

The following knowledge gaps identified from the background and literature review in Chapter 1 

and Chapter 2 are addressed in this study: 

1. Refinement of the Rheological Measurement for Rubber-Modified Binders 

The current Superpave PG system cannot precisely measure Rubber-modified binders with large 

rubber particles (>250 microns) due to swelled rubber particles dominating the measurements 

inside of the binder. Certain modifications to current PG methods are necessary to evaluate these 

rubber-modified binders. This study further advanced the modified Superpave PG system to 

analyze the aging mechanism of rubber-modified binders and the performance of PG+X binders. 

The refinement included a modification of the laboratory aging protocol to match field aging and 

a modification of the PG test at intermediate temperatures (around 25°C).  

2. Investigation into the Oxidative Aging of Rubber-Modified Binders and Mixes 

An investigation into the oxidative aging mechanisms of rubber-modified binders and mixes was 

conducted in this study. This study planned to validate the Glover dual-rate model using 

accelerated aging in UCPRC. The prediction of the viscosity beyond the low shear viscosity region 

was also studied, which is necessary to better understand oxidative aging. A refinement of the age-

hardening model (HS model) was proposed to make it more capable of predicting the viscosity 

beyond the low shear viscosity region. This refined model was calibrated and validated using 

unmodified binders, SBS-modified binders, and RAP binders. This model was further investigated 

to model age-hardening on rubber-modified binders.  
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In the asphalt mix studies, the first step was to age the mix with the consideration of eliminating 

the aging gradient effect. Aging the loose mixes instead of the compacted specimen was used to 

maximize the mix exposure to oxygen and minimize the aging gradient. After this aging protocol, 

mix properties were evaluated and compared to those before aging. The refined binder age-

hardening model (generic hardening susceptibility [GHS] model) was calibrated and validated 

using the data from aged asphalt mixes. The oxidative aging effects on the mix stiffness and fatigue 

performance were evaluated.  

3. Performance Evaluation of PG+X Binders 

The performance of rubber-modified binder containing five and ten percent rubber by weight of 

the binder (PG+X binders) was evaluated using the refined Superpave PG system. The measured 

performance included rheological properties (complex modulus and phase angle) at multiple 

temperatures and frequencies, stress recoveries at high temperatures, and creep stiffnesses at low 

temperatures. A comprehensive analysis of the rubber effect on the performance of rubber-

modified binders was conducted.  

4. Evaluation of the Use of PG+X Mixes in Different Pavement Structures  

This study investigated new types of rubber-modified mixes containing low rubber contents (five 

and ten percent by weight of the binder) in dense-gradations (PG+X mixes) (17). A series of 

laboratory tests were conducted to evaluate the mix stiffness, rutting resistance, moisture damage 

resistance, fatigue performance, and thermal-cracking resistance. 

The field performance of rubber-modified asphalt mix was simulated and analyzed using the 

mechanistic-empirical design software (CalME). In addition, to understand the PG+X mix 

performance in a relatively thin layer scenario (thinner than 60 mm), the performance of thicker 
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PG+X mix layers was also analyzed. Evaluation of the use of PG+X materials in various pavement 

structures was evaluated with mechanistic-empirical design methods.  

5.  Recommendations for using PG+X Materials. 

Recommendations for using PG+X mixes were made based on findings from this study, with a 

specific focus on material properties, pavement structures, and climate conditions. 

3.2 Questions to Be Answered 

This study focused on the following questions to fill in knowledge gaps regarding the oxidative 

aging and aging-related performance of rubber-modified binders and mixes: 

Question set 1. Investigation of asphalt binder aging mechanisms. 

a. How do binder components (i.e., carbonyl and sulfoxide components) change 

during oxidative aging?  

b. How do binder dynamic moduli change after oxidative aging?  

c. How can the age-hardening model (HS model) proposed by the Glover team be 

modified to accommodate the prediction of viscosities beyond the low shear 

viscosity region? 

d. How well does the modified age-hardening model (GHS model) predict the 

properties of the different asphalt binders considered in this study? 

Question set 2. Application of the modified age-hardening model (GHS model) for rubber-

modified binders. 

a. What is an appropriate methodology for measuring the rheological properties (i.e., 

complex modulus, phase angle) of rubber-modified binders, especially for those 
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containing large incompletely digested rubber particles (up to 2.36 mm [passing the 

#8 sieve])? 

b. How do aging products (i.e., carbonyl and sulfoxide components) accumulate in 

rubber-modified binders during oxidative aging? What is the crumb rubber 

modifier effect on oxidative aging of the binder? 

c. How can the age-hardening of rubber-modified binders be predicted using GHS 

model? 

Question set 3. Evaluation of oxidative aging of the asphalt mix. 

a. Will the loose mix aging protocol used in this study cause high variability in binder 

contents, mix stiffnesses, and fatigue lives of the compacted specimens? 

b. Can the binder GHS model be used for the recovered binders from aged asphalt 

mixes? 

c. How does oxidative aging affect mix stiffness?  

d. How does oxidative aging affect mix fatigue performance? 

Question set 4. Performance evaluation of PG+X binders and mixes. 

a. How do PG+X binders perform in the laboratory? 

b. Can PG+X materials be effectively used in dense-graded mixes?  

c. How do PG+X mixes perform in the laboratory in terms of rutting, fatigue, and 

thermal cracking? 

d. What are the appropriate uses of PG+X mixes in different pavement structures and 

climates? 
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3.3 Study Objectives and Tasks 

The objectives of this dissertation were to investigate oxidative aging and to evaluate its influence 

on asphalt binders and mixes. This study also aimed to investigate the performance of PG+X 

materials using laboratory tests and to optimize their application in mechanistic-empirical design. 

Completion of the following tasks was required to achieve these objectives.  

Task set 1:  Understand existing knowledge through a literature survey. 

Task set 2:  Investigation of asphalt binder oxidative aging mechanisms: 

a. Measurement of chemical components under a variety of aging conditions and 

determination of an appropriate tracking indicator for oxidative aging. 

b. Measurement of the rheological property changes of asphalt binders under different 

aging conditions. 

c. Modification of the age-hardening model (HS model) to be capable of predicting 

viscosities beyond the low shear viscosity region. 

d. Validation of the modified age-hardening model (GHS model). 

Task set 3: Application of the modified age-hardening model (GHS model) for rubber-

modified binders. 

a. Modification of the current laboratory-aging protocol to simulate field-aging during 

RHMA mix production. 

b. Validation and refinement of the modified Superpave PG system. 

c. Measurement of chemical component changes in rubber-modified binders. 

d. Calibration of the GHS model using rubber-modified binders. 

Task set 4: Evaluation of oxidative aging of the asphalt mix. 

a. Laboratory aging of loose mixes to simulate the field aging of asphalt mixes. 
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b. Calibration of the binder GHS model using the data obtained from aged asphalt mixes. 

c. Analysis of the oxidative aging effect on mix stiffness 

d. Analysis of the oxidative aging effect on mix fatigue performance. 

Task set 5: Performance evaluation of PG+X binders and mixes. 

a. Evaluation of rubber-modified binders containing low contents of crumb rubber 

modifier. 

b. Mix design of the rubber-modified dense-graded mixes containing low contents of 

crumb rubber modifier. 

c. Performance evaluation of PG+X materials using laboratory tests. 

d. Understanding how PG+X materials can best be used in a pavement structure using 

CalME simulation. 

3.4 Structure and Content 

The subsequent chapters of this dissertation are structured as follows: 

• Chapter 4 discusses the study of oxidative aging. This chapter answers the questions in 

Question set-1 in Section 3.2 by accomplishing the work listed in Task set-2. The chemical 

component changes during oxidative aging were analyzed. In terms of viscosity changes 

beyond the low shear viscosity region, physical properties were predicted with the modified 

age-hardening model (GHS model). Different types of binders were tested to calibrate and 

validate the modified age-hardening model. 

• Chapter 5 documents the investigation of oxidative aging on rubber-modified binders. This 

chapter answers questions in Question set-2 in Section 3.2 by accomplishing the work 

listed in Task set-3. Changes in chemical components owing to the crumb rubber and 
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oxidative aging were measured. A refined performance-grading system was validated, 

which was used to measure the rheological properties of rubber-modified binders. The 

modified age-hardening model (GHS model) developed in Chapter 4 was calibrated for 

rubber-modified binders. 

• Chapter 6 summarizes the analysis of oxidative aging in asphalt mixes. This chapter 

answers the questions in Question set-3 in Section 3.2 by accomplishing the work listed in 

Task set-4. The modified binder age-hardening model (GHS model) was validated using 

the data from testing extracted binders from laboratory-aged mixes. The mix stiffness and 

fatigue life after laboratory-aging were evaluated. The correlations between carbonyl 

component changes in extracted binders and the mix performance (stiffness and fatigue life 

changes) were analyzed. 

• Chapter 7 summarizes the performance evaluation of PG+X materials under different aging 

conditions. This chapter answers the Question set-4 in Section 3.2 by accomplishing the 

work listed in Task set-5. The PG+X binders were performance-graded. The mix tests 

included the Hamburg wheel track test, unconfined repeated load triaxial test, flexural 

frequency sweep test, flexural fatigue test, and uniaxial thermal stress and strain test. 

Mechanistic-empirical pavement performance simulation procedures were used to evaluate 

PG+X performance for a range of pavement structures, traffic loadings, and environmental 

conditions. A comparison of simulated performance between the PG+X mixes and the 

conventional mixes was made based on these simulation results. 

• Chapter 8 summarizes the findings and conclusions of this study and provides 

recommendations for future studies.  

Figure 3.1 illustrates the framework for this study. 
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Figure 3.1: Framework for the study. 
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4 INVESTIGATION INTO ASPHALT BINDER AGING MECHANISMS 

4.1 Introduction 

This chapter presents the investigation into oxidative aging mechanisms of asphalt binders. The 

objective of this chapter was to analyze oxidative aging in different types of binders. The following 

questions were addressed: 

• How do binder components (i.e., carbonyl and sulfoxide components) change during 

oxidative aging?  

• How do binder dynamic moduli change after oxidative aging?  

• How can the age-hardening model (HS model) proposed by the Glover team be modified 

to accommodate the prediction of viscosities beyond the low shear viscosity region? 

• How well does the modified age-hardening model predict the properties of the different 

asphalt binders considered in this study? 

The steps taken to address these questions were: 

1. Measurement of chemical components under a variety of aging conditions and 

determination of an appropriate tracking indicator for oxidative aging. 

2. Measurement of the rheological property changes of asphalt binders under different aging 

conditions. 

3. Modification of the age-hardening model (HS model) to be capable of predicting 

viscosities beyond the low shear viscosity region. 

4. Validation of the modified age-hardening model (generic hardening susceptibility [GHS] 

model). 



 

62 

4.2 Experimental Design and Test Methodology 

4.2.1 Material Preparation and Experimental Factors 

Nine binders were evaluated in this chapter, including five unmodified binders, two SBS binders, 

and two AR binders. Table 4.1 summarizes the binder information. These binders were produced 

from different oil sources. The PGs of these binders represent the usual PGs used in California. 

The PGs of the base binders for AR binders instead of their final PGs are presented in Table 4.1 

due to the geometry limitation discussed in Section 2.1.6 (75,76). The performance grading of AR 

binders is discussed in Chapter 5. 

Table 4.1: Summary of Experimental Materials  

Binder ID Modifier and Dosage Source Binder PG 

PG 64-10_1 - Refinery 1 64-10 

PG 64-16_1 - Refinery 1 64-16 

PG 64-28PM_1 4%SBS Refinery 1 64-28 PM 

PG 64-16_2 - Refinery 2 64-16 

PG 70-10_2 - Refinery 2 70-10 

PG 58-28_3 - Refinery 3 58-28 

PG 76-22PM_3 4%SBS Refinery 3 76-22 PM 

AR_4 20% CRM Refinery 4 64-16 (Base) 

AR_5 20% CRM Refinery 5 64-16 (Base) 

 

These binders were aged according to the RTFO-aging protocol at 163°C for 85 minutes to 

simulate short-term aging during mix production and placement (98,101). These RTFO residues 

were then divided into two groups for long-term aging. The accelerated field-and laboratory-aging 

were conducted separately. The objective of these two aging protocols was to obtain aged 

specimens in a relatively short period of time. The material preparation process was based on 

Hofko and Alavi (133). 
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The field-aging and the PAV-aging were considered as the accelerated aging protocol. For field 

aging, binder samples were loaded with thin binder films on glass plates that maximized the field 

aging progress. On the other hand, the PAV-aging is an accelerated laboratory aging test that 

simulates five to ten years of field-aging (97). These two accelerated aging protocols were 

analyzed and compared in this study. 

In the field-aging protocol, six aging racks were constructed on the west side of the UCPRC 

grounds in June 2016. Figure 4.1 shows the site of these racks with a red mark, which is located at 

(38°32'03"N, 121°47'41"W). The UCPRC facility experiences a Mediterranean climate with hot 

daytime temperatures and generally no rainfall during the hottest months between May and 

September.  

 
Figure 4.1: Arial view of UCPRC and location of the aging racks (source from Google Map).  
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Figure 4.2 shows that each rack consists of an outer frame, which was mounted to two poles. The 

outer frame carries a set of eight L-shaped sections, which supports glass plates. Each rack 

provides a maximum capacity of 40 glass plates. A total of 240 glass plates can be exposed to field 

aging simultaneously. The frames are angled at five degrees towards the south, which ensures a 

direct exposure to sunlight that avoids shadowing from trees or nearby buildings. 

 
Figure 4.2: Six aging racks (left), an unloaded aging rack (center), and aging rack loaded with glass plates 

(right). 

 

Each type of binder was applied onto a series of eight glass plates. They were located in the aging 

rack in a row. The glass plate (20×20 cm2) was wrapped by a cardboard frame that provided a 

12.6×12.6 cm2 square area in the plate center. The target coating thickness was 1 mm in this framed 

area. A total of 16.3 g binder was required to reach this coating with a presumed binder density of 

1.02 g/cm³. Before coating, the empty glass plate was weighed (m1), and the hot binder was then 

poured onto the plate. The hot binder was evenly spread across the plate using a 20 cm wide palette 

knife. After the coated binder had cooled down to ambient temperature (around 25°C), the 

cardboard frame was carefully removed, and the coated glass plate was weighed again (m2). The 

exact dimensions of the coated area were recorded (l1 and l2). The theoretical binder film thickness 

(b) was then calculated using Equation 4.1: 
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𝑏 =
𝑚2−𝑚1

(1.02 𝑙1−𝑙2
⁄ )

           4.1 

Where: 

b = binder film thickness in mm.  

m1 = glass plate weight in grams. 

m2 = glass plate weight after application of binder in grams.  

l1 and l2 = dimensions of the coated area in mm. 

Samples with a coat thicker than 1.3 mm or thinner than 0.7 mm were discarded from the study. 

The median thickness of all 72 samples was 1.0 mm, and 75 percent of these specimens had a 

thickness between 0.9 mm and 1.2 mm. The production of aging specimens started on June 27th, 

2016 and was completed by August 4th, 2016. The aging racks were loaded on August 8th, 2016, 

which was the start date of this field-aging protocol. Table 4.2 summarizes the test factors and 

factorial levels. 

Table 4.2: Field-Aging Experimental Factors  

Factor Factor Level Detail 

Binder Type 3 

Five unmodified binders, two 

SBS modified binders, two AR 

binders 

Aging Temperature - Actual temperatures recorded 

Aging Duration 6 
Specimens were collected after 

six different aging times 

Aging Pressure 1 0.1 MPa 

 

The original plan was to age these binders for two years. However, a lack of adhesion between the 

binder specimens and the glass plates was observed after early rains (Nov 15th, 2016), which forced 

a pause in the study about three months after its start date. Table 4.3 presents the sampling schedule 

in these first 98 days. The daily temperatures from August 8th to November 15th were assumed as 

the approximate temperature inside the thin binder films. A high temperature is expected to 

accelerate oxidative aging, as the Arrhenius equation (Equation 2.9) shows (18). Temperature 

fluctuations during the aging period could cause variability of the oxidative aging in the field. 
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Theoretically, the pavement surface is the location where maximum aging occurs in the field (134). 

The glass plate was used to provide a way to simulate the maximum aging in the field in a short 

period of time. The thinness of the binder layer coated on the glass sheets in this study accelerates 

the aging progress by maximizing exposure to oxygen.  

Table 4.3: Sampling of Field-Aged Binder  

Date 

Cumulative 

Field-Aging 

in Days for 

Each Date 

Average Field 

Temperature (°C) 

Maximum 

Temperature (°C) 

Days of Max 

Temperature over 

30°C 

08/23/2016 15 days 24.2 38.9 15 

09/06/2016 29 days 21.2 32.2 11 

09/20/2016 43 days 22.5 37.2 10 

10/18/2016 70 days 19.0 32.2 10 

11/15/2016 99 days 14.0 28.9 0 
 

A small amount of binder was scratched off from the plate using a spatula at the intervals listed in 

Table 4.3. The samples were then transferred into small tins, sealed, labeled, and stored for further 

laboratory testing. 

Figure 4.3 shows a comparison between a newly produced specimen and a 60-day aged specimen. 

The original black color was faded in the aged binder. The binder film was thinner than the original 

binder film, which was attributed to volatilization and oxidative aging (85). 

  
Figure 4.3: Binder film before field-aging (left) and after 60 days of field-aging (right). 
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For the accelerated laboratory aging protocol, a series of PAV-aging were conducted to simulate 

the in-service long-term oxidative aging at a selected temperature, following AASHTO R 28 (97). 

The PAV-aging was conducted to obtain aged binders in a short time and to compare their 

properties to those subject to the field aging protocol for validating the aging kinetic model. The 

PAV-aging also provided data for developing a refined age-hardening model. Table 4.4 

summarizes the experimental factors and factorial levels for the accelerated aging protocol.  

Table 4.4: Laboratory Accelerated Aging Experimental Design Factors and Factorial Levels 

Factor Factor Level Detail 

Binder Type 3 

Five unmodified binders, two 

SBS modified binders, two AR 

binders (same binders used in 

field aging protocol) 

Aging Temperate 2 90°C and 100°C 

Aging Duration 3 20 hours, 40 hours, and 60 hours 

Aging Pressure 1 2.1 MPa 

 

One modification of the PAV-aging was made to avoid multiple re-heating cycles of aged residues. 

Binder specimens were loaded into small tins (32 mm diameter), nine of which were then placed 

around the outside of the PAV pan (Figure 4.4), instead of just pouring the binder into the standard 

PAV pans (140 mm diameter). No tin was put in the pan center to ensure that all tins were subjected 

to the same level of aging. This modification introduced two benefits. First, the binder in individual 

small tins is easier and quicker to heat to the dynamic shear rheometer (DSR) testing temperature. 

It is easier to pour it into the DSR test mold or place it into the FTIR scan plate. Second, separated 

small tins prevent multiple oven heating cycles of specimens, which reduces the operational impact 

introduced when comparing between field-and laboratory-aging.  
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Figure 4.4: Modified PAV loading - small tin loaded in standard PAV pan (left), loaded tins put in PAV 

frame (right). 

 

4.2.2 Measurement of Chemical Components 

After the prescribed aging protocols were completed, aged samples were reheated in sealed 

containers at 163°C for no longer than five minutes to get sufficient workability without 

overheating. The small amount of scraped samples ensured that the preheating was kept as short 

as possible to limit additional oxidative aging.  

The binder samples were evaluated using a Bruker ALPHA FTIR spectrometer with platinum 

attenuated total reflection (ATR) that holds a diamond ATR mold. After thoroughly cleaning the 

optics with citric acid and acetone, a small mass of preheated binder was applied directly onto the 

FTIR scan plate. A paper spacer was applied over the sample to prevent any contamination of the 

FTIR equipment. Constant pressure was applied to the paper by the device to ensure full contact 

between the optics and binder sample. Figure 4.5 sketches the steps of the loading procedure.  
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Figure 4.5: Application of sample: FTIR device before sample loading (left), with attached sample (center) 

and with paper spacer and holding arm (right). 

 

This FTIR equipment can record spectra in a reflective mode from 4,000 to 400 cm-1 at a resolution 

of 4 cm-1. The advantage of using the reflective mode is that the specimen does not have to be 

diluted with any solvents. This simplifies and expedites the sample preparation without losing any 

spectral information (133).  

Each measurement entails 24 scans, and an average value is recorded. Nine replicate measurements 

were taken to ensure that representative measurements of each binder sample were collected (133). 

Visible changes were noted in the carbonyl, ether and ester, and sulfoxide components. 

Consequently, these components were analyzed in this chapter.  

The carbonyl (CA) component area is usually defined as the band around the peak at 1,680 cm-1. 

The ether and ester component area covers a broader band from 1,100 cm-1 to 1,260 cm-1, and the 

sulfoxide (SUL) component area is the band around the peak at 1,030 cm-1 (104,105,133,135). The 

component area for tracking the rubber is butadiene with a peak at 960 cm-1 (136-139). This 

butadiene component is analyzed in Chapter 5. 

The upper and lower wavenumbers chosen around the peak are the start and end points of the 

corresponding component area. Table 4.5 lists wavenumbers applied in this study.  
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Table 4.5: Wavenumber for Integration of Chemical Area Index 

Index Lower Wavenumber (cm-1) Upper Wavenumber (cm-1) 

Carbonyl 1,675 1,720 

Ester and Ether 1,110 1,263 

Sulfoxide 982 1,050 

Butadiene 950 979 

 

Each area index was calculated separately from the selected wavenumber ranges listed in Table 

4.5. These area indices quantitatively measured the corresponding chemical changes in oxidative 

aging. The respective areas were derived by integrating the absorbance spectrum around the 

defined band in a tangential integration. Figure 4.6 shows an example of a spectrum and the 

respective component areas. The spectra were normalized to the aliphatic band at 2,923 cm-1, 

which is widely acknowledged as not being affected by aging over time (133,140). The 

normalization was used to eliminate the variability introduced by the operation and background 

impact. The chemical component area index was then integrated from normalized spectra using 

Equation 4.2 (133): 

𝐼𝑖 = ∫ 𝑎(𝑤)𝑑𝑤 −
𝑎(𝑤𝑢,𝑖)+𝑎(𝑤𝑙,𝑖)

2
× (𝑤𝑢,𝑖 −𝑤𝑙,𝑖)

𝑤𝑢,𝑖

𝑤𝑙,𝑖
      4.2 

Where: 

Ii = index of area i.  

wl,i = lower wavenumber for area i. 

wu,i = upper wavenumber for area i.  

a(w) = absorbance as a function of wavenumber. 
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Figure 4.6: Example of normalized FTIR absorbance spectrum with the tangential integration. 

 

4.2.3 Measurement of the Rheological Properties 

An Anton Paar DSR was used to measure the binder rheological properties with the frequency 

sweep test to obtain the complex shear moduli and phase angles at 4°C, 20°C, and 40°C. A parallel 

plate geometry with an 8-mm diameter plate (PP-8) and a 2-mm gap was used for these tests (74).  

In this initial phase, the frequency sweep test was not done at high temperatures (i.e., 50°C and 

over) because the specified geometry gap is only 1-mm at these temperatures, which is not 

appropriate for AR binders containing large rubber particles (>250 microns). The offset in the 

measurement might dramatically increase due to the large rubber particles compressed between 

the test plates.  

The test frequency ranged between 0.0159 Hz and 3.99 Hz (0.1 radians/second and 25.1 

radians/second). The strain was set to 0.1 percent to prevent any non-linear viscoelastic behavior 
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from being measured in the frequency sweep test. The rheological data were used to build the shear 

modulus master curves using Equations 4.3, Equation 4.4, and Equation 4.5 (141,142). 

𝑙𝑜𝑔|𝐺∗| = 𝛿 +
𝛼

1+𝑒𝛽+𝛾 𝑙𝑜𝑔(𝜔𝑓𝑟)
         4.3 

𝑙𝑜𝑔𝑓𝑟 = 𝑙𝑜𝑔𝑓 + 𝑙𝑜𝑔𝛼𝑇          4.4 

𝑙𝑜𝑔𝛼𝑇 =
𝐸𝑎

𝑅(𝑙𝑛10)
(
1

𝑇
−

1

𝑇𝑟
)         4.5 

Where: 

G* = complex shear modulus in kPa.  

α = high asymptote of the master curve.  

δ = lower asymptote of the master curve.  

β and γ = fitting parameters define the slope of the transition region of the master curve. 

ω and 𝑓 = measurement frequency in radians/second and Hz, respectively. 

𝑓𝑟 = reduced frequency represents the shifted frequency at reference temperature from the 

measurement frequency at the test temperature. 

𝛼𝑇 = shift factor as a function of temperature.  

𝐸𝛼 = activation energy. 

𝑇 = test temperature in Kelvin. 

𝑇𝑟 = reference temperature in Kelvin. 

𝑅 = ideal gas constant, 8.314 J/ (°K mol). 

The symmetric sigmoidal function equation (Equation 4.3) is included in the AASHTOWare 

Pavement ME Design software package (141). Equation 4.4 is the Arrhenius shift function, which 

provides a reasonable conversion in broad temperature ranges (142). The shift factor (𝛼𝑇) can be 

calculated using the solver function in Microsoft Excel® by minimizing the sum of square error 

between the predicted and measured dynamic modulus at each reduced frequency. Figure 4.7 

shows an example of the shifting process. 
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a: Modulus plotted versus frequency for each test temperature.  

 
b: Modulus plotted in the shifted frequency. 

Figure 4.7: Example of master curve shifting measured data (a) and shifted data (b). 
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4.3 Evaluation of the Oxidative Aging in Asphalt Binders  

4.3.1 Changes of Chemical Components During Oxidative Aging 

Figure 4.8 shows the changes in the CA index, along with aging. Some outliers were found in the 

field aging protocol. These outliers appeared to be caused by the small variations in the binder 

thickness on the glass plates.  

The binder thickness has a critical impact since oxidative aging is influenced by oxygen contact 

with maltenes (105). The diffusion of oxygen into the binder is prolonged and slow progress (143). 

Consequently, varied layer thicknesses can significantly affect the oxidative-aging rate. The binder 

thickness ranged between 0.7 mm and 1.3 mm. Outliers were not entirely avoided due to the 

limitations of the manual binder application process. Temperature differences among sampling 

intervals shown in Table 4.3 may have also influenced the aging and caused inconsistent aging. 

Figure 4.8 shows that all binders had an increment in the CA index. Although the aging rate varied 

among binder sources and types, elevating the temperature led to significantly faster aging, as 

expected. The PAV-aging protocol provided a considerably faster CA index increase than the 

field-aging protocol. The former led to a higher aging degree than the 99-day aging of the binder 

samples on the glass plate in this study. An approximately linear relationship between the CA 

index and the PAV-aging duration was observed. This linearity indicated that a constant aging rate 

was achieved during PAV-aging. Based on the dual-rate aging theory, this constant aging rate is a 

symbol of long-term aging (94,110). Following the dual-rate aging theory discussed in Section 

2.2.3, the PAV-aged binder residues can be considered long-term aged binders. 

The CA indices of RTFO residues are plotted in Figure 4.8as reference points. PG 64-16_1 and 

PG 70-10_2 had RTFO indices close to zero. These two binders better resisted the short-term aging 
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progress stimulated by the RTFO-aging. On the other hand, AR binders had higher CA indices 

than other binders after RTFO conditioning. However, they generated the lowest CA indices than 

other binders after long-term aging (PAV-aging and field plate-aging).  

Figure 4.8a to Figure 4.8i also show that the CA index changes were dependent on binder 

components. Comparing the binder from the same refinery revealed that adding additives (SBS 

and CRM) appeared to reduce the CA index in these two long-term aging protocols. In general, 

the soft unmodified binder contained more light oily components (maltenes) than the stiffer 

modified ones (87). These larger amounts of maltenes in the unmodified binders reacted with 

oxygen resulting in a higher degree of oxidative aging at the same aging condition compared to 

modified binders. This phenomenon was more apparent in AR binders than in SBS binders in this 

study, probably because the SBS content (four percent) was less than the rubber content (20 

percent) in these corresponding binders. The higher rubber content further reduced the maltene 

content in the binder.  

 
a: PG 64-10_1 
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b: PG 64-16_1 

 
c: PG 64-16_2 
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d: PG 70-10_2 

 
e: PG 58-28_3 
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f: PG 64-28PM_1 

 
g: PG 76-22PM_3 
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h: AR_4 

 
i: AR_5 

Figure 4.8: Evolution of carbonyl (CA) area index along with exposure durations for tested binders. 

 

Figure 4.9 shows the changes in ether and ester area indices along with the exposure time. The 

broad wavenumber ranges and the relatively less distinct maxima peaks of these two components 
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caused an evident variability in the analysis. An overall observation of these indices was that ether 

and ester components increased at a faster rate at higher temperatures and appeared to dissolve 

after a longer aging duration (i.e., 60 hours) in the PAV-aging. No consistent increasing trend was 

found in the field aging protocol, probably because the relatively low field temperatures (average 

20°C to 30°C) limited the ether and ester component changes in the 99 days aging on the glass 

plate.  

The ether and ester area indices mostly remained the same as those of the RTFO residue after 99-

day field aging. In the PAV-aging protocol, the increasing trend was relatively apparent, probably 

because of the high aging temperature (90°C and 100°C). Given the inconsistent growth of these 

indices in these two aging protocols, it was not fundamentally appropriate to use the PAV-aging 

protocol (20-hour) to simulate the field aging protocol (99-day) for the ether and ester area indices 

to shorten the test duration. 

There was no apparent correlation between ether and ester area indices and the PAV-aging time, 

especially for AR binders. A prolonged aging duration degraded the ether and ester components 

(144). This decrease in indices was attributed to the possible dissolution of ether and ester 

components after 60 hours of PAV-aging at 90°C for PG 64-16_2, AR_4, and AR_5 binders. This 

phenomenon also happened after 60 hours of PAV-aging at 100°C for the PG 64-10_1, PG 64-

16_1, PG 68-28_3, and AR_4 binders. These observations indicated that the ether and ester area 

indices were not an appropriate indicator for continuously tracking oxidative aging. 
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a:PG 64-10_1 

 
b: PG 64-16_1 
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c: PG 64-16_2 

 
d: PG 70-10_2 
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e: PG 58-28_3 

 
f: PG 64-28PM_1 
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g: PG 76-22PM_3 

 
h: AR_4 
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i: AR_5 

Figure 4.9: Evolution of ether and ester area index along with exposure durations for tested binders. 

 

Figure 4.10 shows the changes in the SUL index along with aging. This index had a generally 

increasing trend versus time in both aging protocols, but it increased significantly faster in the 

PAV-aging protocol than in the field-aging protocol.  

The accumulation of the SUL index was inconsistent in the PAV-aging. The PG 64-16_2, PG 58-

28_3, AR_4, and AR_5 binders had higher sulfoxide indices at 100°C than at 90°C after the same 

PAV-aging duration. The PG 70-10_2 and PG 76-22PM_3 binders had similar SUL indices after 

60-hours of PAV-aging at both 90°C and 100°C. The remaining binders (PG 64-10_1, PG 64-

16_1, and PG 64-28PM_1) had even lower SUL indices at 100°C than at 90°C.  

This observation was consistent with previous studies (103,104) in that the sulfoxide component 

was mostly developed in the early aging stage, and it was unstable at extreme conditions (high 

temperatures [>100ºC] under high pressure [2.1 MPa] with long duration [>40 hours]). Its 
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development was terminated, and the amount of the sulfoxide component might not increase when 

increasing the temperature or duration in PAV-aging. Figure 4.10a, Figure 4.10b, Figure 4.10d, 

Figure 4.10f, and Figure 4.10g show that the sulfoxide component did not continue increasing 

when increasing the PAV temperature and prolonging the PAV duration. 

Figure 4.10 confirms that this sulfoxide component mostly accumulated in the early aging stage 

as an evident increase was shown between RTFO residues and PAV residues. The more-severe 

PAV-aging (high pressure, long duration, and/or high temperature) did not continue producing the 

sulfoxide component. The amount of sulfoxide component was not necessarily coincident with the 

degree of aging. Consequently, the SUL index was not considered to be an appropriate indicator 

for tracking oxidative aging. 

 
a:PG 64-10_1 
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b: PG 64-16_1 

 
c: PG 64-16_2 



 

88 

 
d: PG 70-10_2 

 
e: PG 58-28_3 
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f: PG 64-28PM_1 

 
g: PG 76-22PM_3 
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h: AR_4 

 
i: AR_5 

Figure 4.10: Evolution of sulfoxide (SUL) area index along with exposure durations for tested binders. 

 

One objective of this study was to find an appropriate tracking indicator of oxidative aging. Based 

on the above observations, only the CA index continued to increase throughout the aging period 
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in both the PAV- and field-aging protocols. The CA index was also stable in both protocols, and 

it did not dissolve into the binder. Hence, the CA index was chosen as the aging indicator for this 

study.  

The rate of increase in the CA index was binder dependent. Glover et al. (94,112) proposed that 

the oxidative kinetic (rca) during a natural aging protocol (i.e., field aging at room temperature 

[around 25°C and 1.0 atm atmosphere]) could be predicted using data from the PAV-aging 

protocol (around 100°C and 20.7 atm air pressure) to obtain the parameters for modeling field 

aging (i.e., rca) in a fast laboratory protocol (PAV). This study further validated this theory using 

the PAV-aged data to generate the model parameters used to predict the CA index of the glass 

plate-aged binder. 

The aging kinetic model (Equation 2.8) is a linear function that works for isothermal and isobaric 

conditions. In the equation, the CA0 is the start point of the long-term aging phase, which is plotted 

as point C in Figure 2.8. The rca can be determined by Equation 2.9 (18). In this study, the aging 

kinetic model presented in Equation 2.8 was calibrated using the data from the PAV-aging 

protocol. Then the data from the field-aging protocol were used to validate the aging kinetic model.  

In the PAV-aging protocol, rca is defined as the slope between the CA value and aging time. Once 

the rca has been determined, the activation energy for the PAV (Ea,20.7atm) condition can be 

calculated based on the slope between rca and (R×T)-1 (94).  

Figure 4.11a graphically explains this procedure using binder PG 64-10_1 data as an example. The 

rca values for this binder were 0.0291 and 0.0207 at 100°C and 90°C, respectively. The reaction 

rate was higher at a higher PAV temperature, as expected. Figure 4.11b plots these two reaction 
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rates versus the (R×T)-1 value. The activation energy was, therefore, determined as 38,375 kJ/mol 

for PG 64-10_1 at the PAV-aging protocol based on the exponential regression. 

The kinetic parameters for the field-aging protocol (Ea,1.0atm, and A) can then be estimated using 

Equations 4.6 and Equation 4.7. In Equation 4.6, the field atmosphere pressure is 1.0 atm (0.1 

MPa), and the pressure in the PAV-aging is equal to 20.7 atm (2.1 MPa) (94). 

𝐸𝑎,1.0𝑎𝑡𝑚 =
𝐸𝑎,20.7𝑎𝑡𝑚+94960

1.9402
         4.6 

𝐴 = 0.0266 × 𝑒0.3347𝐸𝑎,1.0𝑎𝑡𝑚          4.7 

Where: 

Ea = activation energy in kJ/mol. 

A = pre-exponential factor in the Arrhenius equation. 

The intercept of the field-aging CA line was considered as the starting point for long-term aging. 

This CA0 was obtained by plotting all CA values of the field-aged binder against their aging days. 

Figure 4.11c presents the determination of CA0 for the PG 64-10_1 binder.  

 
a: Determination of CA increasing rate 
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b: Determination of activation energy 

 
c: Determination of CA0 

Figure 4.11: Example of kinetics parameter determination: CA rate, activation energy, and CA0.  
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The kinetic parameters and predicted CA values for the other eight binders were determined using 

the same methodology. The model-predicted CA values were compared to measured CA values 

from field-aged samples (labeled with blue bubbles) in Figure 4.12.  

Figure 4.12 shows the comparison between measured data and model-predicted data. The RTFO 

residue CA value is also presented as a blue bubble at day-zero on the y-axis in Figure 4.12. The 

predicted CA values consistently increased through the aging protocol, owing to the linear format 

of the kinetic model in Equation 2.8. 

PG 64-10_1, PG 70-10_2, PG 64-28PM_1, PG76-22PM_3, and AR_4 binders showed that the 

predicted CA values matched the observed values reasonably well. Outliers were noted for the 

other binders. However, there was no consistent offset in terms of the aging time or the binder 

type. These outliers were mostly attributed to the variations in binder film thickness and to 

temperature fluctuations. 

Visible differences were observed between the intercept of CA0 with the predicted line and the 

RTFO residue CA value on day zero on the y-axis. These differences indicated that using the 

intercept of the field-aging line instead of RTFO residue CA value as CA0 point was reasonable. 

This finding was consistent with the principles described by the dual-rate aging model shown in 

Figure 2.8 (18).  

The difference between the RTFO residue CA value and CA0 value was smaller for the SBS and 

AR binders than the unmodified binders, implying that these modified binders might not have a 

significant carbonyl component increase during the short-term aging stage.  

The first matchup between the predicted CA values and measured CA values occurred at 15 days, 

indicating that the short-term aging stage had been completed within 15 days for the binders aged 
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on the glass plate. Based on these results, aging the thin film of binder on the glass plate was 

equivalent to several months of field aging on the road, as discussed in Section 2.2.3. This glass 

plate aging protocol can be used to simulate short-term aging (material production and lay down). 

 
a: PG 64-10_1 

 
b: PG 64-16_1 
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c: PG 64-16_2 

 
d: PG 70-10_2 
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e: PG 58-28_3 

 
f: PG 64-28PM_1 
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g: PG 76-22PM_3 

 
h: AR_4 
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i: AR_5 

Figure 4.12: Comparison of field measured CA indices and model predicted CA indices. 

 

4.3.2 Changes of Rheological Properties During Oxidative Aging 

The frequency sweep test data were used to build dynamic modulus master curves. Figure 4.13 

shows master curves for the nine binders on a logarithmic scale at a reference temperature of 20°C. 

The reduced frequency at 20°C was determined according to the angular frequency and the shift 

factor (αt) using Equations 4.4 and 4.5. The reduced loading frequencies were between 1E-04 Hz 

and 1E+03 Hz when the raw data were shifted to the reference temperature in this section. Each 

master curve in Figure 4.13 is the average of two replicate tests. 
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a: PG 64-10_1 

 
b: PG 64-16_1 
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c: PG 64-16_2 

 
d: PG 70-10_2 
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e: PG 58-28_3 

 
f: PG 64-28PM_1 
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g: PG 76-22PM_3 

 
h: AR_4 
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i: AR_5 

Figure 4.13: Normalized shear modulus master curves at 20ºC. 

 

Six master curves were developed for the PAV-aging protocol, and five were developed for the 

field-aging protocol for each binder. The master curves at the maximum aging condition were 

plotted to avoid overlapped multiple curves. Specifically, master curves for 99-day samples were 

used to represent the field-aging protocol, and the 60-hour PAV-aging results were used to 

represent the PAV-aging protocol. 

In Figure 4.13, master curves of aged binders were normalized to their corresponding RTFO 

residue values for a better comparison of the stiffness change along with the degree of long-term 

oxidative aging. The RTFO residue data are presented as a horizontal line that intercepts with the 

y-axis at unit one. 

The long-term aged PG 64-16_1, PG 58-28_3, PG64-28PM_1, and AR_4 binders showed lower 

dynamic moduli than those in the RTFO-aged conditions at the high reduced frequency ranges 
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(>100 Hz). The abnormally low dynamic moduli for long-term aged binders were likely caused by 

the biased prediction using Equation 4.3 under these high frequencies (the master curve developed 

at high frequency [>100 Hz at 20ºC] might not be precise) (74). At high frequencies, the elasticity, 

rather than viscosity, dominates binder properties, which decreases the accuracy of the viscosity 

estimation (91,148).  

A higher shear modulus at a given frequency after aging indicated a higher degree of age-

hardening. For the master curve at the intermediate and lower reduced frequency span (i.e., <100 

Hz), the long-term aged binders were stiffer than the RTFO-aged binders. These binders 

experienced a more intensive age-hardening in the PAV-aging protocol than the field one. 

The difference in dynamic moduli between the PAV-aging and field-aging protocols was more 

substantial for unmodified binders than the modified binders, especially the AR binders. This 

observation indicated that unmodified binders experienced a higher degree of age-hardening than 

the modified binders did at the same aging condition. The unmodified binders had the largest 

stiffness increases, followed by SBS-modified binders, and then AR binders, which had the lowest 

stiffness increase after completion of long-term aging. AR binders did not show a noticeable 

stiffness difference between RTFO residues and the long-term aged residues, indicating that the 

presence of rubber reduced the overall age-hardening. Further investigation of the oxidative aging 

in rubber-modified binders is discussed in Chapter 5. 

Figure 4.13 shows that the rate of change in binder stiffness increased when the loading frequency 

decreased, implying that aged asphalt binders were less vulnerable to permanent deformation (i.e., 

rutting) after age-hardening, as expected. 
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At the 20°C and 10 Hz condition, the binder stiffness increased by up to four times after PAV-

aging and up to two times after glass plate field-aging. For a thin pavement layer, the stiffening 

reduces the binder’s ability to dissipate the damage energy resulting from traffic loading and 

thermal gradient stresses (131). Thus, oxidative aging in a thin asphalt mix layer makes it less 

resistant to fatigue damage. In a thick layer, the age-hardened stiffer binder decreases the bending 

at the bottom of the layer, which improves fatigue resistance (131). However, the aged binder will 

still have the same lessened ability to dissipate the damage energy. Fatigue analysis, in these 

instances, requires evaluating the material properties under various loadings and temperatures, as 

well as the pavement response to fatigue damage. Additional discussions of aged mix performance 

are presented in Chapter 6. 

4.4 Correlation of Carbonyl Area Index and Viscosity in Long-Term Oxidative Aging 

In the long-term aging stage, the logarithmic increase of LSV was linearly correlated to the CA 

index increase, as shown in Equation 2.11. This correlation is defined as the constant parameter-

hardening susceptibility (HS) (87).  

Equation 2.11 can be logarithmically transformed to Equation 4.8. The LSV is typically defined 

at 60°C, 1.59E-05 Hz (0.0001 radians/second), which is simulated in the ring and ball test (87). 

The LSV can also be estimated from the dynamic modulus and the phase angle using Equation 4.9 

(145). 
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𝑙𝑛 𝛥𝜂𝐿𝑆𝑉 = 𝐻𝑆 × 𝛥𝐶𝐴 +𝑚         4.8 

𝜂 =
|𝐺∗|

𝜔
∙ (

1

𝑠𝑖𝑛(𝛿)
)3.63922+0.13137.𝜔−0.0009.𝜔

2
       4.9 

Where: 

m = regression parameter. 

η = viscosity in Pa·s. 

G* = complex modulus in Pa. 

ω = loading frequency in radians/second. 

The DSR test temperatures were between 4°C and 40°C owing to the geometry limitation (PP-8 is 

used at intermediate temperatures). This limitation significantly reduces the accuracy of estimating 

the LSV, which corresponds to a reduced frequency of 1.27E-08 Hz at 20°C. This is beyond the 

measured data range (1E-04 to 1E+03 Hz) in the section. Thus, no LSV prediction was attempted. 

Instead, data collected in this section was used to investigate whether the linear correlation between 

ln(∆η) and ΔCA was valid or not for viscosities other than the LSV.  

The linearity between ln(∆η) and ΔCA of PAV-aged binder was evaluated at each combination of 

temperature and frequency. The calculation of the coefficient of determination (R2) is shown in 

Figure 4.14, with the PG 64-10_1 binder at 40°C and 0.0159 Hz (0.1 radians/second) as an 

example. In this example, the CA index values at six PAV-aged conditions (90°C and 100°C, at 

20, 40, and 60 hours) were plotted on the x-axis, and the corresponding viscosities were plotted on 

the y-axis. The R2 value calculated from the linear regression of these six data points for this 

example was 0.89. 



 

108 

 
Figure 4.14: Example of determining the linearity between ln (∆η) and ∆CA index. 

 

The linearities of nine binders at measured temperatures (4°C, 20°C, and 40°C) and frequencies 

(0.0159 Hz to 3.99 Hz [0.1 radians/second to 25 radians/second]) were evaluated using the same 

methodology shown in Figure 4.14. 

Figure 4.15 shows the summary of R2 values by plotting them along with the reduced frequency 

at 20°C. Each point represents an R2 value at the measured frequency. Numerous cases confirmed 

that the linearity assumption between ln(∆η) and ΔCA was valid using 0.70 as a threshold 

(135,146,147), indicating that there was a strong linear correlation between ln(∆η) and ΔCA. This 

threshold is a rough rule of thumb for variables to be considered significant for the regression.  

Figure 4.15a shows that R2 values generally decreased along with the frequency, indicating that 

the linearity was more evident at high temperatures and slow loading frequencies. The lack of 

linearity at a relatively low temperature is mainly attributed to the biased viscosity estimation, 

where elastic properties dominate the binder performance instead of viscosity (91,148). Errors in 



 

109 

phase angle also have a larger effect on the viscosity prediction when the phase angle is 

considerably small (sin 90° = 1 and sin 0 = 0). When the phase angle is relatively small at low 

temperatures or faster loading frequencies, the measurement errors are considerably larger relative 

to the measurement value, which significantly affects the viscosity estimation using Equation 4.9.  

When the test temperature increases, viscosity dominates the binder performance. The phase angle 

is close to 90°, and the measurement errors are relatively small compared to the actual value. At 

higher temperatures, viscosity can be better estimated using Equation 4.9. In testing discussed in 

this chapter, unmodified binders had higher R2 values than modified binders, and AR binders 

tended to have the lowest R2 values. The most likely reason for this low linearity was that the DSR 

measurement of AR binders using parallel plate geometry described above was not sufficiently 

precise due to the proximity of the incompletely digested rubber particles to the plates.  

For the field-aging protocol, the R2 values for the linearity assumption were also mostly higher 

than the 0.70 threshold. Figure 4.15b shows the R2 values for the glass plate-aged binders. The 

unmodified binders had the highest R2 values, followed by SBS-modified binders and AR binders. 

This ranking was the same as that in the PAV-aging. 

The valid linearities between ln(∆η) and ΔCA indicated that the viscosity beyond the LSV range 

could be predicted from the CA growth for the unmodified and SBS-modified binders tested in 

this study. Improvements to the measurement of rheological properties of AR binders were 

considered to be necessary before validating the linearity assumptions. These rubber-modified 

binders will be evaluated using the modified Superpave PG system in Chapter 5. 
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a: PAV-aging protocol 

 
b: Glass plate aging protocol in the field 

Figure 4.15: Coefficient of determination (R2) between ln(∆η) and ΔCA index. 

 

An alternative parameter that defines the slope between ln(∆η) and ΔCA under general loading 

conditions is proposed in this study. The generic hardening susceptibility (GHS) is proposed to 
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distinguish the HS parameter that corresponds to the specific low shear loading condition of 60°C 

and 1.59E-05 Hz (0.0001 radians/second). With the valid linearity assumption between ln(∆η) and 

ΔCA, an increase in ln(∆η) based on known ΔCA values in the long-term oxidative aged binder 

could be predicted using the GHS principle. 

One difference between the GHS and the HS is that GHS is not only binder dependent but also 

temperature and frequency dependent. The HS is a constant value because it only defines the 

linearity at the specific 60°C and 1.59E-05 Hz (0.0001 radians/second) condition. The GHS 

principle advances the prediction of age-hardening over a wide range of viscosities, which benefits 

the performance-related evaluation under different temperatures and loading frequencies. 

4.5 Determination of the Generic Hardening Susceptibility 

The above observations indicate that the linearity between ln(∆η) and ΔCA was validated for 

unmodified and SBS-modified binders from 4°C to 40°C at a loading frequency of 0.0159 Hz to 

3.99 Hz (0.1 radians/second to 25 radians/second). The GHS parameter can be obtained from an 

accelerated aging protocol using multiple PAV-aging. When the increment in the CA index is 

known, the GHS model can be used to predict binder viscosity changes at the required combination 

of temperature and loading frequency. The original format of the GHS model is given in Equation 

4.10. 

𝑙𝑛 ∆𝜂 = 𝐺𝐻𝑆(𝑇, 𝑓) × 𝛥𝐶𝐴 +𝑚         4.10 

Where: 

∆𝜂 = growth of viscosity in the long-term aging phase. 

𝛥𝐶𝐴 = increase in carbonyl area index, which is the integrating area between 1,675 cm-1 and 

1,750 cm-1 from the spectrum obtained by the FTIR. 

m = a constant regression parameter. 

T and f = temperatures and loading frequencies for viscosity measurement, respectively. 
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The preliminary GHS model provides a quick, cost-effective, and well-controlled approach to 

predict the age-hardening effect on the binder after long-term aging. However, this preliminary 

GHS model requires data at the beginning of the long-term aging period as the reference status, 

which needs additional tests to obtain binder properties at this starting point.  

According to Figure 2.8, the preliminary GHS model defines age-hardening on viscosity in the 

long-term aging period, which is plotted from point C to point D. However, the calculation of 

changes in the viscosity and CA index requires knowledge of these properties at point C. Glover 

et al. (94) suggested that a binder at point C might be aged beyond what would have typically 

occurred in the asphalt plant and during paving operations. It is difficult to accurately quantify 

binder properties at point C, leading to considerable uncertainty for determining the starting point 

of the constant reaction stage. This uncertainty would reduce the accuracy of using the preliminary 

GHS model. 

Consequently, the GHS model was modified to avoid using the changes of viscosity and CA index. 

This modification limits the uncertainty of using the point C in the constant reaction period. The 

mathematical logic for this refinement is described in Equation 4.11 through Equation 4.14: 

∆𝑙𝑛 𝜂 = 𝐺𝐻𝑆(𝑇, 𝑓)′ × 𝛥𝐶𝐴 +𝑚1         4.11 

𝑚1 = 𝐺𝐻𝑆(𝑇, 𝑓)′ × 𝐶𝐴0 +𝑚2          4.12 

∆𝑙𝑛 𝜂 = 𝐺𝐻𝑆(𝑇, 𝑓)′ × 𝛥𝐶𝐴 + 𝐺𝐻𝑆(𝑇, 𝑓)′ × 𝐶𝐴0 +𝑚2 = 𝐺𝐻𝑆(𝑇, 𝑓)′ × 𝐶𝐴 +𝑚2   4.13 

𝑙 𝑛(𝜂) = ∆𝑙𝑛(𝜂) + 𝑙𝑛(𝜂0) = 𝐺𝐻𝑆(𝑇, 𝑓)′ × 𝐶𝐴 +𝑚2+𝑙𝑛(𝜂0) =𝐺𝐻𝑆(𝑇, 𝑓)′ × 𝐶𝐴 +𝑚3  4.14 

Where: 

GHS(T,f)’ = linear slope for ∆ln η and ΔCA. 

(CA0, η0) = binder properties at point C. 

η and CA = binder properties at any point in the long-term aging period. 

m1, m2, and m3 = interceptions on the log viscosity axis for each regression, respectively. 
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In this section, the linearity between delta logarithmic viscosity (∆ln(η)) and delta carbonyl area 

index (∆CA) was checked. After this linearity was confirmed, the preliminary GHS model could 

be rewritten in the form of Equation 4.11. Since the product of CA0 and GHS is a constant, the 

regression parameter (m1) in Equation 4.11 can be substituted by Equation 4.12. Then Equation 

4.13 is obtained by combining Equation 4.11 and Equation 4.12. After verifying the linearity 

between ln(η) and CA, Equation 4.14 can be implemented by adding the (ln η0) to the left side of 

Equation 4.13. Equation 4.14 provides the final GHS model that correlates (ln η) and the CA index 

at any given point in the long-term aging phase. 

Figure 4.16 provides a graphic description of determining the GHS model using the PG 64-

28PM_1 binder at 20°C and 3.99 Hz (25.1 radians/second). The preliminary GHS model in the 

format of Equation 4.10 is plotted with a black line. The blue line presents the linearity between 

∆ln(η) and ∆CA, which is in the format of Equation 4.11. The finalized GHS model is shown with 

a red line, which has the same GHS value as the one presented by the blue line. Apparent linearity 

exists for this binder at 20°C and 3.99 Hz (25.1 radians/second), as the R2 values were over 0.90 

for these three regression models.  
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Figure 4.16: Graphic explanation of the GHS model. 

 

The (m) value is 7.06 in the finalized GHS model, which is higher than the corresponding viscosity 

of the RTFO residue (ln(η) equals 6.39). Given that the (m) value is the interception of the viscosity 

axis, it is the bottom boundary of the viscosity in the long-term aging phase. This observation 

indicates that the viscosity at the start of the long-term aging phase (point C) should be higher than 

that of an RTFO residue. This was consistent with previous observations in terms of the low shear 

viscosity growth, as shown in Figure 2.8 (94).  

4.5.1 Verification of GHS Principle 

To verify the linearity between Δln(η) and ΔCA defined Equation 4.11, three unmodified binders 

and two SBS-modified binders were tested. These binders were first subjected to RTFO-aging at 

163°C for 85 minutes. The RTFO protocol corresponds to the aging condition after plant mixing 

and lay down, which is around point B in Figure 2.8. In this section, the RTFO residue was 

assumed to be an approximate representation of the oxidative aging at point C. Although it is less 
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aged than the binder at point C, the difference between these two aging statuses is relatively small 

compared to that occurring during long-term oxidation aging (116). This assumption may bias the 

intercept of the linearity regression line, but it will not affect the accuracy of linearity validation.  

The RTFO residues were subjected to long-term aging using PAV-aging at two temperatures (90°C 

and 100°C) and two durations (20 and 40 hours). The CA indices and the viscosities of PAV-aged 

binders were measured. 

The ΔCA value was calculated by subtracting the CA value of the RTFO residue from the CA 

value at a given PAV-aged condition. Similarly, Δln(η) value was calculated by subtracting the 

ln(η) value of the RTFO residue from the ln(η) value at a given PAV-aged condition. Figure 4.16 

plots the Δln(η) on the y-axis and ΔCA on the x-axis. Linear regression was conducted to validate 

the linearity between Δln(η) and ΔCA, using the method shown by the blue line in Figure 4.16. 

Figure 4.17 presents R2 values for the linearity between Δln(η) and ΔCA at 4°C, 20°C, and 40°C. 

There were several data points outside the plot boundary at 4°C for the PG 64-16_1 binder because 

the backcalculated viscosity for the RTFO residue was higher than that of the PAV-aged binders 

in this case. The Δη was negative and could not be logarithmically transformed. A reasonable 

explanation is that the elastic behavior, and not the viscosity, dominates the binder behavior at this 

low temperature (148), which leads to an inaccurate estimation of the viscosity.  

Figure 4.17 shows that linearity existed at intermediate temperatures between 20°C and 40°C. 

However, it was marginally valid for the cases at 4C. The red symbol in Figure 4.17b presents the 

R2 value of the sample case shown in Figure 4.16. 
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a: 4˚C 

 
b: 20˚C (Red point presents the R2 value of the sample case shown in Figure 4.16) 
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c: 40˚C 

Figure 4.17: Linearity between ∆ln(η) and ∆CA at intermediate temperatures. 

 

4.5.2 Development of GHS Model 

In this section, the linearity assumption between the ln (η) and the CA index was checked with a 

linear regression of the ln(η) and CA index without subtracting the values of the RTFO residues, 

as shown in Figure 4.16. The CA indices and viscosities were measured and calculated at each 

PAV-aged condition. Data were collected from the same tests conducted in Section 4.5.1. Figure 

4.18 shows R2 values for the linear regression of ln(η) and CA indices. The red dot in Figure 4.18b 

presents the R2 value of the sample case shown in Figure 4.16. 

In addition to the tests at intermediate temperatures (4°C to 40°C), additional tests at a higher 

temperature range were conducted to validate the linearity in this section. The second-round 

frequency sweep tests were run at 60°C and 85°C, with a loading frequency between 0.0159 Hz 

and 3.99 Hz (0.1 radians/second and 25.1 radians/second).  
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The 25-mm diameter plate parallel plate geometry (PP-25) with a 1-mm gap was used. The 

frequency sweep tests were run at 1 percent strain. Viscosities were backcalculated from the 

rheological properties using Equation 4.9. Numerous cases showed that the linearity assumption 

between ln(η) and CA was valid, as R2 values were higher than the 0.7 threshold (135,146,147). 

The refinery and binder source, modifier, and PG did not impact the validation of the linearity. 

 
a: 4˚C 
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b: 20˚C (Red point presents the R2 value of the sample case shown in Figure 4.16) 

 
c: 40˚C 
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d: 60˚C 

 
e: 85˚C 

Figure 4.18: Linearity between ln(η) and CA at 4°C, 20°C, 40°C, 60°C, and 85°C. 

 

Most of the low R2 values were observed at the 4°C conditions. Aged binders were stiff, which 

made it difficult to trim them in the parallel plate geometry. This poor trimming of the binder 
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specimen increased the operational error. Since phase angles were small at low temperatures, even 

a minor measurement offset in the phase angle would lead to a significant viscosity difference 

when calculated using Equation 4.9.  

The linearity increased when the testing temperature was increased, which was attributed to the 

actual phase angle, being large enough to discount any measurement errors. Increasing the testing 

temperature from 4°C to 85°C increased the minimum R2 value from 0.60 to 0.85. In general, the 

linearity between ln(η) and the CA index was significant for temperatures between 20°C and 85°C 

with a loading frequency between 0.0159 Hz and 3.99 Hz (0.1 radians/second and 25.1 

radians/second). According to the validated linearity of PAV binders, the finalized GHS model is 

given in Equation 4.15. 

𝑙 𝑛(𝜂) = 𝐺𝐻𝑆(𝑇, 𝑓) × 𝐶𝐴 +m         4.15 

Where: 

𝜂  = viscosity of long-term aged binder at temperature T(°C) and frequency f (Hz or 

radians/second).  

CA = carbonyl area index in this binder. 

GHS = slope between viscosity and carbonyl area index. 

m = regression parameter, which defines the minimum binder viscosity in long-term aging. 

4.6 Application of the Generic Hardening Susceptibility Model 

4.6.1 Prediction of the Viscosity Using GHS Model 

This section presents the validation of the GHS model using the data from tests on five PAV-aged 

binders: PG 58-28_3, PG 64-16_1, PG 70-10_2, PG 64-28PM_1, and PG 76-22PM_3. Model 

parameters were obtained through the method described in Section 4.5. Data points (CA, ln(η)) 

were collected from four PAV-aging: 90°C at 20 hours, 90°C at 40 hours, 100°C at 20 hours, and 

100°C at 40 hours.  
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Figure 4.19 plots the predicted viscosities versus measured viscosities at 20°C and 1.59 Hz (10 

radians/second). Although the prediction accuracy varies among binders, the GHS model generally 

provided reasonably good estimations.  

The GHS model had a better prediction for binders that were sensitive to oxidative aging. For 

example, the viscosity of the PG 58-28_3 binder aged at 100°C for 40 hours was almost ten times 

higher than the specimen aged at 90°C for 20 hours. The GHS model, in this case, provided a 99 

percent accuracy for the viscosity prediction. On the other hand, for the PG 76-22PM_3 binder, 

the difference was only three times higher between the most and least severe PAV-aging. For this 

case, the precision of the GHS model was also relatively lower to 0.87. When the aging-related 

increase in viscosity is relatively small, the bias from random offsets in the test or backcalculation 

was relatively large compared to the aged binder viscosity. This bias decreased the precision of 

the GHS model parameters and decreased prediction accuracy. 

 
a: PG 64-16_1 
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b: PG 70-10_2 

 
c: PG 58-28_3 
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d: PG 64-28PM_1 

 
e: PG 76-22PM_3 

Figure 4.19: Comparison between measured viscosity and predicted viscosity using GHS model at 20°C and 

1.59 Hz (10 radians/second). 

 

Figure 4.20 presents the overall comparison of measured viscosities to model-predicted viscosities 

in temperatures between 20°C and 85°C with loading frequencies between 0.0159 Hz and 15.9 Hz 
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(0.1 radians/second and 100 radians/second). The R2 values were above 0.95 for all test 

temperatures and frequencies, indicating that the GHS model could predict more than 95 percent 

of the viscosities.  

An equilibrium line (1:1 ratio) was added in each plot to present the ideal prediction of the 

viscosity. The actual predictions locate around this standard line, and the offsets are randomly 

distributed. No consistently high or low prediction of the viscosity was observed, indicating that 

the finalized GHS model generally captured age-hardening without missing important correlation 

factors. 

 
a: PG 64-16_1 
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b: PG 70-10_2 

 
c: PG 58-28_3 
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d: PG 64-28PM_1 

 
e: PG 76-22PM_3 

Figure 4.20: Comparison between the GHS modeled viscosity to the measured viscosity at tested conditions. 

 

At 85°C, binder viscosities were relatively low. Soft binders had phase angles very close to 90°, 

indicating that they might reach a purely viscous state that tends to flow. This test issue caused the 
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relatively low prediction accuracy at this state. However, the prediction accuracy was generally 

high for these binders (R2>0.95) at 20°C, 40°C, 60°C, and 85°C. 

Comparing the PG 64-16_1 binder to the PG 64-28PM_1 binder revealed that the SBS-modified 

binder had a lower viscosity than the unmodified binder after PAV-aging. The viscosity difference 

between the PG 58-28_3 and PG 76-22PM_3 binders was small after PAV-aging. These 

comparisons of binders from the same refinery indicated that SBS-modified binders experienced 

less age-hardening during PAV-aging. Section 4.3.1 concludes that the increase in the CA indices 

of SBS-modified binders was not significantly different from unmodified binders sourced from 

the same refinery. The low viscosity of the SBS-modified binder indicated that the SBS polymer 

reduced the age-hardening susceptibility according to the definition of the GHS principle.  

Figure 4.20 also shows that viscosities for unmodified binders were discrete from each other at 

different test temperatures. The maximum and minimum viscosities of SBS-modified binders were 

within the viscosity range of unmodified binders. This observation indicated that SBS-modified 

binders had a relatively low temperature susceptibility after PAV-aging (149). These binders can 

better withstand temperature fluctuations and better resist thermal cracking than unmodified 

binders.  

In summary, the finalized GHS model was validated for PAV-aged unmodified and SBS-modified 

binders in this section. The validation was binding at temperatures between 20°C and 85°C with 

loading frequencies between 0.0159 Hz and 15.9 Hz (0.1 radians/second and 100 radians/second). 

4.6.2 Utilization of the GHS Model for the Reclaimed Asphalt Pavement Binders  

This section presents the application of the GHS model on reclaimed asphalt pavement (RAP) 

binders. RAP is the aged HMA material milled from the existing pavement. As discussed at the 



 

129 

beginning of Section 1.1, aggregates can be reused in paving activities (i.e., new HMA production, 

pavement rehabilitation) to reduce the dumping of waste materials and consumption of virgin 

aggregates (127). Using RAP materials in new asphalt mixes has been promoted in recent years. 

In 2013, Caltrans posted a construction procedure directive that suggested an increase in RAP 

utilization in new asphalt mixes from 15 percent to 25 percent (150). 

A primary concern regarding the use of RAP material is its highly aged binder (126,151,152). 

Rejuvenators may, therefore, be used to partially recover aged binders to a less aged state in 

applications where RAP is highly aged and its usage is high in the asphalt mix (i.e., 50 percent by 

weight of the aggregate) (153,154). Rejuvenators generally introduce extra light oily components 

that restore the proportion of these components (maltenes) and heavier aging products (asphaltene) 

(148,155). Consequently, oxidative aging appears to be reversed. The binder stiffness decrease is 

credited to the restoring of maltene and asphaltene, which is one of the widely accepted 

explanations of rejuvenation.  

Given that the GHS model correlates the CA index and viscosity changes, it is potentially 

appropriate for assessing the effectiveness of the rejuvenation of aged RAP binders. This 

application requires validation of the linearity assumption that the CA index and ln(η) is still 

linearly correlated in the intensely aged RAP binders. 

The following tests were conducted to calibrate the GHS model for the rejuvenation of RAP 

binders. One RAP material was sampled from the Sacramento region, where the average summer 

(June, July, and August) temperature is around 32°C (according to the U.S. climate database). The 

aged binder was extracted from RAP materials following AASHTO T 164 (156).  
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Two types of rejuvenators (bio-based rejuvenator and petroleum-based rejuvenator) were 

separately added to this RAP binder at a ten percent content by weight of the binder. Table 4.6 

presents the FTIR analysis results.  

Table 4.6 shows that both rejuvenators contained fewer carbonyl and sulfoxide components than 

the RAP binder. The petroleum-based rejuvenator had a negative CA index. Its FTIR spectrum 

showed a concave curve at the carbonyl peak that led to this negative integration, indicating that 

no carbonyl component existed in the petroleum-based rejuvenator. 

Table 4.6: FTIR Analysis of the Rejuvenators 

Binder ID Rejuvenator Type CA Index SUL Index 

RAP - 3.340 5.120 

REJ_1 Bio-Based 1.927 2.009 

REJ_2 Petroleum-Based -10.262 4.343 

 

A rotational mixer was used to thoroughly blend the rejuvenators with the RAP binder at 163°C 

and 1,200 revolutions per minute. No visible separation was observed between the rejuvenator and 

the binder after 20 minutes of blending.  

After blending, two aging protocols were conducted on these three binders: RTFO-aging at 163°C 

for 85 minutes, followed by a PAV-aging at 10°C for 20 hours. The rheological properties of these 

aged residues were measured according to AASHTO M 320 to obtain parameters for 

backcalculating the viscosity (30,74). Table 4.7 summarizes the test results. The high PG of the 

RAP binder was 94, which is lower than the normal PG of RAP binders collected from the central 

valley in California. The typical high PG of the central valley RAP binder could be over 100 

degrees (157). 
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Table 4.7: Summary of RAP Test Results  

Binder ID 
Rejuvenator 

Type 

CA Index SUL Index 
Binder PG 

RTFO PAV RTFO PAV 

RAP - 3.555 4.151 5.347 4.006 94-0 

RAP+REJ_1 Bio-Based  3.420 3.959 5.256 4.529 82-6 

RAP+REJ_2 Petroleum-Based  1.523 1.738 4.952 4.900 70-16 

 

In this study, samples were randomly collected from rejuvenated RAP binders. The FTIR results 

showed that the standard deviation of the chemical components was not larger than that of the 

unrejuvenated RAP binder, indicating that the rejuvenator was well blended with the RAP binder.  

Table 4.7 shows that the petroleum-based rejuvenator was more effective than the bio-based 

rejuvenator. The former better restored the RAP binder properties and showed a larger PG drop 

than the one containing the bio-based rejuvenator.  

The CA and SUL indices reduced after RTFO-aging for the rejuvenated binders, indicating that 

adding rejuvenators diluted the aging components in the RAP binder. The CA indices increased 

after PAV-aging, while the SUL indices did not. The continuous accumulation of CA indices 

indicated that the carbonyl component was more stable after more severe aging. The RAP binders 

with rejuvenators had lower CA indices than the unrejuvenated RAP binder after PAV-aging, 

which was attributed to the addition of rejuvenators. 

Adding rejuvenators to the RAP binder reduced the sulfoxide components after RTFO-aging, 

mostly owing to the dilution effect of the rejuvenators. However, the results were inconclusive 

after PAV-aging. The unrejuvenated RAP binder had a notable reduction in the sulfoxide 

component, and the bio-based one experienced a lower decrease. In contrast, the petroleum-based 

one had no significant change in the sulfoxide component.  
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The sulfoxide component is not a stable aging product, and it is mostly dissolved at severe aging 

conditions (high temperature and long durations) (103,104). The RAP binder has already been 

long-term aged in the road. After PAV-aging, the RAP binders started to show fewer sulfoxide 

components than it was in RTFO-aged condition, probably because the PAV-aging was more 

intense than the sulfoxide components in RAP binders were capable of withstanding. The 

petroleum-based rejuvenator better recovered the RAP binder to a less aged state. Therefore, the 

change in sulfoxide components after PAV-aging compared to after RTFO-aging was minimal. 

According to the observations of the CA and SUL indices for these binders, the CA index should 

be selected as the indicator for tracking the rejuvenation.  

The frequency sweep test was used to measure the rheological properties of the RAP and 

rejuvenated RAP binders. The tests were run at 76°C and 88°C for RTFO-aged binders with the 

PP-25 geometry, and 20°C, 30°C, and 40°C for PAV-aged binders using the PP-8 geometry. These 

temperatures were chosen to be close to the performance grading temperatures. The angular 

frequency was from 15.9 Hz to 0.0159 Hz (100 radians/second to 0.1 radians/second). The strains 

were 1 percent for the PP-25 test and 0.1 percent for the PP-8 test.  

The GHS model was developed by plotting ln(η) of these three binders on the y-axis and CA 

indices on the x-axis. Figure 4.21 shows an example of the GHS model at 20°C and 10 Hz (64 

radians/second). The correlation of determination (R2) for this case was 0.95, indicating that the 

GHS model was suitable to describe the rejuvenation at this combination of temperature and 

frequency. 
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Figure 4.21: Example of determining GHS model for RAP binders. 

 

The R2 values at all tested temperatures and angular frequencies were calculated and plotted in 

Figure 4.22. The R2 values were almost the same at the same test temperature. A difference in R2 

values between high temperatures and low temperatures was observed, mostly attributed to the 

difference in testing geometries. 

Figure 4.22 shows that R2 values were higher than 0.85 for all cases, indicating that the linearity 

assumption between the ln(η) and the CA index was valid for RAP binders and rejuvenated RAP 

binders after RTFO- and PAV-aging. Therefore, the GHS model was capable of tracking 

rejuvenation.  
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Figure 4.22: Linearity between ln(η) and CA index for RAP binders. 
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4.7 Summary and Conclusions 

This chapter discussed refinements to the dual-rate aging model, with a focus on the investigation 

of age-hardening effects during long-term aging. Field-and laboratory-aging protocols were 

conducted to investigate the aging of unmodified, SBS-modified, and AR binders. Field-aging in 

a hot California climate condition was simulated by thinly spreading binders on glass plates and 

placing them on an unshaded rack outdoors with the purpose of accelerating the field-aging. 

Separate accelerated aging was achieved by running a PAV-aging. Based on laboratory test results, 

the following conclusions were drawn: 

1. Question: How do binder components (i.e., carbonyl and sulfoxide components) change during 

oxidative aging?  

The carbonyl, ether and ester, and sulfoxide components were observed to change after aging. 

However, only the carbonyl component had a consistently increasing trend throughout the 

field-aging protocol as well as the PAV-aging protocol. The ether and ester components 

appeared to not change in the field-aging protocol but increased in the PAV-aging protocol. 

The sulfoxide component might not continuously increase in the intense PAV-aging protocol 

(i.e., 60 hours PAV-aging at 100ºC). Therefore, the carbonyl area (CA) index was selected as 

the most appropriate indicator for tracking oxidative aging in this study.  

2. Question: How do binder dynamic moduli change after oxidative aging?  

The dynamic modulus master curves constructed for aged binders showed that oxidative aging 

stiffened the binder. This stiffening increased when the loading frequency decreased, which 

corresponds to a high temperature according to the time-temperature superposition principle. 
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The SBS-modified binders and AR binders experienced less age-hardening than the 

unmodified binders after the accelerated field and laboratory aging protocols. 

3. Question: How can the age-hardening model (HS model) proposed by the Glover team be 

modified to accommodate the prediction of viscosities beyond the low shear viscosity region? 

A linear correlation between ln(η) and CA index was observed for the unmodified and SBS-

modified binders. This linearity held in a wide range of loading conditions (between 20°C and 

85°C, and between 0.0159 Hz and 15.9 Hz [0.1 radians/second and 100 radians/second]), not 

just those typically used to represent the low shear condition (i.e., 60°C and 1.59E-05 Hz 

[0.0001 radians/second]) in the HS model. Accordingly, the generic hardening susceptibility 

(GHS) model was proposed to define the ratio between the logarithmic viscosity growth, and 

the carbonyl area index increase in the long-term aging phase. 

4. Question: How well does the modified age-hardening model predict the properties of the 

different asphalt binders considered in this study? 

The GHS model was developed to correlate the ln(η) and the CA index in the long-term aging 

phase (GHS = (ln η)/CA). This GHS model was calibrated and validated using unmodified and 

SBS-modified binders from different refineries. It was also used to track the rejuvenation of 

RAP binders. The coefficients of determination when using the GHS model to predict the 

viscosities of unmodified, SBS-modified, and RAP binders were over 0.95 for temperatures 

between 20°C and 85°C and loading frequencies between 0.0159 Hz and 15.9 Hz (0.1 

radians/second and 100 radians/second).  
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The GHS model developed in this chapter provides a tool to evaluate the age-hardening of long-

term aged binders. Chapter 5 further validates this finding with rubber-modified binders. Chapter 

6 investigates the application of the GHS model in aged asphalt mixes. 
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5 APPLICATION OF AGE-HARDENING MODEL ON RUBBER-

MODIFIED BINDERS 

5.1 Introduction 

This chapter investigates the aging mechanism of asphalt binders containing crumb rubber 

modifiers. The following questions were addressed: 

• What is an appropriate methodology for measuring the rheological properties (i.e., complex 

modulus, phase angle) of rubber-modified binders, especially for those containing large 

incompletely digested rubber particles (up to 2.36 mm [passing the #8 sieve])? 

• How do aging products (i.e., carbonyl and sulfoxide components) accumulate in rubber-

modified binders during oxidative aging? What is the crumb rubber modifier effect on 

oxidative aging of the binder? 

• How can the age-hardening of rubber-modified binders be predicted using the GHS model? 

The steps to accomplish the investigation in this chapter were: 

1. Modification of the current laboratory-aging protocol to simulate field-aging during 

RHMA mix production. 

2. Validation and refinement of the modified Superpave PG system. 

3. Measurement of chemical component changes in rubber-modified binders. 

4. Calibration of the GHS model using rubber-modified binders. 
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5.2 Refinement of the Modification of Performance-Grading Tests for Asphalt Rubber 

Binders 

5.2.1 Modification of Accelerated Laboratory Aging Test 

Baumgardner et al. (75) and Hung et al. (76) have modified the Superpave PG system for testing 

rubber-modified binders. This chapter further validated this grading system and refined part of the 

test methodology. Issues of laboratory-aging rubber-modified binders were identified in previous 

research conducted by the UCPRC (70). The standard RTFO-aging is carried out at 163°C, the 

average temperature at which conventional HMA mixes are produced in asphalt plants. However, 

RHMA is typically produced at around 190°C and higher (2). The operating temperature changes 

the swelling and degrading of the rubber significantly (38,65). Consequently, the temperature used 

in the standard RTFO-aging is not representative of the short-term aging conditions during RHMA 

production.  

Problems of coating in the RTFO bottle and binder leakage at the lower temperatures were also 

observed during the RTFO-aging of rubber-modified binders following the standard procedure. 

These observations inspired the review and modification of the RTFO-aging. In 2016, Jones et al. 

(69,70) proposed two modifications to the RTFO-aging to accommodate rubber-modified rubbers: 

• An increase in sample size from 35 g to 45 g to better reflect the actual asphalt component. 

Asphalt rubber binder typically contains 18 to 22 percent rubber by weight of the binder in 

California (2). Therefore, a standard 35 g RTFO specimen only contains 22 to 29 g of base 

asphalt binder. Increasing the specimen size to 45 g allows an equivalent of 35 g of base 

asphalt binders to be aged.  
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• The test temperature was increased from 163°C to 190°C in line with typical RHMA field-

production temperatures. It was anticipated that the coating of the RTFO bottles would 

improve because of the larger sample size and higher testing temperature. 

This modified RTFO procedure was further validated in this phase of the study. Figure 5.1 shows 

a comparison of the binder coating between the standard RTFO-aging and the modified one. The 

binder coverage in the bottles on the left is poor compared to the bottles on the right. This 

observation indicated that increasing the test temperature was appropriate to better coat the RTFO 

bottle. The binder film thickness could not be directly measured through the narrow opening. 

However, increasing the sample size was considered logical to provide sufficient base asphalt 

binder to achieve the specified binder film thickness. 

  
35 g at 163°C 35 g at 190°C 

  
45 g at 163°C 45 g at 190°C 

Figure 5.1: Comparison of bottle coating between standard and modified RTFO-aging. 

 

The PAV specimen sizes were also adjusted by the rubber content. These increased specimen sizes 

were intended to provide an equivalent amount of base asphalt binder in each PAV pan (97,158). 
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5.2.2 Refinement of the Modification of the Performance Grading Test 

Rubber-modified binders containing rubber particle sizes larger than 250 microns cannot be 

measured or performance-graded with sufficient accuracy using the parallel plate geometry 

specified in the current Superpave performance grading system (30,74). The results are potentially 

dominated by the individual rubber particles rather than the modified binder. Houston et al. (159) 

proposed to increase the gap in the parallel plate geometry to 3-mm to alleviate the particle issue. 

However, the following factors would still likely influence the test results: 

• Questionable rheological measurements using the 3-mm or smaller gap considering that 

the gap size should be at least four times the maximum particle size, according to AASHTO 

T 315 (30). A 3-mm gap is only slightly larger than the maximum rubber particle size of 

2.36 mm used in AR binders. In parallel plate geometry testing, the moduli are proportional 

to the sample radius to the power of four. A two percent error in radius implies a 16 percent 

error in moduli. 

• Poor trimming due to the increased gap size and presence of large rubber particles causes 

the irregular shape of the specimen. 

• Increased gap size and edge-effect cause unrepresentative measurements. 

Researchers (75,76) have been studying alternative geometries to obtain a realistic measurement 

of rubber-modified binders. The concentric cylinder (CC) or “cup-and-bob” geometry appears to 

be an appropriate substitution for the parallel plate geometry. Baumgardner and D’Angelo (75) 

used the concentric cylinder geometry to test rubber-modified binders with rubber particles up to 

840 microns at 64°C, 70°C, and 76°C. They concluded that this geometry was a suitable alternative 

to the parallel plate geometry. Hung et al. (76) used the concentric cylinder geometry to test 
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unmodified, SBS-modified, and terminal-blended binders (rubber particles smaller than 250 

microns) at 58°C and 64°C. The results further confirmed that the concentric cylinder geometry 

could provide consistent measurements (76).  

A statistical analysis of the concentric cylinder geometry test at high temperatures (≥58°C) was 

conducted in this section. The application of concentric cylinder geometry at intermediate 

temperatures (around 25°C) was also investigated. A modified test method for grading rubber-

modified binders at intermediate temperatures was therefore proposed.  

The concentric cylinder geometry used in this study includes a disposable cylinder 56-mm high × 

29 mm in diameter, with different sizes of spindles. The combination of the cylinder and various 

spindles provides different gaps to accommodate the tests for rubber-modified binders at different 

temperatures. Figure 5.2a shows a sketch of the concentric cylinder geometry. Figure 5.2b shows 

the spindle (bob) in two sizes: CC-17 (diameter of the measurement region of the spindle is 17 

mm) and CC-10 (diameter of the measurement region of the spindle is 10 mm). Figure 5.2c shows 

the plan view and vertical view of the cylinder and the spindle. The binder specimen is poured into 

the cylinder (cup) to a certain height to ensure the specimen size. This height is marked before 

pouring using the size marker shown in Figure 5.2d. 
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a: Sketch of CC geometry b: Spindle (bob) 

  
c: Cylinder (cup) d: Specimen size marker 

Figure 5.2: Package for the concentric cylinder geometry.  

 

The concentric cylinder geometry measures the rheological properties of the specimen located 

within the measuring region, as shown in Figure 5.2a. The space between the cup wall and the 

spindle defines the gap size. The specimen is required to overflow the spindle to ensure uniformity 

in the measurement region. The gap size should be large enough to provide a representative 

element to satisfy the testing, as recommended by the RVE theory (72). However, a large gap 
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results in shear stress and shear rate difference between the cylinder wall and the spindle. This 

inconsistent shear causes an unsteady flow and non-homogeneous deformation of the specimen. 

This non-homogeneity may lead to inaccurate determinations of the viscoelastic behavior (160). 

Therefore, calibration with a certified reference fluid was used to determine an appropriate gap 

between the cylinder and the spindle to obtain the correct measurement.  

After a series of tests with the reference fluid, the gap used for high temperatures (≥58°C) was set 

to 6 mm using a 17 mm bob (CC-17). The gap used for intermediate temperatures (16°C to 50°C) 

was set to 9.5 mm using a 10 mm bob (CC-10). These gaps allow a representative specimen size 

that alleviates volumetric issues in testing rubber-modified binders.  

Another issue of using the concentric cylinder geometry is that the liquid binder shrinks as the 

temperature drops to low temperatures (i.e., 4°C). The shrinkage leads to the non-homogeneous 

deformation of the binder surface. After several rounds of calibration, the concentric cylinder test 

was limited to 16°C and higher to avoid extended shrinkage.  

The specimen weight was determined by a trial-and-error method. The specimen should always 

cover the measurement region (blue section drawn in Figure 5.2a). This requirement limits binder 

shrinkage from affecting the measurement. Not submerging the spindle correctly causes a 

relatively lower measurement than the actual value, while submerging the spindle deeper than the 

recommended limit may lead to an overrated rheological value.  

The preliminary setting parameters in this study are summarized in Table 5.1. It should be noted 

that the binder between the bottom of the spindle and the bottom of the cylinder (area shown in 

red in Figure 5.2a) does not influence the test result as it is outside the measurement region. 
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Adjusting the spindle to be deep in the cup will reduce the amount of binder needed for the test. 

This adjustment function equates to the trimming function used in the parallel plate geometry. 

Table 5.1: Summary of the Experimental Settings for the Concentric Cylinder Test  

Spindle 
Gap Size 

(mm) 

DSR 

position 

(mm) 

Specimen 

Height (mm) 

Measurement Region 

Height (mm) 

Test 

Temperature 

(°C) 

CC-17 6.0 0.0 34.0 25.0 > 58 

CC-10 9.5 9.5 37.5 15.0 16 to 50 

 

The shear stress (τ) and shear strain (γ) for the concentric cylinder geometry can be calculated 

using Equations 5.1 and 5.2 (76). 

𝜏 =
𝑇

2𝜋ℎ𝑅𝑠
2            5.1 

𝛾 =
𝜔𝑅𝑏

𝑅𝑐−𝑅𝑠
            5.2 

Where: 

T = torque, in mN·mm. 

h = specimen thickness or the gap, in mm.  

Rs and Rc = radii of the spindle and the cylinder, in mm.  

ω = angular rotation of the spindle, in radians/second. 

No trimming is needed when using the concentric cylinder geometry. This avoids the trimming 

problems associated with testing stiff rubber-modified binders using the parallel plate geometry. 

However, the concentric cylinder geometry requires considerably more binder. This geometry also 

requires an extended conditioning period compared to the parallel plate geometry to achieve the 

equilibrium test temperature. A minimum of 15-minute conditioning is essential for the CC-17 

geometry, and a minimum of 20-minute conditioning is necessary for the CC-10 geometry. The 

latter conditioning time is longer because the hot binder has to cool down to the intermediate 

testing temperature. Although the measurement time is the same for these two geometries, an 
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additional five to 10 minutes are needed for conditioning for the concentric cylinder geometry at 

each grading temperature. 

Before testing rubber-modified binders containing large particles (>250 microns), binders with 

particles smaller than 250 microns were tested using both geometries (CC and PP) to validate the 

testing accuracy of using concentric cylinder geometry. Table 5.2 lists the unmodified (UM), SBS 

modified, and TR binders tested in this validation phase. 

Table 5.2: Materials for the Validation of Modified PG Tests 

Binder ID PG Modifier Particle 

UM-A 64-16 None None 

UM-B 64-16 None None 

UM-C 64-16 None None 

PM-A 64-28 SBS None 

PM-B 64-28 SBS None 

TR-A 64-28 CRM  Rubber ≤ 250 microns 

TR-B 64-28 CRM  Rubber ≤ 250 microns 

 

The PG tests for unaged and RTFO-aged binders were completed at 64°C and 1.59 Hz (10 

radians/second). Figure 5.3 shows the test results. The G*/sin(δ) values were mostly the same for 

these two geometries. They were closely located along the equilibrium line (1:1 ratio line), and the 

data were randomly distributed. These observations indicate that both geometries could precisely 

capture the rheological properties of these binders. 
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a: Unaged 

 
b: RTFO-aged 

Figure 5.3: Comparison of G*/sin(δ) values determined using concentric cylinder and parallel plate 

geometries. 

 

The PAV-aged binders were tested at 25°C and 1.59 Hz (10 radians/second). Figure 5.4 shows the 

test results. The G*×sin(δ) values were similar for both geometries. The UM binders were stiffer 
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than the modified binders after PAV-aging, indicating that UM binders were more susceptible to 

age-hardening, as discussed in Chapter 4. 

 

Figure 5.4: Comparison of G*×sin(δ) values determined with concentric cylinder and parallel plate 

geometries. 

 

Table 5.3 summarizes the statistical analysis of the two geometries. According to AASHTO T 315, 

acceptable ranges for the single-operator precision are 6.4 percent for the unaged binders, 9.0 

percent for RTFO-aged binders, and 13.8 percent for PAV-aged binders (74). The test results 

confirmed that both geometries (CC and PP) were within the standard single-operator precision 

range. 

The test results from the parallel plate geometry were more consistent than that of the concentric 

cylinder geometry for unaged and RTFO-aged binders. The maximum variances within the 

geometry were 1.9 percent for the parallel plate geometry and 4.0 percent for the concentric 
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cylinder geometry. The relatively large variance using the concentric cylinder geometry was likely 

attributed to the surface deformation of the specimen.  

Table 5.3: Variance in Measurements between Concentric Cylinder Geometry and Parallel Plate Geometry 

Binder ID 

Unaged Binder RTFO-Aged Binder PAV-Aged Binder 

Variance (%) Difference 

(%) 

Variance (%) Difference 

(%) 

Variance (%) Difference 

(%) PP CC PP CC PP CC 

UM-A 

UM-B 

UM-C 

TR-A 

TR-B 

PM-A 

PM-B 

0.0 

0.3 

0.0 

1.4 

1.3 

0.4 

0.4 

3.5 

0.6 

0.7 

4.0 

0.3 

0.5 

2.3 

+0.6 

-1.6 

-2.6 

+1.5 

-2.0 

+2.4 

+1.3 

1.5 

0.0 

1.9 

0.2 

1.2 

0.3 

0.2 

0.1 

0.3 

3.3 

0.9 

0.6 

2.5 

1.5 

-2.2 

-2.1 

-2.0 

+2.8 

+0.1 

+2.0 

-3.3 

11.8 

8.3 

7.0 

0.8 

1.8 

0.1 

5.9 

1.0 

6.6 

6.1 

4.6 

2.8 

2.5 

2.0 

-9.3 

-0.3 

-2.4 

+5.5 

+2.0 

-2.1 

-6.5 

Note: Sign “+” indicates the PP geometry results higher than CC geometry results; Sign “-” indicates the 

PP geometry results were lower than the CC geometry results. 

 

The tested strains were set to 1 percent for the CC-17 test and 0.1 percent for the CC-10 test to 

limit surface deformation. These strain levels were lower than those used in the parallel plate 

geometry, which are 12 percent for PP-25 and 10 percent for PP-8 (74). Equation 5.1 implies that 

thicker specimens require a high torque to gain the same shear stress as that for thinner specimens. 

Since the shear stress equals strain times shear modulus, the larger gap in the concentric cylinder 

test requires a higher torque to reach the pre-defined strain. Therefore, decreasing the test strain 

decreases the possibility of overloading the DSR motor. This lower strain should not introduce 

other measurement errors because it allows the test to be conducted in the linear-viscosity region 

of the binder (74). 

Table 5.3 shows that the results of the concentric cylinder geometry had better repeatability than 

the parallel plate geometry for PAV-aged binders. However, the variance within the concentric 

cylinder geometry results was still larger than the variance observed in the results of the unaged 
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and RTFO-aged binder tests owing to the increased binder shrinkage at the intermediate test 

temperatures (around 25°C).  

The concentric cylinder geometry had fewer variances than the parallel plate geometry when 

testing PAV-aged binders. The variance of the parallel plate geometry substantially increased due 

to the stiff binder at intermediate temperatures being difficult to trim, which caused a repeatability 

issue. Table 5.3 shows the variance in results within each geometry and the difference in results 

between these two geometries. 

The differences between parallel plate geometry and concentric cylinder geometry results were 

between -2.6 percent and +2.4 percent for unaged binders, between -3.3 percent and +2.8 percent 

for RTFO-aged binders, and between -9.3 percent and + 5.5 percent for PAV-aged binders. The 

offset between these two geometries was randomly distributed. No constant up or down offsets 

between these two geometries were observed. These observations indicated that the concentric 

cylinder geometry did not introduce any equipment error into these test results. 

A single-factor ANOVA analysis was used to further compare the results from these two 

geometries. The independent variable was the geometry type, and dependent variables were 

G*/sin(δ) for unaged and RTFO-aged binders and G*×sin(δ) for PAV-aged binders. The null 

hypothesis was no significant difference between the parallel plate geometry and the concentric 

cylinder geometry. A normalization within the geometry was made to eliminate the binder 

difference in dependent variables. The test results for the UM-A binders were selected as standard 

values, and results of other binders were normalized to the standard values within each geometry. 
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Table 5.4 summarizes the normalized test values and the ANOVA result. The ANOVA analysis 

results show that the null hypothesis should be rejected at a 95 percent confidence interval because 

the p-values are over five percent. Therefore, these two geometries were not statistically different. 

Table 5.4: ANOVA Results for the Two Geometries  

Binder ID 
Unaged Binder RTFO-Aged Binder PAV-Aged Binder 

PP CC PP CC PP CC 

UM-A 

UM-B 

UM-C 

TR-A 

TR-B 

PM-A 

PM-B 

1.00 

1.13 

0.93 

2.68 

1.15 

1.67 

1.68 

1.00 

1.18 

1.00 

2.64 

1.22 

1.62 

1.66 

1.00 

0.70 

0.53 

1.21 

0.76 

1.00 

1.20 

1.00 

0.71 

0.53 

1.09 

0.73 

0.91 

1.23 

1.00 

1.11 

1.68 

0.28 

0.34 

0.40 

0.15 

1.00 

0.93 

1.46 

0.20 

0.27 

0.35 

0.14 

ANOVA 

F critical 

p value >F 

4.75 

0.976 

4.75 

0.833 

4.75 

0.767 

 

Issues with performance grading of AR binders were also identified in the bending beam rheometer 

(BBR) test, specifically during the preparation of beams (70,161). The standard mold has a very 

narrow opening following AASHTO T 313 (162), which makes it difficult to pour a stiff, viscous 

binder containing incompletely digested rubber particles. The narrow opening results in 

incomplete filling of the mold, producing specimens that are often irregular in shape with random 

bubbles, as shown in Figure 5.5a. This problem prompted the review and refinement of the BBR 

specimen preparation. In 2016, Alavi et al. (69,70) proposed a modification to the BBR mold to 

provide a more uniform BBR specimen. 

Figure 5.5 shows a graphic comparison of the standard and modified mold. This modified mold 

allows operators to pour and spread the binder in the width-dimension as opposed to the thickness-

dimension. The resulting specimen dimensions do not change. Figure 5.5b shows that the modified 

mold provides a uniform beam without bubbles or gaps in the beam corners.  
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Figure 5.5: Conventional mold and beam (left) versus modified mold and beam (right). 

Careful trimming with a sharp blade to slice across the edges of the mold is required to ensure the 

beam specimen retains the required dimensions. Any irregularity in the thickness significantly 

affects the test result because the stiffness modulus is a negative third-power of the beam thickness, 

as shown in Equation 5.3 (162).  

𝑆(𝑡) =
𝑃𝐿3

4𝑏ℎ3𝛿(𝑡)
            5.3 

Where: 

S(t) = time-dependent flexural creep stiffness, in MPa. 

P = constant load, in mN. 

L = span length, in mm. 

b = width of the beam, in mm.  

h = thickness of the beam, in mm.  

δ(t) = beam deflection at 60 seconds of testing, in mm. 

This modified mold was found to be able to consistently produce acceptable beams. The UM, TR, 

and SBS binder specimens were fabricated using both the standard and modified mold for 

validation. The BBR tests were run at -6°C for UM binders, and -18°C for TR and SBS modified 

binders according to their tested PGs (162). Figure 5.6 shows the measured creep stiffness and m-

values of specimens produced with these two molds. These UM, TR, and SBS modified binders 

passed the stiffness and the m-value criteria at the required measuring temperatures.  

The comparison of these two molds showed that there was no apparent difference between molds. 

The data were randomly distributed along with the equilibrium line (1:1 ratio line), and coefficients 

of determination were over 0.95. There was no constant up or down offset. These observations 
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indicated that the modified mold was capable of testing binders without introducing any equipment 

errors.  

 
a: Creep stiffness 

 
b: m-value 

Figure 5.6: BBR test results at measured temperatures. 
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A single-factor ANOVA analysis was used to compare the variability of these two molds. The type 

of mold was selected as the independent variable, and rheology parameters (stiffness and m-value) 

were selected as dependent variables. The null hypothesis was that the two molds were 

significantly different.  

A normalization was made to eliminate the binder type effect on dependent variables. The test 

results for UM-A binders were selected as the standard value, and results of other binders were 

normalized to this standard value for each mold type. Table 5.5 summarizes the ANOVA results. 

The results show that specimens prepared by these two molds were not statistically different at a 

95 percent confidence interval using the p-value criteria of five percent. Consequently, the 

modified mold can be used for beam production of rubber-modified binders. 

Table 5.5: ANOVA of Normalized BBR Data for Conventional and Modified Beam Molds 

Binder ID 
Normalized Stiffness Normalized m-value 

Conventional Mold Modified Mold Conventional Mold Modified Mold 

UM-A 

UM-B 

UM-C 

TR-A 

TR-B 

PM-A 

PM-B 

1.000 

1.158 

2.286 

1.890 

1.686 

1.920 

0.584 

1.000 

1.264 

1.935 

1.765 

1.632 

1.880 

0.540 

1.000 

1.207 

1.153 

1.012 

0.961 

0.956 

0.944 

1.000 

1.261 

1.163 

1.071 

1.002 

0.991 

1.000 

ANOVA 

F 

p-value>F 

4.75 

0.814 

4.75 

0.529 

 

In this section, the modified performance grading method was validated. The comparison between 

the modified performance grading method and the standard one showed that these two methods 

provided a similar measurement accuracy for testing binders with particles smaller than 250 

microns. The ANOVA analysis also showed that using the modified performance grading method 

did not introduce system errors or equipment errors into the measurement. 
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This modified performance grading method potentially solves the volumetric issue of testing 

rubber-modified binders containing large incompletely digested rubber particles (>250 microns). 

This modified performance-grading method was used to measure the rheological properties (i.e., 

complex modulus, phase angle) of rubber-modified binders containing incompletely digested 

rubber particles larger than 250 microns in this study. 

5.3 Testing and Analysis of Oxidative Aging in Rubber-Modified Binders 

5.3.1 Hypothesis of Rubber Dilution of Aging Products in Rubber-Modified Binders 

According to the literature review in Section 2.1.2, rubber swelling is the main rubber-binder 

interaction in rubber and binder blending at temperatures lower than 220°C. The rubber particles 

absorb the lighter components from the binder and swell to a larger volume size.  

The rubber-modified binders in the study were produced at 190°C, and rubber swelling was the 

main rubber-binder interaction at this temperature. The swelled rubber particles replace part of the 

base asphalt binder in a given volume of binder. In other words, rubber appears to dilute the base 

asphalt binder in the rubber-modified binder. 

The rubber dilution effect hypothesis on the oxidative aging of the rubber-modified rubber is 

proposed to explain the slower aging in the rubber-modified binder compared with the base binder. 

This dilution hypothesis is based on two assumptions. First, the rubber itself ages differently to the 

base asphalt binder. Second, the rubber-binder interaction is mainly swelling such that the rubber 

replaces the base asphalt binder in a unit volume without any chemical interactions. 

In this case, the aging products (i.e., carbonyl and sulfoxide components) in the rubber-modified 

binder can be diluted by the rubber, and the reduction of the aging product should be proportional 
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to the rubber content. The calculated component indices based on the volumetric correlation 

between the rubber and the base asphalt binder should be compared to the measured values to test 

this hypothesis. Equation 5.4 defines the calculated indices.  

𝐼𝐶 =𝐶𝑅 × 𝐼𝑅 + 𝐶𝑂 × 𝐼𝑂 + 𝐶𝐵 × 𝐼𝐵        5.4 

Where: 

IC = calculated chemical index (i.e., CA or SUL) in the rubber-modified binder. 

CR = rubber content, in percent 

IR = measured chemical index in the rubber. 

CO = extender oil content, in percent 

IO = measured chemical index in the extender oil. 

CB = base asphalt binder content, which is (1-CR-CO), in percent. 

IB = measured chemical index in the base asphalt binder. 

Negative component index values are considered to be zero in Equation 5.4. The integration 

method used in Equation 4.2 does not automatically reject the negative area index. The negative 

value indicates that no such component exists in the material, which should be zero in the 

calculation. Besides the dilution hypothesis, chemical interaction may also explain the aging in the 

rubber-modified binder. Three hypotheses proposed in this chapter are:  

1. Dilution, which is implied if the measured aging products are close to calculated values 

using Equation 5.4. 

2. Chemical interaction where the rubber acts as an antioxidant as discussed in one previous 

study (4), which is implied if more aging product reductions than dilution alone can 

explain. 

3. Other chemical interactions, which is implied if there are fewer aging product reductions 

than dilution alone can explain. 

In this study, FTIR measured indices were compared to the calculated indices using Equation 5.4. 

Two criteria were selected to determine whether or not to accept the dilution hypothesis. First, the 
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calculated indices should be within one standard deviation of the measured indices. Second, the 

Pearson correlation between the calculated indices and the measured indices should be higher than 

the 0.7 threshold (163), which is a rule of thumb for accepting “high positive correlation”. If the 

FTIR data met these two criteria, then the dilution hypothesis could be preliminarily accepted. It 

should be noted that accepting the dilution hypothesis does not deny the possible chemical 

interactions between rubber and base binder, but the data would then suggest that the chemical 

interaction effect was not significant compared to the dilution effect posed by the dilution 

hypothesis. Suppose the FTIR data did not meet the two criteria for accepting the dilution 

hypothesis. In that case, chemical interaction should be considered the primary mechanism to 

explain the oxidative aging in the rubber-modified binder. 

5.3.2 Experimental Design for Evaluating the Oxidative Aging of Rubber-Modified Binders  

Twelve binders from four refineries were evaluated in the work discussed in this section. These 

binders were produced using the field-blending approach with different rubber contents and 

particle sizes. The blending temperature was 190°C. The ones containing five and ten percent 

rubber by weight of the binder fit the definition of PG+X materials (17). 

These binders can be divided into four groups based on the binder source and rubber type. Group 

A contains two devulcanized rubber binders and their base binder. A devulcanization process was 

used to reduce the rubber into fine particles smaller than 250 microns. Group B includes four 

rubber-modified binders and their base binder from the second producer. Their rubber particle 

sizes are smaller than 1.18 mm (passing the #16 sieve) or 2.36 mm (passing the #8 sieve), 

depending on the mix. Group C and Group D include two standard AR binders. They were field 

blended with 20 percent rubber by weight of the binder. AR binders in Group C and Group D 
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contained four percent extender oil by weight of the binder. The refineries added this extender oil 

to improve the rubber swelling. This is a standard practice in California (25). Table 5.6 summarizes 

the binder information.  

The purpose of this work was to evaluate the oxidative aging of various rubber-modified binders 

produced using different production approaches used in the industry. In this study, the producer 

conducted the rubber-binder blending process and delivered the rubber-modified binders to the 

UCPRC laboratory. The devulcanization effect could not be analyzed as the laboratory received 

no devulcanized rubber particles. Considering that Group A, Group B, Group C, and Group D 

binders used different rubber types and base binders, the rubber effect analysis was based on a 

group-by-group scenario.  

Table 5.6: Summary of Materials in Experiment Design  

Group Binder ID1 

CRM 

Dosage 

(%) 

Maximum 

CRM Size 

(mm) 

Extender 

Oil (%) 

Specific 

Gravity 

Binder 

PG 

A 

Base_A 0 N/A 

None 

1.035 64-22 

A_5_0.25 5 0.25 1.036 70-22 

A_10_0.25 10 0.25 1.037 70-22 

B 

Base_B 0 N/A 

None 

1.032 64-22 

B_5_1.18 5 1.18 1.034 70-22 

B_10_1.18 10 1.18 1.039 82-22 

B_5_2.36 5 2.36 1.043 70-22 

B_10_2.36 10 2.36 1.045 76-22 

C 
Base_C 0 N/A None 1.035 64-16 

C_20_2.36 20 2.36 4 ~1.070 88-16 

D 
Base_D 0 N/A None 1.035 64-16 

D_20_2.36 20 2.36 4 ~1.070 88-16 
1 Binder ID format: source-rubber-content in percent-maximum particle size in mm. 

Table 5.6 includes the specific gravities of these binders. Since specific gravities of the base 

binders were approximately similar, the specific gravity changes after adding rubber were 

compared to the original binder base. Figure 5.7 shows the specific gravity change along with the 

rubber content and the rubber particle size. The results indicated that increasing the rubber content 
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would lead to a higher specific gravity. The rubber specific gravity is typically around 1.12 g/cm3, 

which is denser than the base binder (2). In one-unit volume, part of the binder was replaced by 

the heavier rubber particles. Naturally, delta specific gravity was positively correlated to the rubber 

content. The increase in specific gravity indicated that adding the crumb rubber diluted the base 

asphalt binder in rubber-modified binders. 

 
Figure 5.7: Changes in specific gravities after adding rubber particles. 

 

The rubber-modified binders in Group A had similar particle size gradations as traditional terminal 

blended binders. These binders can be performance-graded using the current Superpave PG 

system. Therefore, the RTFO-aging for Group A binders was set at 163°C for 85 minutes following 

AASHTO T 240 (98). The PAV-aging was done at 100°C and 2.1 MPa pressure for 20 hours 

following AASHTO R 28 (97). An Anton Paar DSR machine was used to measure the rheological 

properties of the unaged binders and aged residues with a parallel plate geometry according to 

AASHTO T 315 and AASHTO T 320 (30,74).  
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The rubber-modified binders in Group B, Group C, and Group D contained large incompletely 

digested rubber particles (>250 microns). One local manufacturer provided the crumb rubber 

modifier used in this study. Figure 5.8 shows the rubber gradation. The CRM_1.18 is the fine 

rubber used in Group B., and the CRM_2.36 is the coarse rubber used in Group B, Group C, and 

Group D.  

Figure 5.8 shows that most rubber particles were between 0.25 mm and 1.00 mm. These large 

rubber particles can cause volumetric issues using the current Superpave PG system, as discussed 

in Section 2.1.6. The modified PG system discussed in Section 5.2 was used to evaluate these 

rubber-modified binders.  

 
Figure 5.8: Sieve analysis of the rubber gradations.  

 

The laboratory-aging protocols for aging the base binders and Group A binders followed the 

standard RTFO-aging (AASHTO T 240) (98) and PAV-aging specification (AASHTO R 28) (97). 

The rubber-modified binders in Groups B, C, and D were aged using the modified RTFO and PAV 
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protocols discussed in Section 5.2.1. The specimen sizes in the RTFO bottles and PAV pans were 

adjusted by the rubber content to obtain the same amount of base asphalt binder aged in the 

standard aging protocol.  

In this chapter, the RTFO specimen weights for rubber-modified binders in Group B were 37 g for 

binders containing five percent rubber and 39 g for the ones containing ten percent rubber. The 

RTFO specimen size in Groups C and D was 44 g, corresponding to the 20 percent rubber by 

weight of the binder in these two groups. The PAV specimen sizes for rubber-modified binders in 

Groups B, C, and D were also increased according to the rubber content. A 53 g specimen was 

used for the rubber-modified binder containing five percent rubber; a 56 g specimen was used for 

the ones containing ten percent rubber, and a 63 g specimen was used for the ones containing 20 

percent rubber. Table 5.7 provides the setting of the test. 

This setting was selected according to the rubber particle size in the rubber-modified binders. The 

inconsistency of the temperature used in RTFO-aging may influence the analysis after RTFO-

aging. Additionally, the Base-B binder was also RTFO-aged at 190°C to evaluate the RTFO-aging 

temperature effect in the base binder. 

After aging, carbonyl components, sulfoxide components, and butadiene components were 

measured using the FTIR. The corresponding area indices were calculated using the same 

methodology presented in Section 4.2.2.  

The FTIR returns the average spectrum of 24 scans for each sample. A total of nine replicate 

samples were tested for each binder. These nine samples were randomly collected from the binder 

tin after heating the binder to the liquid condition and thoroughly stirring it. The binder sample 

was then transferred to the FTIR optics using the glass stick.  
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However, the optics diameter is only 2 mm, and it measures the chemical components of the 

sample within this 3.14 mm2 (12×π) area of the optics. Considering the maximum rubber particle 

size can be as large as 2 mm, and the digested or incompletely digested rubber particles may not 

necessarily distribute uniformly in the FTIR sample, the measurement results could vary. The 

results discussed in the following sections include the average measurement and the standard 

deviation of the nine replicate measurements for each binder.  

Table 5.7: Experiment Design for Evaluation of the Aging in Rubber-Modified Binders 

Group Binder ID1 

CRM 

Dosage 

(%) 

Maximum 

CRM 

Size(mm) 

Extender 

Oil (%) 

RTFO 

Temperature 

(°C) 

PAV 

Temperature 

(°C)  

A 

Base_A 0 N/A 

0 163 

100 

A_5_0.25 5 0.25 

A_10_0.25 10 0.25 

B 

Base_B 0 N/A 

0 

163 (190) 

B_5_1.18 5 1.18 

190 
B_10_1.18 10 1.18 

B_5_2.36 5 2.36 

B_10_2.36 10 2.36 

C 
Base_C 0 N/A 0 163 

C_20_2.36 20 2.36 4 190 

D 
Base_D 0 N/A 0 163 

D_20_2.36 20 2.36 4 190 

E 

Base_E 0 N/A 0 
163 

Control_E 0 N/A 

4 

E_2.5 2.5 2.36 

190 

E_5 5 2.36 

E_10 10 2.36 

E_18 18 2.36 

E_22 22 2.36 

E_30 30 2.36 

E_35 35 2.36 
1 Binder ID format: source-rubber content in percent-maximum particle size in mm. 

An additional group (Group E) of rubber-modified binders was prepared with seven different 

rubber amounts (2.5, 5, 10, 18, 22, 30, and 35 percent by weight of the binder) to test the rubber 

dilution hypothesis. The modified RTFO and PAV protocols discussed in Section 5.2.1 were 

applied to the rubber-modified binders in Group E. The specimen sizes in the RTFO bottles and 
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PAV pans were adjusted by the rubber content to obtain the same amount of base asphalt binder 

aged in the standard aging protocol. 

These Group E binders were prepared in the laboratory using the Base_D binder and the coarse 

rubber (CRM_2.36) shown in Figure 5.8. Similar to the field-blending approach used in Group C 

and Group D, the four percent of extender oil by weight of the base binder was added during the 

blending process (25). The extender oil amount was fixed for the rubber-modified binders in Group 

E; this was done to ensure the same amounts of chemical components were brought in by extender 

oil and keep this as a fixed value in the factorial level in the analysis of Group E. However, it is 

acknowledged that excess extender oil not consumed by the rubber and may have influenced the 

test results. 

The blending process for Group E was conducted at 190˚C using a shear mixer in the laboratory. 

This is the same blending temperature used in other binder groups. The constant amount of 

extender oil and the required amount of rubber were added to a 300 ml base binder sample and 

then blended at 1,200 revolutions per minute for 45 minutes. The control binder in Group E was 

produced by blending the extender oil in the base binder at 190˚C and 1,200 revolutions per minute 

for 45 minutes. Fixing the extender oil content and the blending duration instead of making 

extender oil content proportional to the rubber content ensured the quantitative analysis of rubber 

dilution, with the assumption that no chemical interaction occurs between the extender oil, rubber, 

and binder. 

It should be noted that the extender oil may influence the digestion of rubber. However, the rubber 

digestion could not be studied because of the nature of the FTIR measurement. The FTIR 

equipment measures the whole specimen that contacts the measurement unit (optics). In the 
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rubber-modified binder, the rubber components (digested or incompletely digested) absorb the 

same wavelengths of incident radiation. Azevedo et al. (164) found that the FTIR measured 

butadiene content was lower than the content reported by the rubber supplier. This finding implied 

that undigested rubber might not be counted in the FTIR measurement result. Therefore, the FTIR 

can quantitatively analyze the amount of digested or incompletely digested rubber in the binder 

but not the undigested rubber. In other words, it cannot determine the level of rubber digestion.  

5.3.3 Oxidative Aging of Crumb Rubber Modifiers 

The chemical components in the crumb rubber modifier before and after aging were evaluated. No 

RTFO-aging was conducted on the rubber particles due to safety concerns. The small rubber 

particles could be forced out of the RTFO bottle by the air that blows over the sample, resulting in 

a dust explosion risk.  

The two crumb rubber modifiers (gradations are shown in Figure 5.8) were directly PAV-aged to 

evaluate the oxidative aging effect on the rubber particles before blending with asphalt binder. 

After PAV-aging at 100°C for 20 hours, chemical components were compared to those determined 

before aging. Table 5.8 lists the results.  

The CA indices in the rubber were negative before and after aging. In the FTIR spectra, a concave 

curve over the carbonyl peak was observed. This concave curve led to a negative integration of the 

CA index, indicating no carbonyl component as defined by the 1680 cm-1 peak was in the crumb 

rubber modifiers.  

Table 5.8 shows that the PAV-aging appeared to not age these rubber particles. The carbonyl and 

sulfoxide components did not increase after PAV-aging. This proved the first assumption of the 

rubber dilution hypothesis proposed in Section 5.3.1. Aging the rubber itself does not produce 
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carbonyl or sulfoxide components, which are the main aging products produced in asphalt binder 

aging. Adding the aging-resistant rubber into the asphalt binder is anticipated to effectively dilute 

the aging components generated in the base asphalt binder.  

Table 5.8: Average Chemical Indices for the Rubber in Unaged and PAV-Aged Conditions  

Maximum 

Rubber 

Size 

Aging 

Condition 

Average 

CA1 Index 

SD2 of 

CA 

Index 

Average 

SUL3 

Index 

SD2 of 

SUL3 

Index 

Average 

Butadiene 

Index 

SD2 of 

Butadiene 

Index 

2.36 mm 

Unaged -1.359 1.007 0.556 0.368 0.215 0.032 

RTFO4 0 - 0.530 - 0.236 - 

PAV -1.569 1.026 0.503 0.371 0.256 0.042 

1.18 mm 

Unaged -1.401 1.071 0.493 0.412 0.255 0.058 

RTFO4 0 - 0.468 - 0.249 - 

PAV -1.477 1.019 0.443 0.415 0.243 0.045 
1 CA-Carbonyl. 2 SD-Standard Deviation. 3 SUL-Sulfoxide. 4 RTFO-Calculated as the average of those 

indices in unaged and PAV-aged rubber. 

 

Table 5.8 shows that the butadiene area index before and after aging did not constantly increase or 

decrease for these two sizes of rubber. The measured butadiene area indices were only around 

0.25, while the variations were around 0.05. The variations of the butadiene area index measured 

were 20 percent of the average value. 

An ANOVA analysis was applied to these butadiene area indices, and the results showed that no 

significant difference was found before and after aging at the 95-confidence level (p-value =0.56 

> 0.05). For unmodified binders containing no butadiene component before adding the rubber, the 

distinctive butadiene area index could be used to track the amount of digested and incompletely 

digested rubber in the binder, as previous studies have suggested (136,137). 

The indices (CA, SUL, and butadiene) in the rubber in RTFO-aged conditions were required in 

the calculation to inspect the rubber dilution hypotheses proposed in Section 5.3.1 for rubber-

modified binders in RTFO-aged condition. Since the actual values could not be obtained in the 
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laboratory, the indices (CA, SUL, and butadiene) in the rubber in RTFO-aged condition were 

assumed to be the averages of those in the unaged and PAV-aged rubber. Table 5.8 shows that 

rubber did not contain any carbonyl components, and the CA index values were considered zero 

in the rubber in unaged, RTFO-aged, and PAV-aged conditions. For SUL and butadiene area 

indices in rubber, the values in RTFO-aged conditions were calculated using Equation 5.5. Table 

5.8 summarizes calculated indices in the rubber for the RTFO-aged conditions. 

𝐼𝑅𝑇𝐹𝑂 =
(𝐼𝑈𝑛𝑎𝑔𝑒𝑑+𝐼𝑃𝐴𝑉)

2
           5.5 

Where: 

IRTFO = component index in the rubber in RTFO-aged condition. 

IUnaged = component index in the rubber in unaged condition. 

IPAV = component index in the rubber in PAV-aged condition. 

 

5.3.4 Accumulation of Carbonyl Components in Rubber-Modified Binders 

Figure 5.9 shows the CA indices of tested binders before and after aging. Error bars for the nine 

replicates were added in the figure to show the variation of the measurement. The data used for 

plotting are summarized in Appendix A. 
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a: Group A (Binder ID format: source_rubber content in percent_maximumrubber size in mm) 

 
b: Group B (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Group C and Group D (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
d: Group E 

Figure 5.9: Changes of CA index of rubber-modified binders after RTFO- and PAV-aging. 

 

In the unaged condition, Groups A and B binders show that the CA indices of the rubber-modified 

binders were generally smaller than those of their base binders, which appeared to be attributed to 
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the rubber digesting in the binder phase. The reduced aging is hypothesized to be because the 

rubber effectively diluted carbonyl components in the rubber-modified binders in those groups. 

Different observations were found in Groups C, D, and E, where part of the rubber-modified 

binders had higher CA indices than the base binders. The difference between Group A and B 

binders to Group C, D, and E binders was that the latter contained extender oil. 

Figure 5.9c shows that the extender oil used in this study contained higher amounts of carbonyl 

components than the base binder and the rubber (Table 5.8 shows that the rubber did contain any 

carbonyl components). This extender oil was added to the base binder simultaneously with the 

rubber, which could cause the CA index to increase in the final rubber-modified binder. The 

control binder in Group E was a mixture of base binder and the four percent extender oil, which 

showed an even higher CA index than the extender oil itself. This indicated that chemical 

interaction between the base binder and extender oil might occur during blending. Table 5.9 and 

Table 5.10 show the statistical analysis results for the CA index.  

The CA indices of devulcanized rubber in Group A were assumed to be the same as those in 

CRM_1.18 since no devulcanized rubber samples were received by the laboratory. However, even 

if devulcanized rubber was available, the FTIR used in this study could not precisely measure the 

devulcanized rubber because the maximum particle size of devulcanized rubber is 250 microns, 

which is too small to fully cover the FTIR optics [2-mm diameter]). 
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Table 5.9: Comparison of Carbonyl Area Index  

Binder ID 
Extender Oil 

Content (%) 

Unaged Binder RTFO-Aged Binder PAV-Aged Binder 

IM SD Ic C IM SD Ic C  IM SD Ic C 

Base_A 0 0.061 0.017 0.061   0.150 0.065 0.150  0.848 0.102 0.848   

A_5_0.25 0 0.050 0.019 0.058 Yes 0.255 0.084 0.143 No 0.793 0.026 0.806 Yes 

A_10_0.25 0 0.043 0.013 0.055 Yes 0.208 0.073 0.135 No 0.713 0.051 0.763 Yes 

Base_B 
0 

0.121 0.053 0.121   
0.289 

(0.360) 

0.058 

(0.090) 

0.289 

(0.360) 
  1.054 0.051 1.054   

B_5_1.18 
0 

0.093 0.029 0.115 Yes 0.491 0.039 
0.275 

(0.342) 

No 

(No) 
0.987 0.042 1.001 Yes 

B_10_1.18 
0 

0.110 0.042 0.109 Yes 0.420 0.034 
0.260 

(0.324) 

No 

(No) 
0.971 0.036 0.949 Yes 

B_5_2.36 
0 

0.093 0.032 0.115 Yes 0.464 0.092 
0.275 

(0.342) 

No 

(No) 
0.976 0.037 1.001 Yes 

B_10_2.36 
0 

0.077 0.024 0.109 No 0.520 0.037 
0.260 

(0.324) 

No 

(No) 
0.912 0.053 0.949 Yes 

Base_C 0 0.119 0.025 0.119   0.146 0.045 0.146  0.968 0.125 0.968   

C_20_2.36 4 0.191 0.085 0.140 Yes 0.457 0.055 0.166 No 0.893 0.072 0.836 Yes 

Base_D 0 0.279 0.025 0.279   0.289 0.029 0.289   0.892 0.125 0.892   

D_20_2.36 4 0.188 0.025 0.268 No 0.412 0.055 0.280 No 0.798 0.043 0.775 Yes 

E_Control 4 1.190 0.105 1.190       1.630 0.047 1.630  

E_2.5 4 1.180 0.357 1.160 Yes     1.750 0.049 1.589 No 

E_5 4 1.090 0.053 1.131 Yes     1.560 0.047 1.549 Yes 

E_10 4 0.810 0.022 1.071 No     1.380 0.030 1.467 No 

E_18 4 1.080 0.052 0.976 No     1.250 0.060 1.434 No 

E_22 4 0.150 0.046 0.928 No     1.180 0.026 1.271 No 

E_30 4 0.220 0.091 0.833 No     0.860 0.240 1.141 No 

E_35 4 0.320 0.063 0.774 No     0.840 0.127 1.060 No 

SD= standard deviation of the measured index (IM).  

C= testing criterion to check whether the calculated index (IC) is within one standard deviation of the measured index or not.  

Yes and No = it is “Yes” if Ic is within one standard deviation of IM. Otherwise, it is “No”. 

For Group B binder x(x)= results are calculated based on RTFO-aged Base_B binder at 163°C and 190°C, respectively (the one in the brackets 

represents the data in 190°C). The 190°C temperature is the same RTFO temperature used for the RTFO-aging of the rubber-modified binders in 

Group B. 
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Table 5.10: Pearson Correlation of IM and Ic for Carbonyl Area Index  

Extender Oil Content (%) Group Unaged Binder RTFO-Aged Binder PAV-Aged Binder 

0 A, B 0.90 0.98 0.96 

4 C, D, E 0.56 N/A* 0.65 

*Group C, D, and E binders only contain two data points (IM) in RTFO-aged condition that Pearson correlation is not valid to use. 
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In the unaged condition, the calculated CA indices were mostly within one standard deviation of 

the measured CA indices for Groups A and B, none of which had extender oil. In contrast, the 

calculated CA indices were mostly not within one standard deviation of the measured CA indices 

for Groups C, D, and E, which did have extender oil in the binders with rubber. The Pearson 

correlation between measured CA indices and calculated indices was 0.90 for unaged Group A 

and B binders (>0.7 threshold), but it was 0.56 for the unaged Groups C, D, and E binders. This 

indicated that the dilution appeared to be evident for rubber-modified binder containing five and 

ten percent rubber without extender oil but not valid for those binders containing extender oil. 

Nakason et al. (165) and Govedarica et al. (166) suggested that the extender oil reduced the 

cohesive forces between polymer chains and increased the polymer chain mobility. Adding the 

extender oil promoted chemical interaction between the rubber and the binder. This may explain 

why the dilution hypothesis alone could not explain the chemical changes in rubber-modified 

binders containing extender oil. 

Figure 5.9d shows that increasing the rubber content decreased the carbonyl components in the 

Group E binders in the unaged condition. Some variability was identified, e.g., the binder with 18 

percent rubber showed higher CA indices than the one with 10 percent rubber, and the binder with 

22 percent rubber showed lower CA indices than the one with 30 percent rubber. These variabilities 

were attributed to limitations with the FTIR equipment. As discussed in Section 5.3.2, the 

measuring optics are small, and one drop of the binder is often larger than the optics. When the 

rubber content was high, the possible range of measured rubber content in one drop of the binder 

increased. The FTIR equipment could only measure part of the sample resulting in inconsistent 

CA index changes in Group E binders. Although these variabilities existed, a decreasing tendency 

of the CA indices with increasing rubber content from 2.5 percent to 35 percent was found.  
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Table 5.9 shows that the measured CA indices were generally lower than the calculated CA indices 

in Group E binders. In this case, chemical interaction between the rubber, extender oil, and binder 

appeared to occur as the second hypothesis proposed in Section 5.3.1. The rubber might be an 

antioxidant that further decreased the CA index than the dilution effect alone would explain. The 

inconsistent CA index changes in Group E indicated that the extender oil amount and blending 

time appeared to influence the chemical interaction in Group E rubber-modified binders. 

After RTFO-aging, increases of CA indices were observed for all binders in each group. The 

rubber-modified binders had higher CA indices than their base binders regardless of the differences 

in RTFO-aging temperatures. For binders in Group A, the standard RTFO-aging (163°C) was 

conducted with adjustment of the sample size to account for the rubber content. The standard 

deviation of the measured CA index was relatively high compared to the total amount of the CA 

index, making it difficult to determine the CA index changes after RTFO-aging for Group A 

binders. For binders in Groups B, C, and D, the modified RTFO-aging was operated at a higher 

temperature (190°C) than the standard RTFO-aging (163°C). The elevated RTFO-aging 

temperature might result in additional aging that generated larger CA indices.  

A second RTFO-aging of Base_B at 190°C was conducted, and the data were added in Table 5.9. 

The calculated CA indices using the data for 190°C were still beyond the one standard deviation 

of the measured CA indices for rubber-modified binders, which indicated that elevating the RTFO 

temperature alone could not explain the high CA indices in rubber-modified binders. 

After RTFO-aging, the measured CA indices were always higher than the calculated CA indices 

for the rubber-modified binders tested in the section. Increasing the rubber content reduced the 

measured CA indices, which showed the same tendency as the calculated CA indices. Therefore, 
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the Pearson correlation was high (0.98) for RTFO-aged Group A and B binders. The observed 

higher CA indices for rubber-modified binders than for the base binder indicated that the rubber 

dilution hypothesis was not valid for RTFO-aged binders. This observation was found for Groups 

A and B (no extender oil) and Groups C and D (four percent extender oil), indicating that the 

chemical interaction occurred during RTFO-aging, which apparently changed the CA index. 

The PAV-aging protocol resulted in higher CA indices than those recorded after RTFO-aging, as 

expected. In Group A, the CA indices of PAV-aged binders were triple those of RTFO-aged 

binders. In Groups B, C, and D, the CA indices of PAV-aged binders were double those of the 

RTFO-aged ones. Although the aging rate varied among binder sources and types, adding crumb 

rubber modifiers into binders decreased the CA indices compared with the base binders after PAV-

aging. In each binder group, base binders experienced the highest increase in the CA index during 

PAV-aging. These observations were consistent with the findings discussed in Section 4.3.1 in that 

rubber-modified binders had lower CA indices than the unmodified binder after field-aging.  

Figure 5.9 shows that increasing the rubber content decreased the CA indices in rubber-modified 

binders after PAV-aging compared to the base binders. Table 5.9 shows that the calculated CA 

indices were within one standard deviation of the measured CA indices for Group A and Group B 

binders, which contained no extender oil. Table 5.10 shows that the Pearson correlation between 

measured and calculated CA indices was 0.96 for these PAV-aged binders. In this case, the dilution 

of CA indices appeared to be valid.  

On the other hand, when extender oil was used in Groups C, D, and E, the calculated CA indices 

were not always within the one standard deviation of the measured CA indices. Table 5.10 also 

shows that the Pearson correlation between measured and calculated CA indices was 0.56, which 
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was lower than the 0.7 threshold. Groups C and D binders showed that the measured CA indices 

were higher than the calculated values. Group E binders showed that the measured CA indices 

were lower than the calculated CA indices when the rubber content was more than five percent. In 

this case, chemical interaction occurred during the PAV-aging that the dilution hypothesis was not 

valid for explaining the CA index changes. 

In summary, the crumb rubber modifier used in this study did not contain any carbonyl 

components. Chemical interactions existed between the extender oil and the base binder, as the 

E_Control binder showed. Therefore, the extender oil and the aging condition affected the rubber-

binder interaction. In the unaged condition, the rubber dilution effect could explain the carbonyl 

component changes in the rubber-modified binders without extender oils. In contrast, the rubber 

appeared to be an antioxidant in the rubber-modified binders containing extender oils, which 

showed fewer carbonyl components than the calculated values based on the dilution hypothesis.  

After RTFO-aging, the rubber-modified binders showed greater carbonyl component increases 

than the calculated values by the dilution effect. This observation was found in all tested binders 

with or without extender oils. It indicated that chemical interaction between rubber and binder 

occurred at elevated temperatures (>160˚C) that considerably changed the measured CA indices.  

In the PAV-aged condition, the rubber dilution of carbonyl components hypothesis appeared to be 

valid for binders without extender oils. In contrast, the dilution effect alone could not explain the 

carbonyl component changes for binders with extender oils. 
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5.3.5 Change of Sulfoxide Components in Rubber-Modified Binders 

Figure 5.10 shows the baseline SUL indices in the unaged condition and how they changed after 

RTFO and PAV-aging. For Groups A and B binders without extender oils, the SUL indices of 

rubber-modified binders were generally smaller than those of the base binders in the unaged 

condition. The rubber decreased the sulfoxide components in rubber-modified binders, similar to 

the carbonyl components. This observation was not found for the binders in Groups C, D, and E, 

which contained extender oils. Figure 5.10d shows the SUL indices of Group E binders. 

Comparing the extender oil and the base binder showed that the extender oil used in this study 

contained more sulfoxide components than the base binder in the unaged condition. The E-Control 

binder produced by adding extender oils to the base binder showed a higher SUL index than the 

extender oil, indicating that chemical interaction between the base binder and extender oils could 

occur during the blending process. 

 
a: Group A (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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b: Group B (Binder ID format: source_rubber content in percent_maximum rubber size in mm 

 
c: Group C and Group D (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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d: Group E 

Figure 5.10: Changes of SUL index of rubber-modified binders after RTFO- and PAV-aging. 

 

To inspect the hypotheses proposed in Section 5.3.1, calculated SUL indices using Equation 5.4 

were compared to the measured SUL indices. In the calculation, the SUL indices of the rubber in 

RTFO-aged condition were assumed to be the averages of those in the unaged and PAV-aged 

rubber as discussed in Section 5.3.3. Table 5.11 and Table 5.12 show the calculation results for 

SUL indices. 

In the unaged condition, the calculated SUL indices were not always within one standard deviation 

of the measured SUL indices for these binders in all groups. The measured SUL indices were lower 

than the calculated SUL indices, except for the C_20_2.36 and D_20_2.36 binders. The exception 

was caused by the calculated SUL indices listed in Table 5.11, which were calculated from the 

base binder for these two rubber-modified binders. It did not account for the SUL index increase 

because of the chemical interaction between the base binder and the extender oil. The E_Control 
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binder showed that the chemical interaction between the base binder and the extender oil resulted 

in a higher SUL index than that in the extender oil. Using 2.140 (SUL index of extender oil) as the 

input for the SUL index calculation would result in a value of 1.855 for the C_20_2.36 and 

D_20_2.36 binders, which was higher than their measured SUL indices. In this case, all measured 

SUL indices were lower than the calculated SUL index. Table 5.12 shows that the Pearson 

correlation between measured and calculated SUL indices was not above the 0.7 threshold. 

Therefore, adding the rubber appeared to act as an antioxidant that resulted in lower SUL indices 

than the calculated SUL indices based on the dilution hypothesis alone. 

Therefore, the extender oil amount and blending time could influence the chemical interaction in 

the Group E rubber-modified binders. In future studies of the chemical interaction between the 

rubber and the binder containing extender oils, it is recommended that the extender oil amount and 

blending time are proportional to the rubber content to better explain chemical interactions 

between the two. 
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Table 5.11: Comparison of Sulfoxide Area Index  

Binder ID 
Extender Oil Content 

(%) 

Unaged Binder RTFO-Aged Binder PAV-Aged Binder 

IM SD Ic C IM SD Ic C  IM SD Ic C 

Base_A 0 1.634 0.057 1.634   2.994 0.067 2.994  4.216 0.045 4.216   

A_5_0.25 0 1.054 0.169 1.577 No 2.273 0.136 2.868 No 3.958 0.038 4.027 No 

A_10_0.25 0 1.042 0.065 1.526 No 2.001 0.09 2.741 No 3.896 0.161 3.839 Yes 

Base_B 
0 

1.01 0.212 1.01   
1.147 

(1.219) 
0.04 

1.147 

(1.219) 
  3.651 0.036 3.651   

B_5_1.18 
0 

0.949 0.045 0.984 Yes 1.197 0.037 
1.113 

(1.181) 

No 

(Yes) 
3.766 0.089 3.491 No 

B_10_1.18 
0 

0.871 0.155 0.958 Yes 1.129 0.071 
1.079 

(1.144) 

Yes 

(Yes) 
3.465 0.337 3.330 Yes 

B_5_2.36 
0 

1.008 0.109 0.987 Yes 1.313 0.069 
1.116 

(1.181) 

No 

(No) 
3.634 0.091 3.494 No 

B_10_2.36 
0 

0.679 0.150 0.965 No 1.246 0.055 
1.085 

(1.144) 

No 

(No) 
3.428 0.195 3.336 Yes 

Base_C 0 0.842 0.031 0.842   0.973 0.068 0.973   3.757 0.132 3.757   

C_20_2.36 4 1.353 0.292 0.870 No 1.416 0.087 0.996 No 2.581 0.268 3.254 No 

Base_D 0 1.031 0.088 1.031   1.836 0.362 1.836   3.802 0.099 3.802   

D_20_2.36 4 1.183 0.287 1.022 Yes 1.601 0.177 1.686 Yes 2.392 0.106 3.290 No 

E_Control 4 2.180 0.036 2.180       3.464 0.171 3.464  

E_2.5 4 1.900 0.042 2.139 No     3.192 0.041 3.390 No 

E_5 4 1.790 0.110 2.099 No     3.320 0.035 3.316 Yes 

E_10 4 1.680 0.078 2.018 No     3.373 0.044 3.168 No 

E_18 4 1.530 0.190 1.888 No     3.034 0.124 3.139 Yes 

E_22 4 0.940 0.076 1.823 No     3.057 0.038 2.813 No 

E_30 4 1.290 0.698 1.693 Yes     2.390 0.240 2.576 Yes 

E_35 4 1.320 0.457 1.612 Yes     2.570 0.438 2.428 Yes 

SD= standard deviation of the measured index (IM).  

C= testing criterion to check whether the calculated index (IC) is within one standard deviation of the measured index or not.  

Yes and NO = it is “Yes” if Ic is within one standard deviation of IM. Otherwise, it is “No”. 

For Group B binder x(x)= results are calculated based on RTFO-aged Base_B binder at 163°C and 190°C, respectively (the one in the bracket 

represents the result in 190°C). The 190°C temperature is the same RTFO temperature used for the RTFO-aging of the rubber-modified binders in 

Group B. 
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Table 5.12: Pearson Correlation of IM and Ic for Sulfoxide Area Index  

Extender Oil Content (%) Group Unaged Binder RTFO-Aged Binder PAV-Aged Binder 

0 A, B 0.64 0.96 0.93 

4 C, D, E 0.70 N/A* 0.45 

*Group C, D, and E binders only contain two data points (IM) in RTFO-aged condition that Pearson correlation is not valid to use. 
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Figure 5.10 shows that the SUL indices increased after RTFO-aging. For binders in Group A, 

Figure 5.10a shows that both rubber-modified binders had lower SUL indices than the base binder 

after standard RTFO-aging (163˚C).  

When the modified RTFO-aging protocol (190˚C) was applied to the Groups B, C, and D rubber-

modified binders, the SUL indices were higher than the base binder (standard RTFO-aging). The 

second round of RTFO-aging for the Base_B binder was conducted at 190˚C. Part of the calculated 

SUL indices based on the Base_B binder (RTFO-190˚C) was still not within one standard 

deviation of the measured SUL indices, which indicated that dilution alone could not explain the 

SUL index changes in RTFO-aging. 

PAV-aging increased the SUL index, as shown in Figure 5.10. Although the aging rate varied 

among binder sources and types, the presence of rubber decreased the SUL indices.  

For binders in Groups A and B, the calculated SUL indices could be within one standard deviation 

of the measured SUL indices because a high standard deviation was found for the A_10_0.25, 

B_10_1.18, and B_10_2.36 binders. Although the Pearson correlation between measured and 

calculated SUL indices for Group A and B binders was 0.93, this was not high enough to support 

a conclusion that dilution alone could explain the aging for these binders because it did not meet 

the standard deviation criterion for accepting the dilution hypothesis.  

For Groups C, D, and E binders, the calculated SUL indices could be within one standard deviation 

of the measured SUL indices for the E_18, E_30, and E_35 binders, which had a high standard 

deviation of the measured SUL indices. Although the measured SUL indices were randomly offset 

among calculated SUL indices, the Pearson correlation between measured and calculated SUL 
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indices was only 0.45 in this case. Therefore, dilution alone could not explain the SUL index 

changes for those binders after PAV-aging. 

In summary, the dilution hypothesis was not valid for explaining the changes in the SUL index. 

Table 5.8 shows the rubber itself contained sulfoxide components. The E_Control binder showed 

that chemical interactions could occur between the base binder and the extender oil before adding 

the rubber. In the unaged condition, adding the rubber appeared to have antioxidant effects that 

resulted in SUL indices lower than the calculated SUL indices based on the dilution hypothesis. 

After RTFO- and PAV-aging, chemical interaction occurred in the rubber-modified binders that 

changed the SUL indices considerably, such that the dilution hypothesis was not valid.  

5.3.6 Change in Butadiene Components in Rubber-Modified Binders 

Figure 5.11 shows the changes in the butadiene area index along with aging. In the unaged 

condition, base binders and the extender oil showed small butadiene area indices. The butadiene 

area indices of PAV-aged base binders were even negative in several cases. This was not to say 

that the butadiene amount changed in the base binder after PAV-aging, but that the calculated 

value changed because of the integration method used in this study.  

Figure 4.6 shows that the defined wavenumber of the butadiene area index is bonded to the SUL 

index wavenumber. Considering that the sulfoxide component increased after PAV-aging, the 

baseline of integrating the butadiene area in an FTIR spectrum curve was raised. A negative 

integration of the butadiene area index would occur when the baseline was above the peak of the 

defined butadiene area. A general decrease of the butadiene area index was observed for all binders 

by comparing the butadiene area index under RTFO- and PAV-aging. Therefore, the analysis of 
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the butadiene area index should be made under each aging condition individually to mitigate the 

calculation errors.  

Figure 5.11 shows that the base binders and the extender oil used in this study did not contain 

butadiene components, except for the Base_A binder. The butadiene area index increased after 

adding rubber. Increasing the rubber content would increase the butadiene area index regardless 

of the aging condition. Binders in Groups C and D experienced a greater increase of the butadiene 

area index than the binders in Groups A and B, because of the higher rubber content (20 percent 

rubber in Groups C and D, compared to five and ten percent rubber in Groups A and B) used in 

former groups.  

 
a: Group A (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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b: Group B Binder ID format: source_rubber content in percent_maximum rubber size in mm 

 
c: Group C and Group D Binder ID format: source_rubber content in percent_maximum rubber size in mm 
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d: Group E 

Figure 5.11: Changes in butadiene area index of rubber-modified binders after RTFO- and PAV-aging.  

 

To test the hypotheses proposed in Section 5.3.1, the calculated butadiene area indices were 

compared to the measured butadiene indices. The negative butadiene area indices in the base 

binders were substituted with a zero value in the calculation. The butadiene area index of RTFO-

aged rubber was assumed to be the average values of those in the unaged and PAV-aged conditions. 

Table 5.13 and Table 5.14 show the statistical analysis results of the butadiene area index. 

Table 5.13 shows that the calculated butadiene area indices were generally lower than the 

measured butadiene area indices. The difference between the calculated and measured butadiene 

area indices increased with increasing rubber content.  

This finding was observed for all tested binders, excepted for the A_5_0.25 binder. The Base-A 

binder was abnormal because the measured butadiene area indices in the Base_A binder were high. 

These butadiene area indices did not necessarily imply butadiene components existed in Base_A, 
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although it was one possibility. The high butadiene area indices in the Base_A binder raised the 

calculated butadiene area indices for the A_5_0.25 and A_10_0.25 binders. Therefore, the 

calculated butadiene area indices were higher than the measured values for the A_5_0.25 binder.  

Another possibility to explain the observation in Group A was that this group used devulcanized 

rubber, which might have contained different amounts of butadiene than the ambient-temperature 

ground rubber (CRM_1.18 and CRM_2.36). The assumption of using the butadiene area index of 

CRM_1.18 to represent that in devulcanized rubber might be not valid. The calculated butadiene 

area indices of the A_10_0.25 binder were even larger than the C_20_2.36 and D_20_2.36 binders, 

which contained 20 percent rubber. Table 5.14 shows that the minimum Pearson correlations 

between measured and calculated butadiene area indices were 0.62. Although it was lower than 

the 0.7 threshold, a Pearson correlation over 0.6 still indicated that the measured and calculated 

butadiene area indices had moderate positive correlations (163). The increase in the butadiene area 

index in Group A was still introduced by the added rubber. 

The data in Table 5.13 shows that the measured butadiene area indices were higher than the 

calculated values for most rubber-modified binders in all groups. The integration of the butadiene 

area index possibility caused high measured values. The defined wavenumbers of the butadiene 

area indices were bonded to those of SUL indices. The value of the butadiene area index was 

smaller than that of SUL indices. Table 5.11 and Table 5.13 show that the SUL indices were at 

least ten times larger than the butadiene area indices in these binders. Therefore, changes in the 

sulfoxide component could significantly change the absolute area between the measured spectrum 

and the baseline for the butadiene component. Figure 5.10 shows that the SUL indices in the 

rubber-modified binders with 20 percent rubber were lower than those in the rubber-modified 

binders with five or ten percent rubber. The low SUL indices lowered the baseline for integrating 
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the butadiene area index in the rubber-modified binders with a high rubber content, which enlarged 

the integrated butadiene area index. Figure 5.11 and Table 5.14 show that increasing the rubber 

content increased the difference between the measured butadiene area index and the calculated 

butadiene area index. This observation appeared to prove the assumption that the larger measured 

butadiene area indices compared to the calculated values based on the dilution hypothesis were 

caused by the biased integration in the measured values. 

In summary, increasing the rubber content increased the butadiene area indices in the rubber-

modified binders before and after aging. However, the butadiene area index changes in these tested 

binders did not support the dilution hypothesis. Considering the possible integration issues for the 

butadiene area index, the dilution hypothesis should be tested with the CA and SUL indices, as 

they were discussed in Section 5.3.4 and Section 5.3.5.  
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Table 5.13: Comparison of Butadiene Area Index  

Binder ID 
Unaged Binder RTFO-Aged Binder PAV-Aged Binder 

IM SD Ic C IM SD Ic C  IM SD Ic C 

Base_A 0.082 0.013 0.082   0.089 0.016 0.089  0.030 0.012 0.030   

A_5_0.25 0.119 0.007 0.091 No 0.096 0.035 0.097 Yes 0.033 0.012 0.041 Yes 

A_10_0.25 0.171 0.020 0.095 No 0.171 0.026 0.105 No 0.159 0.006 0.051 No 

Base_B 0.032 0.012 0.032   
0.035 

(0.040) 
0.014 

0.035 

(0.040) 
  -0.007 0.008 0   

B_5_1.18 0.075 0.016 0.043 No 0.075 0.012 
0.046 

(0.050) 

No 

(No) 
0.025 0.008 0.012 No 

B_10_1.18 0.093 0.009 0.054 No 0.137 0.016 
0.056 

(0.060) 

No  

(No) 
0.083 0.021 0.024 No 

B_5_2.36 0.081 0.019 0.041 No 0.071 0.017 
0.045 

(0.050) 

No 

(No) 
0.039 0.012 0.013 No 

B_10_2.36 0.109 0.015 0.050 No 0.112 0.015 
0.055 

(0.060) 

No  

(No) 
0.103 0.019 0.026 No 

Base_C 0.007 0.011 0.007   0.028 0.011 0.028   -0.035 0.023 0   

C_20_2.36 0.191 0.066 0.049 No 0.286 0.087 0.070 No 0.235 0.014 0.051 No 

Base_D 0.047 0.024 0.047   0.014 0.022 0.014   -0.032 0.020 0   

D_20_2.36 0.199 0.014 0.081 No 0.216 0.014 0.059 No 0.240 0.020 0.051 No 

E_Control 0.030 0.110 0.030       0.000 0.014 0.000  

E_2.5 0.080 0.015 0.035 No     0.070 0.024 0.006 No 

E_5 0.080 0.020 0.039 No     0.080 0.017 0.013 No 

E_10 0.070 0.011 0.049 No     0.080 0.026 0.026 No 

E_18 0.080 0.015 0.063 No     0.100 0.014 0.046 No 

E_22 0.070 0.013 0.071 Yes     0.110 0.021 0.056 No 

E_30 0.150 0.051 0.086 No     0.170 0.090 0.077 No 

E_35 0.410 0.047 0.095 No     0.390 0.014 0.090 No 

SD= standard deviation of the measured index (IM).  

C= testing criterion to check whether the calculated index (IC) is within one standard deviation of the measured index or not.  

Yes and NO = it is “Yes” if Ic is within one standard deviation of IM. Otherwise, it is “No”. 

For Group B binder x(x)= results are calculated based on RTFO-aged Base_B binder at 163°C and 190°C, respectively (the one in the bracket 

represents the data in 190°C). The 190°C temperature is the same RTFO temperature used for the RTFO-aging of the rubber-modified binders in 

Group B. 
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Table 5.14: Pearson Correlation of IM and Ic for Butadiene Area Index  

Extender Oil Content (%) Group Unaged Binder RTFO-Aged Binder PAV-Aged Binder 

0 A, B 0.87 0.62 0.66 

4 C, D, E 0.67 N/A* 0.78 

*Group C, D, and E binders only contain two data points (IM) in RTFO-aged condition that Pearson correlation is not valid to use 
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The summary of the findings in Section 5.3.3 through Section 5.3.6 shows that adding rubber 

decreased the CA and SUL indices and increased the butadiene area indices in rubber-modified 

binders. The dilution effect could explain the CA index changes in unaged and PAV-aged 

conditions for binders without extender oil. In other cases, chemical interactions occurred that 

apparently changed the measured index values. The measured values were beyond the reductions 

in those indices that could be explained by the rubber dilution alone. 

Figure 5.12 shows FTIR spectra for a control binder and a rubber modified binder for Group D 

and Group E as an example. A butadiene area index peak is not observed in the control binder. In 

contrast, a peak is evident in the rubber-modified binder, indicating that the presence of butadiene 

can be attributed solely to the rubber. Both the CA and SUL indices increased after PAV-aging for 

base binder and rubber-modified binder samples. Adding rubber decreased the accumulation of 

these aging products, especially the CA indices after PAV-aging. Section 5.3.3 shows that the 

rubber particles were not susceptible to oxidative aging. Their presence in the rubber-modified 

binders decreased the carbonyl and sulfoxide components, indicating that rubber-modified binders 

are likely to age at a slower rate than the base binders from which they are produced. The rubber 

appeared to dilute the carbonyl component for binders without extender oils in unaged and PAV-

aged conditions. When extender oil was used, indications were that chemical interactions could 

occur in unaged and PAV-aged conditions and that dilution was not valid for explaining the 

component changes. 
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a: Binders in Group D 

 
b: Binders in Group E 

Figure 5.12: Comparison of FTIR spectrum before and after PAV-aging.  
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5.4 Calibration of GHS Model for Rubber-Modified Binders 

5.4.1 Experimental Design for Validating the GHS Model for Rubber-Modified Binders 

Section 5.3 shows that oxidative aging produces carbonyl and sulfoxide components in rubber-

modified binders at a lower rate than in the corresponding base binders. The crumb rubber modifier 

is not susceptible to oxidative aging. Increasing the rubber content decreases the carbonyl and 

sulfoxide components in rubber-modified binders after PAV-aging.  

In this section, four levels of PAV-aging were conducted to further evaluate oxidative aging in 

rubber-modified binders and prepare aged specimens for validating the GHS principle. Four levels 

of PAV-aging were conducted in this section, namely 100˚C for 20 hours and 40 hours, and 110˚C 

for 20 hours and 40 hours, respectively. Since the GHS principle had already been validated for 

unmodified binders in Chapter 4, only one base binder (Base_C) was tested and analyzed in Groups 

C and D.  

The rheological properties of the base and rubber-modified binders in Group A were determined 

using the standard performance grading system following AASHTO T 315 and AASHTO T 320 

(30,74). The parallel plate geometry was used to test rubber-modified binders in Group A and the 

base binders in other groups. The rubber-modified binders in Groups B, C, and D were measured 

using the concentric cylinder geometry described in Section 5.2.2. Frequency sweep tests were run 

at 20°C, 40°C, 60°C, 85°C with the loading frequency between 0.0159 Hz and 15.9 Hz (0.1 and 

100 radians/second).  

The measured complex moduli and phase angles were backcalculated to viscosities using the 

method described in Section 4.4. These viscosities and CA indices of aged binders were used to 

validate the GHS principle for rubber-modified binders.  
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5.4.2 Evaluation of Chemical Component Changes with PAV-Aging  

Figure 5.13 shows the changes in the CA index along with aging. At the same aging temperature, 

doubling the aging duration from 20 hours to 40 hours led to a higher increase in the CA index for 

all binders.  

A comparison of the binders aged at 100˚C and 110˚C within the same binder group revealed that 

elevating the temperatures increased the CA index, indicating that increasing the aging temperature 

accelerated oxidative aging, as expected. 

Although the CA index increasing rates were dependent on binder source and type, the rubber-

modified binders generally had a lower increase in the CA index than their corresponding base 

binders. The base binders had the highest CA indices in each binder group. The difference between 

rubber-modified binders and base binders increased with increasing rubber content. These 

observations revealed that the rubber decreased the carbonyl components in the rubber-modified 

binders after PAV-aging, with levels proportional to testing temperature and duration. 



 

195 

 

 

 
a: Group A (Binder ID format: source_rubber content in percent_maximum rubber size in mm ) 
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b: Group B (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Group C and Group D (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
Figure 5.13: Evolution of CA indices with exposure durations for base and rubber-modified binders. 

 

The discussion in Section 5.3.4 shows that dilution could explain the CA index changes for PAV-

aged binders without extender oils. This section further tests this hypothesis using the data from 

multiple PAV-aged conditions. Table 5.15 shows that the calculated CA indices were within one 
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standard deviation of the measured CA indices for Group A and B binders at these four PAV-aged 

conditions. The Pearson correlation was 0.97 for Group A and B binders, indicating a strong 

correlation between calculated and measured CA indices. Therefore, the dilution hypothesis was 

valid for CA indices after PAV-aging for binders without extender oils. The available data for 

Groups C and D binders show that dilution alone appeared unable to explain the CA index changes 

for binders containing extender oils.  
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Table 5.15: Comparison of Carbonyl Area Index after PAV-Aging  

Binder ID 
100˚C and 20 Hours 100˚C and 40 Hours 110˚C and 20 Hours 110˚C and 40 Hours 

IM SD Ic C IM SD Ic C  IM SD Ic C IM SD Ic C 

Base_A 0.848 0.102 0.848   1.215 0.366 1.215   1.037 0.318 1.037   1.540 0.259 1.540   

A_5_0.25 0.793 0.026 0.806 Yes 1.126 0.346 1.154 Yes 1.148 0.364 0.985 Yes 1.431 0.443 1.463 Yes 

A_10_0.25 0.713 0.051 0.763 Yes 1.070 0.073 1.094 Yes 0.998 0.305 0.933 Yes 1.154 0.328 1.386 Yes 

Base_B 1.054 0.051 1.050   1.380 0.433 1.380   1.360 0.078 1.360   1.860 0.629 1.860   

B_5_1.18 0.987 0.042 0.998 Yes 1.410 0.426 1.311 Yes 1.270 0.036 1.292 Yes 1.740 0.55 1.767 Yes 

B_10_1.18 0.971 0.036 0.945 Yes 1.310 0.533 1.242 Yes 1.300 0.409 1.224 Yes 1.720 0.517 1.674 Yes 

B_5_2.36 0.976 0.037 0.998 Yes 1.380 0.415 1.311 Yes 1.300 0.392 1.292 Yes 1.750 0.113 1.767 Yes 

B_10_2.36 0.912 0.053 0.945 Yes 1.310 0.423 1.242 Yes 1.250 0.378 1.224 Yes 1.710 0.519 1.674 Yes 

Pearson Correlation between IM and Ic for Group A and B 

0.97 

Binder ID 
100˚C and 20 Hours 100˚C and 40 Hours 110˚C and 20 Hours 110˚C and 40 Hours 

IM SD Ic C IM SD Ic C  IM SD Ic C IM SD Ic C 

Base_C 0.968 0.125 0.970   1.370 0.045 1.370   1.300 0.125 1.300   1.750 0.125 1.750   

C_20_2.36 0.893 0.072 0.838 Yes 1.040 0.115 1.158 No 1.090 0.170 1.102 Yes 1.220 0.072 1.462 No 

Base_D 0.892 0.125 0.970    N/A  N/A  N/A    N/A N/A  N/A     N/A N/A  N/A    

D_20_2.36 0.798 0.043 0.838 Yes 1.190 0.055  N/A N/A 1.010 0.043  N/A N/A 1.400 0.043  N/A N/A 

SD= standard deviation of the measured index (IM).  

C= testing criterion to check whether the calculated index (IC) is within one standard deviation of the measured index or not.  

Yes and NO = it is “Yes” if Ic is within one standard deviation of IM. Otherwise, it is “No”. 
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Figure 5.14 shows the changes in the SUL index with PAV-aging. Figure 5.14a shows that this 

index had an overall increasing trend with increasing aging time when binders were PAV-aged at 

100°C. When the PAV-aging temperature was increased to 110°C, the Base_A binder had a lower 

SUL index at 40 hours than at 20 hours. Similar findings were shown in Figure 4.10 that the 

development of sulfoxide components appeared to terminate during the long PAV-aging protocols. 

Morian et al. (103) and Peterson et al. (104) also suggested that the sulfoxide component was 

mostly produced in the early aging stage. Therefore, the SUL index was not necessarily consistent 

with the PAV-aging protocol, which increased the complexity of the analysis.  

Table 5.16 shows the comparison between measured SUL indices and the calculated SUL indices 

using Equation 5.4. For Group A binders, the rubber-modified binders had higher SUL indices 

than the Base_A binder after PAV-aging at 100°C. When the PAV-aging temperature was 

increased to 110°C, the A_5_0.25 binder had similar SUL indices to the Base_A binder, while the 

A_10_0.25 binder had lower SUL indices than the Base_A binder. 

The Base_B and Base_C binders had higher SUL indices after 40 hours of PAV-aging than at 20 

hours. Adding rubber reduced the accumulation of sulfoxide components, as shown in Figure 

5.14b and Figure 5.14c. The rubber-modified binders had lower SUL indices after PAV-aging, and 

this trend was more apparent for the rubber-modified binders containing 20 percent rubber in 

Groups C and D, indicating that adding a higher amount of rubber could decrease the amount of 

the sulfoxide component developed during aging. 
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a: Group A (Binder ID format: source_rubber content in percent_maximum rubber size in mm ) 
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b: Group B (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Group C (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 5.14: Evolution of SUL indices along with exposure durations for base and rubber-modified binders. 

 

Table 5.16 shows that the calculated SUL indices were not always within one standard deviation 

of the measured SUL indices, and the Pearson correlation between measured and calculated SUL 

indices for Groups A and B binders was only 0.42. This indicated that the dilution hypothesis was 
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not valid for the SUL index after PAV-aging. The chemical interaction between the rubber and the 

binder changed the sulfoxide components in rubber-modified binders after PAV-aging. Although 

using the FTIR test could not identify the chemical interaction, the data shown in Figure 5.14 and 

Table 5.16 indicated that increasing the rubber content generally decreased the sulfoxide 

components in rubber-modified binders after PAV-aging beyond the reduction that could be 

explained by dilution. 
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Table 5.16: Comparison of Sulfoxide Area Index after PAV-Aging  

Binder ID 
100˚C and 20 Hours 100˚C and 40 Hours 110˚C and 20 Hours 110˚C and 40 Hours 

IM SD Ic C IM SD Ic C  IM SD Ic C IM SD Ic C 

Base_A 4.216 0.045 4.216   4.370 0.366 4.370   4.290 0.318 4.290   4.030 0.259 4.030   

A_5_0.25 3.958 0.038 4.027 No 5.240 0.602 4.174 No 4.590 0.137 4.098 No 4.100 0.177 3.851 No 

A_10_0.25 3.896 0.161 3.839 Yes 4.770 0.077 3.977 No 2.930 0.080 3.905 No 3.190 0.095 3.671 No 

Base_B 3.651 0.036 3.651   4.300 0.433 4.300   4.190 0.078 4.190   4.370 0.629 4.370   

B_5_1.18 3.766 0.089 3.491 No 4.070 0.426 4.107 Yes 3.650 0.036 4.003 No 3.630 0.550 4.174 Yes 

B_10_1.18 3.465 0.337 3.330 Yes 4.272 0.533 3.914 Yes 3.246 0.409 3.815 No 3.383 0.517 3.977 No 

B_5_2.36 3.634 0.091 3.494 No 4.166 0.415 4.110 Yes 3.720 0.392 4.006 Yes 3.582 0.113 4.177 No 

B_10_2.36 3.428 0.195 3.336 Yes 3.898 0.423 3.920 Yes 3.436 0.378 3.821 No 3.584 0.519 3.983 Yes 

Pearson Correlation between IM and Ic for Group A and B 

0.42 

Binder ID 
100˚C and 20 Hours 100˚C and 40 Hours 110˚C and 20 Hours 110˚C and 40 Hours 

IM SD Ic C IM SD Ic C  IM SD Ic C IM SD Ic C 

Base_C 3.757 0.132 3.757   4.814 0.693 4.814   4.190 0.048 4.190   4.664 0.123 4.664   

C_20_2.36 2.581 0.268 3.254 No 3.597 0.174 4.099 No 2.653 0.094 3.600 No 2.717 0.312 3.979 No 

Base_D 3.802 0.099 3.802    N/A  N/A N/A     N/A N/A  N/A    N/A N/A  N/A    

D_20_2.36 2.392 0.106 3.290 No 2.690 0.055  N/A N/A 2.387 0.043 N/A  N/A 2.176 0.043 N/A  N/A 

SD= standard deviation of the measured index (IM).  

C= testing criterion to check whether the calculated index (IC) is within one standard deviation of the measured index or not.  

Yes and NO = it is “Yes” if Ic is within one standard deviation of IM. Otherwise, it is “No”. 
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Figure 5.15 shows the change in butadiene area index for the different aging protocols. The 

butadiene area indices generally increased with increasing rubber content. Increasing the rubber 

particle size did not significantly change the butadiene area index, as shown in Figure 5.15b 

because the FTIR can quantitatively analyze the rubber content, but it could not determine the 

rubber particle sizes. Increasing the temperature or aging duration did not show a significant 

change in the butadiene area index other than random fluctuations, indicating that the rubber 

content in the rubber-modified binder was constant after different PAV-aging procedures. 

Figure 5.15 shows that the butadiene area indices in base binders were close to zero after PAV-

aging at the different temperatures and durations. Comparing the rubber-modified binders to their 

corresponding base binders confirmed that adding rubber increased the butadiene component 

measured in rubber-modified binders.  

The Group B binder results showed that butadiene area indices of the fine rubber gradations (≤1.18 

mm) were not significantly different to those of the coarse gradations (≤2.36 mm) under the same 

aging condition owing to the fact that the FTIR cannot distinguish rubber particle size. Reducing 

the rubber particle size does not change the chemical component structure in the rubber. The 

component structure in different rubber particles reflects the same distinctive wave of the incident 

radiation that can be measured by FTIR (108).  
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a: Group A (Binder ID format: source_rubber content in percent_maximum rubber size in mm ) 
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b: Group B (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Group C and Group D (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 5.15: Evolution of butadiene area indices along with exposure durations for base and rubber-modified 

binders. 

 

Table 5.17 shows that the calculated butadiene area indices generally were not within the one 

standard deviation of the measured butadiene area indices. Increasing the rubber content resulted 
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in higher than calculated butadiene area indices based on the dilution hypothesis. This finding was 

consistent with that in Section 5.3.6, which was caused by the potentially biased integration of the 

butadiene area index.  

 



 

 

2
1
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Table 5.17: Comparison of Butadiene Area Index after PAV-Aging  

Binder ID 
100˚C and 20 Hours 100˚C and 40 Hours 110˚C and 20 Hours 110˚C and 40 Hours 

IM SD Ic C IM SD Ic C  IM SD Ic C IM SD Ic C 

Base_A 0.030 0.012 0.030   0.020 0.010 0.020   0.070 0.028 0.070   0.040 0.019 0.040   

A_5_0.25 0.033 0.012 0.041 Yes 0.040 0.033 0.031 Yes 0.070 0.021 0.079 Yes 0.097 0.021 0.050 No 

A_10_0.25 0.159 0.006 0.051 No 0.161 0.017 0.042 No 0.197 0.018 0.087 No 0.469 0.022 0.060 No 

Base_B -0.007 0.014 0   -0.010 0.024 0   -0.028 0.037 0   -0.015 0.016 0   

B_5_1.18 0.025 0.008 0.012 No 0.027 0.019 0.012 Yes 0.052 0.032 0.012 No 0.065 0.033 0.012 No 

B_10_1.18 0.083 0.021 0.024 No 0.135 0.056 0.024 No 0.185 0.023 0.024 No 0.151 0.047 0.024 No 

B_5_2.36 0.039 0.012 0.013 No 0.030 0.015 0.013 No 0.053 0.024 0.013 No 0.078 0.03 0.013 No 

B_10_2.36 0.103 0.019 0.026 No 0.121 0.033 0.026 No 0.095 0.032 0.026 No 0.121 0.014 0.026 No 

Pearson Correlation between IM and Ic for Group A and B 

0.50 

Binder ID 
100˚C and 20 Hours 100˚C and 40 Hours 110˚C and 20 Hours 110˚C and 40 Hours 

IM SD Ic C IM SD Ic C  IM SD Ic C IM SD Ic C 

Base_C -0.035 0.023 0   -0.087 0.036 0   -0.053 0.021 0   -0.046 0.0197 0   

C_20_2.36 0.235 0.014 0.051 No 0.236 0.083 0.051 No 0.305 0.095 0.051  No 0.300 0.091 0.051 No 

Base_D -0.032 0.020 0    N/A  N/A  N/A    N/A N/A  N/A     N/A N/A   N/A   

D_20_2.36 0.240 0.020 0.051 No 0.305 0.055  N/A N/A 0.308 0.043  N/A N/A 0.441 0.043  N/A N/A 

SD= standard deviation of the measured index (IM).  

C= testing criterion to check whether the calculated index (IC) is within one standard deviation of the measured index or not.  

Yes and NO = it is “Yes” if Ic is within one standard deviation of IM. Otherwise, it is “No”. 
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5.4.3 Application of the GHS Model in Rubber-Modified Binders  

Section 5.4.1 shows that the carbonyl component accumulated continuously in the rubber-modified 

binders during PAV-aging, while the sulfoxide component did not. The accumulations of the 

carbonyl component in the rubber-modified binders were similar to those of their corresponding 

base binders regardless of rubber content (range between 5 and 35 percent) and particle size (range 

between ≤250 microns and ≤2.36 mm), but at a lower rate. On the other hand, the level of increase 

in the butadiene component corresponded with increasing rubber content. These observations 

indicated that adding rubber decreased the carbonyl components and increased the butadiene 

components in rubber-modified binders. 

Considering that the rubber itself did not contain carbonyl components, the GHS principle could 

still be applied to these rubber-modified binders as along as the linearity between ln (η) and CA 

index for the rubber-modified binder is valid. This section aims to verify the possibility of applying 

the GHS principle to rubber-modified binders.  

The viscosities of the rubber-modified binders were backcalculated from the frequency sweep test 

data using Equation 4.9. The parallel plate geometry was then used to measure the rheology of the 

rubber-modified binders produced with fine rubber gradations (≤250 microns [passing the #60 

sieve]), while the concentric cylinder geometry was used for rubber-modified binders with the 

coarse rubber gradations (≤2.36 mm [passing the #8 sieve]).  

The testing temperatures were 20°C, 40°C, 60°C, and 85°C, and the loading frequency was 

between 0.0159 Hz and 15.9 Hz (0.1 radians/second and 100 radians/second). The Group A 

binders and the base binders in Group B and Group C were Superpave performance-gradable with 

the parallel plate geometry. The PP-25 geometry with a 1-mm gap with a constant strain of 1 
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percent was used for testing at higher temperatures (60°C and 85°C). The PP-8 geometry with a 

2-mm gap with a constant strain of 0.1 percent was used for testing at intermediate temperatures 

(20°C and 40°C).  

The concentric cylinder geometry was used to test rubber-modified binders in Group B, Group C, 

and Group D. The CC-17 geometry with a strain of 1 percent was used for testing at 60°C and 

85°C. The CC-10 geometry with a strain of 0.1 percent was used for testing at 20°C and 40°C. 

The data obtained during the testing discussed in Section 5.4.1 provided the CA indices data for 

validating the GHS principle. The linearity assumption was inspected by calculating the coefficient 

of determination (R2) between the ln(η) and the CA index at each combination of temperature and 

loading frequency. The calculation methodology was the same as that presented in Figure 4.18. 

Figure 5.16 shows an example of the determination of R2 for the A_5_0.25 binder at 20°C and 

15.9 Hz (100 radians/second). The R2 value was 0.9 for this case, indicating that the GHS principle 

was reasonable for this binder at this condition.  
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Figure 5.16: Example of determining the linearity between the ln(η) and CA index for rubber-modified 

binders. 

 

Figure 5.17 summarizes the R2 values for the Group A binders. The red symbol in Figure 5.17 

represents the example case shown in Figure 5.16. Figure 5.17 shows that the linearity assumption 

between ln(η) and CA was valid for binders in Group A. The R2 values were higher than the 0.7 

threshold, which was the same criterion used for evaluating the unmodified binders discussed in 

Chapter 4 (135,146,147).  

Figure 5.17 also indicates that the base binder appeared to have better linearity between ln(η) and 

CA than the rubber-modified binders produced with it. One explanation was that rubber particles 

appeared to affect the accuracy of the frequency sweep test since the rubber-modified binder was 

difficult to trim in the parallel plate geometry. Nevertheless, this reduced linearity was still within 

the acceptable range for the linearity determination (over the 0.7 threshold). The GHS model was 

therefore considered applicable for the rubber-modified binders tested in Group A. 
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a: 20˚C (red symbol presents the sample R2 value shown in Figure 5.19) 

 
b: 40˚C 
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c: 60˚C 

 
d: 85˚C 

Figure 5.17: Linearity between the ln(η) and CA index of rubber-modified binders in Group A. 
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Figure 5.17 also shows that increasing the temperature and decreasing the angular frequency could 

increase R2 values. The linearity was more significant at a high temperature and a lower loading 

frequency, where the viscosity dominated the binder properties rather than the elasticity.  

Figure 5.18 plots R2 values for the binders in Group B. These R2 values were all higher than the 

0.7 threshold line. There was no significant difference between the rubber-modified binders 

containing five percent rubber and those containing ten percent rubber by weight of the binder.  

In Group B, the R2 values of the rubber-modified binders were higher than the base binder at the 

intermediate testing temperatures (20°C and 40°C), which was opposite to the results for the Group 

A binders. This was attributed to the improved accuracy of the rheological measurement. No 

trimming was needed for the concentric cylinder geometry, which improved the measurement 

accuracy for the rubber-modified binders, compared to the Group A binders, which required 

trimming prior to testing in the parallel plate geometry. The R2 values were randomly distributed 

after increasing the rubber content and rubber particle size. This random distribution indicated that 

adding the rubber should not impede the linearity between the ln(η) and CA index.  

Another observation from the Group B binder results was that changes of R2 values along with the 

angular frequency were less smooth than those in Group A. This observation was obvious for the 

data at 20˚C. It was found that the inaccurate measurement of phase angle was the primary reason 

for these variabilities of R2 values. The rubber-modified binder was relatively stiff at this relatively 

low temperature, resulting in the DSR applying a high torque to provide the necessary shear stress 

to reach the defined shear strain. This high torque could overwhelm the friction between the 

cylinder wall and the DSR housing, which created a slight movement of the cylinder itself that 

diminished the accuracy of the measured phase angle. 
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a: 20˚C 

 
b: 40˚C 
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c: 60˚C 

 
d: 85˚C 

Figure 5.18: Linearity between ln(η) and CA index of rubber-modified binders in Group B. 

 

The shear strain used for testing binders in Groups C and D was, therefore, reduced to 0.01 percent 

to avoid inaccurate measurements caused by the movement of the cylinder during testing, as 
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observed during testing of the Group B binders. This test strain was still within the linear 

viscoelastic region of the binder. Figure 5.19 shows the R2 values for binders in Group C and 

Group D.  

Figure 5.19 shows the results were smoother along with the angular frequency than the tests under 

the 0.1 percent strain, shown in Figure 5.18. The generally high R2 values indicated that the ln(η) 

and CA index were linearly correlated for the rubber-modified binders containing 20 percent 

rubber with particles smaller than 2.36 mm. Comparing the R2 values between rubber-modified 

binders to the base binder showed that adding the rubber did not impair this linearity. 

 
a: 20˚C 
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b: 40˚C 

 
c: 60˚C 
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d: 85˚C 

Figure 5.19: Linearity between ln(η) and CA index of rubber-modified binders in Group C and Group D. 

 

The above test results indicated that the linearity assumption between ln(η) and CA was valid for 

the rubber-modified binders tested in this study. Therefore, the GHS principle was considered 

appropriate for predicting the viscosity changes in rubber-modified binders after PAV-aging.  

5.4.4 Validation of the GHS Model for Rubber-Modified Binders  

Figure 5.20 compares the measured viscosities to the GHS model-predicted viscosities for rubber-

modified binders. These data were based on a series of tests including four PAV-aged conditions, 

four testing temperatures (20°C, 40°C, 60°C, and 85°C), and 16 testing frequencies (between 

0.0159 Hz and 15.9 Hz [0.1 and 100 radians/second]) for a total of 256 data points for each binder.  

The coefficients of determination were all above 0.95 at the testing temperatures and frequencies. 

The data points were located around the equilibrium line (1:1 ratio line), and the offsets were 

randomly distributed along this line. These observations indicated that the GHS model could 
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accurately predict the viscosities of PAV-aged rubber-modified binders using the CA indices and 

the GHS parameters. 

  
a: Base_A b: A_5_0.25 

  
c: A-10_0.25 d: Base_B 

  
e: B_5_0.60 f: B_10_0.60 
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g: B_5_2.36 h: B_10_2.36 

  
i: Base_C j: C_20_2.36 

 
k: D_20_2.36 

Figure 5.20: Validation of the GHS model under tested conditions. 

 

Figure 5.20 also shows that the minimum viscosities of the rubber-modified binders were higher 

than those of their corresponding base binders, while the maximum viscosities were almost the 
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same. These observations indicated that the viscosity of rubber-modified binder was less 

susceptible to temperature changes after PAV-aging. 

The prediction error of the GHS model is summarized in Table 5.18. The percentage error was 

calculated by dividing the measured logarithmic viscosity by the prediction error. The average 

percentage error and its standard deviation for each binder type were also calculated.  

Table 5.18: Summary of Prediction Error Using the GHS Model   

Binder ID Average Percentage Error (%) Standard Deviation of the Error (%) 

Base_A 7.8 8.1 

A_5_0.25 7.8 10.9 

A_10_0.25 8.3 11.5 

Base_B 8.8 12.1 

B_5_1.18 5.2 4.2 

B_10_1.18 5.4 4.6 

B_5_2.36 8.3 11.6 

B_10_2.36 3.3 2.5 

Base_C 8.9 8.5 

C_20_2.36 2.0 0.1 

D_20_2.36 3.0 0.3 

p-value (tested between base binders and rubber-modified binders) 

p-value 0.07 0.23 

 

Table 5.18 shows that the maximum prediction error of rubber-modified binders was 8.3 percent, 

which was lower than that of the base binder (8.9 percent). Similarly, the maximum standard 

deviation of the error for rubber-modified binders was lower than that of the base binder. An 

ANOVA analysis of these criteria (average percentage error and standard deviation of the error) 

shows that the predictions for base binders and rubber-modified binders were not significantly 

different from each other (p-value>0.05). This statistical analysis indicated that the GHS model 

was capable of predicting age-hardening for rubber-modified binders without missing significant 

variables. This model was validated for temperatures between 20°C and 85°C and loading 

frequencies between 0.0159 Hz and 15.9 Hz (0.1 and 100 radians/second).  
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5.5 Summary and Conclusions 

This chapter investigates the oxidative aging of rubber-modified binders. The Superpave 

performance grading method was refined to address the issues identified for testing rubber-

modified binders containing large rubber particles (up to 2.36 mm). The RTFO temperature was 

elevated to 190°C in line with typical field-production of RHMA, and the sample size in the RTFO 

bottle was adjusted by the rubber content to obtain the equivalent amount of base asphalt binder 

being aged as that in standard RTFO-aging. After subjecting the binders to the RTFO- and PAV-

aging protocols, an FTIR was used to measure the binder chemical changes, and the DSR was used 

to measure the binder rheological properties. The GHS model was calibrated and validated for 

eight rubber-modified binders tested in this study. The following conclusions were drawn from 

these test results: 

1. Question: What is an appropriate methodology for measuring the rheological properties (i.e., 

complex modulus, phase angle) of rubber-modified binders, especially for those containing 

large incompletely digested rubber particles (up to 2.36 mm [passing the #8 sieve])? 

This chapter validated the modification of the RTFO- and PAV-aging protocols. It was 

recommended to perform the RTFO-aging at 190°C to better simulate RHMA production 

temperatures in the field. The sample amount of the rubber-modified binder in each RTFO 

bottle was adjusted according to the rubber content to provide an equivalent base asphalt binder 

amount as in RTFO-aging of unmodified binders. Similarly, the sample size used in PAV-

aging was also increased to account for the rubber. This chapter further validated the high 

temperature performance-grading test (≥58°C) and the BBR specimen preparation method 

developed in the previous research. The results showed that the concentric cylinder geometry 



 

227 

 

(cup-and-bob geometry) provided an equivalent accuracy to the parallel plate geometry for 

testing binders without large particles (<250 microns [passing the #60 sieve]). The concentric 

cylinder geometry was capable of measuring the rheological properties of rubber-modified 

binders containing large particles (<2.36mm [passing the #8 sieve]). For the BBR test, a 

modified beam mold was fabricated. This mold provided a larger opening with a shallower 

depth for pouring the binder than the standard mold. The laboratory results showed that there 

was no statistical difference between the modified mold and the conventional mold when 

testing conventional binders. The beam produced by the modified mold had a regular shape 

without entrapping air bubbles. This chapter initialized the rheological measurement of rubber-

modified binders at intermediate temperatures (16°C to 50°C). A reference liquid was used to 

calibrate the concentric cylinder geometry setting. The test was calibrated to use a 10 mm 

spindle with a 9.5-mm gap for the tests at intermediate temperatures. The statistical analysis 

showed that this setting provided the same accuracy as the parallel plate geometry when testing 

conventional binders containing particles smaller than 250 microns. The concentric cylinder 

geometry could be considered as a potential geometry for measuring the rheological properties 

of rubber-modified binders containing large rubber particles (<2.36 mm [passing the #8 

sieve]). 

2. Question: How do aging products (i.e., carbonyl and sulfoxide components) accumulate in 

rubber-modified binders during oxidative aging? What is the crumb rubber modifier effect on 

oxidative aging of the binder? 

The carbonyl components in rubber-modified binders continuously increased along with 

oxidative aging. Consequently, the carbonyl area index was used to track the oxidative aging 

in rubber-modified binders.  
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The carbonyl and sulfoxide components in rubber-modified binders decreased after adding the 

rubber. Increasing the rubber content decreased the carbonyl components in rubber-modified 

binders before and after PAV-aging. The rubber did not contain the carbonyl component before 

and after PAV-aging, and it did not show sulfoxide or butadiene component changes after 

PAV-aging. Considering that the carbonyl and sulfoxide components are the main aging 

products developed during oxidative aging of the base asphalt binder, the measurement results 

indicated the crumb rubber modifier itself was found to oxidatively age differently from the 

base binder in PAV-aging. Adding the rubber might decrease the aging products in the rubber-

modified binders because part of the base binder was replaced by digested rubber particles. In 

other words, the rubber might dilute the aging products in the rubber-modified binders. 

The comparison between FTIR-measured component indices and calculated component 

indices based on the dilution hypothesis indicated that the rubber dilution effect could explain 

the carbonyl component changes for binders without extender oils in unaged and PAV-aged 

conditions. In RTFO-aging, chemical interaction occurred in the rubber-modified binders at 

elevated temperatures (>160˚C). This interaction apparently changed the carbonyl components 

in the rubber-modified binders such that the dilution effect was not valid for explaining those 

changes.  

The extender oil contained carbonyl and sulfoxide components, and these two components 

increased in the extender oil after RTFO- and PAV-aging. When extender oil was used, 

chemical interactions occurred in the rubber-modified binders after blending (unaged) and 

during RTFO- and PAV-aging, which changed the measured carbonyl component values 

considerably. The carbonyl component changes were beyond the reductions that could be 

explained by dilution.  
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The FTIR data also indicated that the dilution could not explain the sulfoxide component 

changes for rubber-modified binders (with and without extender oils) in unaged, RTFO-aged, 

and PAV-aged conditions. 

Although the carbonyl and sulfoxide components increased with aging in rubber-modified 

binders as they did in the conventional unmodified binders, the rates of increase of these aging 

products in the rubber-modified binders were lower than those of their base binders. Increasing 

the rubber content also increased the butadiene area index in the rubber-modified binder. The 

amounts of the butadiene components were positively correlated to the rubber contents in the 

rubber-modified binders tested in this chapter. 

3. Question: How can the age-hardening of rubber-modified binders be predicted using the GHS 

model? 

The linearities between logarithmic viscosity and carbonyl area index for rubber-modified 

binders were validated at temperatures between 20°C and 85°C and loading frequencies 

between 0.0159 Hz and 15.9 Hz (0.1 radians/second and 100 radians/second). The GHS model 

provided a reasonable estimation of the viscosity for PAV-aged rubber-modified binders. The 

prediction error of using the GHS model was not significantly different between rubber-

modified binders and their base binders. This observation indicated that the GHS model could 

model the age-hardening of rubber-modified binders containing up to 20 percent rubber with 

particle sizes up to 2.36 mm.  
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6 EVALUATION OF THE OXIDATIVE AGING OF ASPHALT MIXES 

6.1 Introduction 

This chapter investigates the oxidative aging of asphalt mixes. The following questions were 

answered: 

• Will the loose mix aging protocol cause high variations in binder contents, mix stiffnesses, 

and fatigue lives of the specimens? 

• Can the binder GHS model be used to predict the properties of recovered binders in aged 

asphalt mixes? 

• How does oxidative aging affect mix stiffness?  

• How does oxidative aging affect mix fatigue performance? 

The steps taken to answer these questions included: 

1. Laboratory aging of loose mixes to simulate the field aging of asphalt mixes. 

2. Calibration of the binder GHS model using the data obtained from aged asphalt mixes. 

3. Analysis of the oxidative aging effect on mix stiffness 

4. Analysis of the oxidative aging effect on mix fatigue performance. 
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6.2 Experimental Design and Test Methodology 

6.2.1 Material Preparation 

One dense-graded mix (Mix D) produced with an unmodified binder (PG 64-16) and one gap-

graded mix (Mix G) produced with an asphalt rubber binder were evaluated in this part of the 

study. The asphalt rubber binder used in the gap-graded mix was produced from a PG 64-16 base 

binder (different to the one used in Mix D) with a rubber content of 20 percent by weight of the 

binder. The asphalt rubber binder met Caltrans specifications (i.e., rubber particle gradation with 

100 percent smaller than 2.36 mm [passing the #8 sieve], four percent extender oil by weight of 

the binder) (25). These two mixes were sampled from the plant produced mixes. The plant mixes 

were quartered and well blended before compaction or testing in the laboratory following the 

standard sample size reduction procedure specified in AASHTO R 47 (167). 

The first purpose of this part of the study was to calibrate the binder GHS model for the binders in 

aged mixes by checking the linearity between logarithmic viscosity and the carbonyl area index. 

The second purpose was to study the effect of aging on mix stiffness and fatigue performance.  

The aggregate gradations for these two mixes are plotted in Figure 6.1 on a 0.45 power curve. Both 

mixes had a nominal maximum aggregate size of 19 mm (3/4" sieve). The blue dashed line presents 

the maximum density curve at the maximum aggregate size of 25 mm (1" sieve). Some deviations 

of the maximum density gradation are necessary to provide spaces for asphalt binders. Mix D 

deviated slightly from the maximum density curve, while the gradation curve of Mix G deviated 

significantly, as expected, because of the designed gaps between 12.5 mm (1/2" sieve) and 0.6 mm 

(#30 sieve). These offsets in the gradation curve provide gaps to accommodate the asphalt binder 

containing incompletely digested rubber particles. 
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Figure 6.1: Aggregate gradation on 0.45 power graph. 

 

The dense-graded Mix D includes a RAP bin, which is common practice in California to use more 

recycled materials for reducing the cost. This RAP material contained a 4.96 percent aged 

conventional binder by weight of the RAP. After thoroughly blending with the aggregate, the RAP 

itself was assumed to be similar in each batch, and it was not considered as a variable when 

analyzing the difference between different Mix D mixes. 

Table 6.1 lists the volumetric design results. Both mixes met the current mix design criteria 

specified by Caltrans (2). The voids in mineral aggregate (VMA) in Mix D was 14.4, which was 

within the requirement (13.5-16.5) for Type-A HMA mix following Caltrans specifications. The 

VMA in Mix G was 18.4, which was within the requirement (18 to 23) for RHMA-G mixes 

following Caltrans specifications. The VMA in Mix G was higher than Mix D because of the large 

spaces in the batched aggregates. Mix G also had a higher optimum binder content than Mix D 

(because the gap-gradation requires more binder) but a lower dust proportion.  
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Table 6.1: Volumetric Design Data for Mix D and Mix G 

Mix ID 

Optimum 

Binder 

Content by 

Weight of the 

Mix (%) 

Air-Void 

Contents (%) 

at N-Design 

(85 

Gyrations) 

Voids in 

Mineral 

Aggregate 

(%) 

Voids Filled 

with Asphalt 

(%) 

Dust 

Proportion 

Mix D 5.0 4.0 14.4 72.0 1.2 

Mix G 7.8 4.0 18.4 - 0.3 

 

6.2.2 Specimen Preparation and Laboratory Aging of Asphalt Mixes 

The batched aggregates were mixed with the binders using the binder contents shown in Table 6.1. 

The uncompacted loose mixes were short-term oven-aged at 135°C for four hours following 

AASHTO R 30 (95). After short-term oven-aging (STOA), the Mix D samples were divided into 

three groups, and the Mix G samples were divided into four groups. One sample in each group 

was used for control purposes and was not subjected to long-term oven-aging (LTOA). Two 

samples in each group were subjected to LTOA at 85°C for 72 and 120 hours, respectively. The 

fourth Mix G sample was aged for 44 hours and was added because a high variability of mix 

properties (i.e., stiffness, fatigue performance) was expected in the gap-graded mixes (23,37). Note 

that 120 hours is the standard LTOA duration specified by AASHTO R 30 (95). The mixes without 

LTOA (Mix D-0H and Mix G-0H) and the mixes with different LTOA (Mix D-72H, Mix D-120H, 

Mix G-44H, Mix G-72H, and Mix G-120H) provided data for the mixes at different aging 

conditions. These mixes were used to calibrate the GHS model and to quantitatively analyze the 

properties of aged mixes at different aging conditions. 

During LTOA, the loose mixes were turned over in the shallow pan twice a day. Note that STOA 

and LTOA are conducted on loose mixes instead of compacted specimens, as specified in 

AASTHO R 30 (95), because aging the loose mixes mitigates the development of aging gradients 
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in the compacted specimen that are a function of specimen dimensions and avoids problems 

associated with changes in specimen dimensions that can occur when aging compacted specimens 

(96). 

After completing LTOA, the oven temperature was raised to the compaction temperature, and the 

aged loose mixes were preheated for two hours before compaction. These conditioned mixes were 

then compacted into fatigue beams following the rolling-wheel compaction method (168). Two 

slabs were produced in each group. These slabs were cut into beams with a dimension of 50 mm 

× 63 mm × 380 mm for fatigue test following AASHTO T 321 (169). The air-void contents of 

these beams were required to be 7±1 percent, which was measured using the CoreLok method 

following AASHTO T 331 (170).  

6.2.3 Experimental Design for Evaluation of the Aged Asphalt Mixes 

Beams produced from the aged loose mixes were used to run frequency sweep tests at temperatures 

of 10˚C, 20˚C, and 30˚C, and frequencies between 0.01 Hz and 15 Hz.  

Beams selected for the fatigue test were conditioned in the temperature chamber at 20˚C for two 

hours before starting the test. The controlled-strain flexural beam fatigue test was then conducted 

at 20˚C and 10 Hz. Table 6.2 summarizes the test strains in this section. Three replicates for each 

mix were applied under each test strain. The fatigue life was determined at the peak of the product 

of flexural stiffness and load cycles (169).  

Table 6.2: Strains Settings for Fatigue Tests 

Mix ID 
0 Hour LTOA 

(microstrain) 

44 Hour LTOA 

(microstrain) 

72 Hour LTOA 

(microstrain) 

120 Hour LTOA 

(microstrain) 

Mix D 300 400 500 Not tested 270 300 400 250 330 400 

Mix G 450 600 800 450 600 750 500 600 700 400 500 600 
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Specifically for analyzing the binder properties (i.e., carbonyl area index and viscosity), beams 

tested at the same strains were selected to collect the aged binders by extraction and recovery. The 

constant strain was 400 microstrain for Mix D and 600 microstrain for Mix G. These two strain 

levels were selected so that the beams would fail at around 1E+05 cycles. Three replicate beams 

were tested under each aging condition. The beams were prepared at the same target air-void 

content using the same method, and the tests on these beams were all conducted at the same strain 

level. This uniformity was used to exclusively evaluate the aging effect on beam performance 

without the influence of variables in aggregate gradation, air-void content, and test settings. 

Aged binders were extracted and recovered from tested fatigue beams following AASHTO T 164 

and ASTM D1856 (156,171). The recovery method specified in ASTM D1856 is the Abson 

method. These two test methods are listed in the 2018 Caltrans specification as the standard 

procedure to extract and recover binders from HMA (2).  

The Abson method was developed in the 1930s, and it was the standardized method for decades 

(172). However, issues with using the Abson method were identified, including repeatability issues 

and the amount of residual solvent remaining in recovered binders (173,174,175). Test 

repeatability will be discussed in the analysis in the following sections. Recovery was conducted 

immediately after extraction to limit the time that the binders were in contact with the solvent to 

address the residual solvent issue. Although the solvent’s effect on the binder properties (i.e., 

viscosity) could not be fully avoided, the same extraction and recovery procedure and time frame 

were followed for each beam to limit any variability from solvent contact.  
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The findings in Chapter 4 and Chapter 5 show that the CA index is an appropriate aging index for 

tracking oxidative aging. Hence, the CA index was measured on these recovered binders using the 

FTIR equipment. The test procedure followed the same methodology discussed in Section 4.2.2. 

A series of frequency sweep tests (temperatures of 20˚C, 40˚C, 60˚C, and 85˚C, and frequencies 

between 0.0159 Hz and 15.9 Hz [0.1 radians/second and 100 radians/second]) were conducted on 

the recovered binders. These tests followed the same procedure discussed in Section 4.2.3. During 

extraction, incompletely digested rubber particles were separated from the binder and left in the 

aggregates following the current procedure listed in AASHTO T 164 (156). Consequently, it was 

expected that any subsequent binder tests might not necessarily be fully representative of the 

asphalt rubber binder in the mix. Given the absence of any incompletely digested particles, the 

DSR parallel plate geometry could be used to test all binders. Viscosity was backcalculated from 

the rheological measurements. The correlation between the ln(η) and the CA index was analyzed 

to calibrate the GHS principle for the aged asphalt mixes.  
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6.3 Calibration of the Binder GHS Model for Asphalt Mixes  

Table 6.3 and Table 6.4 present the measured properties of the recovered binders. No information 

was obtained from Mix G-72H-1 as this beam was not properly stored before extraction and 

recovery. Before testing the carbonyl component and the binder viscosity, the measured binder 

contents were calculated based on quantities of binder collected after recovery to evaluate the 

variation of the binder content in beams produced from aged loose mixes. Mix D-0H and Mix G-

0H mixes were selected as the control mixes. The variations of the binder contents in long-term 

oven aged mixes were compared to those in the control mixes. The effective binder contents and 

binder film thicknesses were calculated to further evaluate any binder content changes in the mixes. 

The effective binder content is the binder that is not absorbed by the aggregate, which can be 

calculated from the measured binder content and mix properties using Equation 6.1 and Equation 

6.2 (176): 

𝑃𝑏𝑒 = 𝑃𝑚 − (𝑃𝑏𝑎/100) × 𝑃𝑠         6.1 

𝑃𝑏𝑎 = 100 × (𝐺𝑠𝑒 − 𝐺𝑠𝑏)/(𝐺𝑠𝑏 × 𝐺𝑠𝑒) × 𝐺𝑏       6.2 

Where: 

Pbe = percent effective binder content. 

Pm = percent measured binder content. 

Pba = apparent binder content. 

Ps = percentage of aggregate in the beam, equal to one hundred minus the measured binder 

content. 

Gse = effective specific gravity of the aggregate, which was 2.750 g/cm3 for Mix D and 2.749 

g/cm3 for Mix G. 

Gsb = bulk specific gravity, which was 2.661 g/cm3 for mix D and 2.525 g/cm3 for Mix G.  

Gb = binder specific gravity, which was 1.020 g/cm3 for mix D and 1.120 g/cm3 for Mix G.  
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Table 6.3: Measured Binder Properties of Mix D  

Beam ID 

Measured 

Binder 

Content 

(%) 

Range and SD1 

for Measured 

Binder Content 

(%) 

Effective Binder 

Content (%) 

Binder Film 

Thickness 

(microns) 

Binder 

Viscosity at 

20°C and 10 

Hz (kPa·s) 

0H-1 5.01 
0.22 

SD=0.100 

3.83 8.69 3,164 

0H-2 5.01 3.83 8.69 4,647 

0H-3 4.79 3.61 8.17 4,641 

72H-1 4.28 
0.58 

SD=0.240 

3.09 6.96 15,218 

72H-2 4.86 3.68 8.33 18,981 

72H-3 4.55 3.37 7.60 11,862 

120H-1 4.31 
0.20 

SD=0.080 

3.12 7.03 23,063 

120H-2 4.51 3.33 7.50 13,884 

120H-3 4.43 3.24 7.32 27,741 
1 SD= Standard Deviation. 

Table 6.4: Measured Binder Properties of Mix G  

Beam 

ID 

Measured 

Binder 

Content 

(%) 

Range and 

SD1 for 

Measured 

Binder 

Content 

(%) 

Beam 

Binder 

Content 

with 

Rubber (%) 

Effective 

Binder 

Content 

(%) 

Binder Film 

Thickness 

(microns) 

Binder 

Viscosity at 

20°C and 10 

Hz (kPa·s) 

0H-1 5.27 
0.02 

SD=0.009 

7.77 3.84 16.47 2,267 

0H-2 5.25 7.75 3.82 16.38 1,947 

0H-3 5.25 7.75 3.82 16.38 2,265 

44H-1 5.36 
0.04 

SD=0.022 

7.86 3.93 16.89 1,863 

44H-2 5.37 7.87 3.94 16.93 3,645 

44H-3 5.41 7.91 3.98 17.12 2,118 

72H-1 N/A 
0.09 

SD=0.045 

N/A N/A N/A N/A 

72H-2 5.13 7.63 3.69 15.82 6,337 

72H-3 5.22 7.72 3.78 16.24 7,713 

120H-1 5.44 
0.05 

SD=0.021 

7.94 4.01 17.26 12,209 

120H-2 5.42 7.92 3.99 17.17 9,355 

120H-3 5.47 7.97 4.04 17.40 12,187 
1 SD= Standard Deviation. 

Since the extraction procedure separated the rubber particles from the binder, the measured binder 

contents for Mix G samples were generally two percent lower than the optimum binder content 

values listed in Table 6.1, including Mix G-0H without LTOA. Therefore, the binder contents were 

recalculated to include the designed 20 percent rubber based on the assumption that all rubber 
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would have been separated during the extraction process. Based on these results, the total binder 

contents in Mix G beams met the target optimum binder contents listed in Table 6.1 and Table 6.4 

shows that the LTOA procedure appeared not to change the binder contents for Mix G mixes.  

Figure 6.2 shows the measured binder contents for each beam. The LTOA Mix D binder contents 

were slightly lower than the designed binder contents (about 0.5 percent lower than 5.0 OBC), 

while the binder contents in Mix G remained similar to the designed binder contents. The effective 

binder contents showed similar trends, indicating that the binder absorbed by the aggregates was 

not different after LTOA. This observation indicated that aging the loose mix should not change 

the level of absorption by the aggregate.  

Table 6.3 and Table 6.4 also show the range and standard deviation of the binder content measured 

from the beams produced using the loose mixes from each aging duration. It should be noted that 

the Abson method measurements generally had high variability for the calculated binder content. 

Stroup-Gardiner et al. (173), Peterson et al. (177), and Rodezno et al. (178) found that the error in 

measurement of the binder content could be as high as 0.75 percent. 

AASHTO T 164 specifies that the acceptable range of two tests for a single operator is 0.58, and 

the standard deviation is 0.21 (156). Table 6.3 and Table 6.4 show that only the Mix D-72H beam 

group failed the standard deviation requirement. However, the ANOVA test for Mix D-72H and 

Mix D-0H shows the two groups were not statistically different at a 95 percent confidence level 

(p-value = 0.90 > 0.05). The measured binder contents listed in Table 6.3 and Table 6.4 show that 

long-term oven-aging the loose mixes produced similar variations in the binder contents to those 

mixes without LTOA. Therefore, the loose mix aging protocol should not introduce additional 

variability in measured binder contents based on the tested results in Table 6.3 and Table 6.4. The 
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high variability in Mix D-72H is owing to the Mix D-72H-1 beam, which might be caused by the 

variability in the plant sampled mixes used for the laboratory test. 

 
a: Mix D 

 
b: Mix G 

Figure 6.2: Measured binder contents and effective binder contents for beams. 

 



 

241 

 

Regarding the aging in the loose mix, Lau et al. (87) noted that the diffusion of oxygen could 

significantly affect the aging rate. A thick binder film slows the oxygen diffusion rate and, 

therefore, decreases the rate of aging in a given period (134,179,180). The binder film thicknesses 

in these beams were calculated using Equation 6.3 and Equation 6.4 (181): 

𝐴𝐹𝑇 = 𝑃𝑏𝑒 × 4870/(𝑃𝑠 × 𝑆𝐴)         6.3 

𝑆𝐴 = 2 + 0.02 × 𝑎 + 0.04 × 𝑏 + 0.08 × 𝑐 + 0.14 × 𝑑 + 0.30 × 𝑒 + 0.60 × 𝑓 + 1.60 × 𝑔 6.4 

Where: 

AFT = asphalt binder film thickness in microns.  

Pbe = effective binder content.  

Ps = percentage of the aggregate weight.  

SA = calculated aggregate surface area in ft2/lb.  

Parameters(a-g) = percent of aggregate passing 4.75, 2.36, 1.18, 0.60, 0.30, 0.15, and 0.075 

mm.  

 

Table 6.3 and Table 6.4 show the calculated binder film thicknesses for each beam. The results 

showed that Mix G binder film thicknesses were generally twice as thick as those measured for 

Mix D. This thicker binder film would slow the oven-aging effect in Mix G.  

The binder viscosities at 20˚C and 10 Hz are listed in Table 6.3 and Table 6.4. The results indicate 

that oven-aging increased the binder viscosity in both mixes. The viscosities of Mix G binders 

were lower than those of Mix D binders in the same aging condition, which was attributed to a 

lower degree of aging in Mix G. 

Figure 6.3 shows box plots of CA indices measured in the recovered binders. These indices 

increased with aging duration, which indicated that carbonyl components were continuously 

generated during oven-aging. Therefore, the CA index can be used to track oxidative aging in 

asphalt mixes, confirming findings from previous research (96).  
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a: Mix D 

 
b: Mix G 

Figure 6.3: CA indices measured in binders extracted from beams. 

 

Figure 6.4 shows that the butadiene area indices for recovered binders from Mix D and Mix G 

after different aging durations. The Mix D butadiene area indices were negative, which indicated 

that no butadiene component existed in the unmodified binders used in Mix D. Positive butadiene 
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area indices were found in the recovered binders in Mix G. Although incompletely digested rubber 

particles were separated from the binder during the extraction procedure, the digested rubber was 

identified in the recovered binders.  

 
a: Mix D 

 
b: Mix G 

Figure 6.4: Butadiene area indices measured from beams. 
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The viscosities of the recovered binders at the testing temperatures (20°C, 40°C, 60°C, and 85°C) 

and frequencies (between 0.0159 Hz and 15.9 Hz) were calculated using Equation 4.9. The 

validation of the linearity assumption between the ln(η) and the CA index followed the same 

method discussed in Figure 4.18.  

Figure 6.5 shows examples of the linearity validation process at 20°C and 10 Hz. The R2 values of 

the linearity between the ln(η) and CA index value were 0.87 for Mix D and 0.81 for Mix G. They 

both exceeded the 0.7 threshold (135,146,147), which indicated that the linearity assumption was 

valid for these two aged mixes at 20°C and 10 Hz. 

 
Mix D 
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Mix G 

Figure 6.5 Determining the linearity between ln(η) and CA index for recovered binders. 

 

The linearity assumption was then checked at additional temperatures and frequencies for these 

two mixes. Figure 6.6 summarizes the R2 values. The red points in Figure 6.6 represent the 

examples shown in Figure 6.5.  

For both mixes, the R2 values had apparent differences between higher temperatures (60°C and 

85°C) and intermediate temperatures (20°C and 40°C). The differences were mostly attributed to 

the DSR testing geometry and the preparation of the samples before testing. A PP-25 geometry 

with a 1-mm gap was used for high temperature tests, while the PP-8 geometry with a 2-mm gap 

was selected for intermediate temperature tests. The gap difference between the PP-25 and PP-8 

could result in different trimming-effects for the test, which could have introduced the difference 

in R2 values between high temperatures and intermediate temperatures.  
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Figure 6.6a shows that the R2 values were higher at high temperatures than at intermediate 

temperatures, which was consistent with the binder test results discussed in Chapter 4 and Chapter 

5. This observation indicated that the linearity between the ln(η) and CA index was more apparent 

when the precision of the backcalculated viscosity was higher at high temperatures than it was at 

intermediate temperatures. However, Figure 6.6b shows the opposite tendency. This was because 

the recovered Mix G binder was much softer than the Mix D binders, as Table 6.3 and Table 6.4 

show. The Mix G binder was easier to trim at the intermediate temperatures than the Mix D binder, 

which reduced the repeatability issues in PP-8 testing for the Mix G binder.  

 
a: Mix D (red bubble presents the example case in Figure 6.5a) 
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b: Mix G (Red bubble presents the example case in Figure 6.5b) 

Figure 6.6: Validation of the linearity between the ln(η) and CA index for recovered binders. 

 

Figure 6.6 shows that the linearity assumption between the ln(η) and CA index was valid for 

recovered binders from these LTOA mixes, as all R2 values were higher than the 0.7 threshold line 

(135,146,147). 

The GHS model was used to model the oxidative aging in these asphalt mixes. The performance 

of the GHS model was evaluated by comparing the measured and model-predicted viscosities. The 

95 percent confidence interval of the GHS model was used to evaluate the probability that the 

model would provide a satisfactory prediction of the viscosity. The upper and lower boundaries of 

the model-predicted viscosities at the 95 percent confidence intervals were calculated using 

Equation 6.5 to Equation 6.8 (182). 
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𝑀 = 𝑒𝑧√𝑣𝑎𝑟(ln(𝜂)          6.5 

𝑣𝑎𝑟(𝑙𝑛𝜂) = 𝑠2 × (1 +
1

𝑛
+ (

(𝑋−�̅�)2

𝑞×∑(𝑋𝑃−�̅�)
2)       6.6 

𝑆2 =
∑ 𝑊𝑆𝑆𝑘
𝑑
𝑘=1

𝑛−𝑑
           6.7 

𝑊𝑆𝑆𝑘 = ∑ (ln 𝜂𝑖 − ln 𝜂𝑘)
2𝑛𝑘

𝑖=1          6.8 

Where: 

Z = 1.64 for design reliability of 95 percent. 

Var (ln η) = variability of viscosities estimated at the CA index level.  

S2 = variance in the logarithm of measured viscosities. 

n = number of tested specimens. 

X = ln (CA) at which ln (η) must be predicted. 

�̅� = average ln (CA). 

q = number of replicate specimens at each CA index level. 

WSSk = within sum of squares for the factor level (CA index level). 

d = number of factor level (CA index level). 

ln ηi = logarithm of measured viscosities for specimen i.  

ln ηk = average logarithm of measured viscosities for factor level k. 

nk = number of replicates at factor level k.  

Nine Mix D specimens were tested with a CA index factor level of three (corresponding to the 

three aging conditions [0H, 72H, and 120H]). Three replicates were tested at each factor level. The 

S2 of Mix D was calculated to be 0.134 using the measured viscosities. For Mix G, ten specimens 

were tested with a CA index factor level of four (four aging conditions [0H, 44H, 72H, and 120H]). 

Three replicates were tested at each factor level. The S2 of Mix G was calculated to be 0.092. Table 

6.5 and Table 6.6 summarize the predicted viscosities of the recovered binders and the boundaries 

of the 95 confidence intervals based on the above calculations. Figure 6.7 plots model-predicted 

binder viscosities versus measured binder viscosities at 20°C and 10 Hz. The measured viscosities 

were mostly within the 95 confidence intervals of the predicted viscosities, with more exceptions 

for Mix G than Mix D.  

The coefficient of determination (R2) values between measured and predicted viscosities were 

close to 0.9 and above the 0.7 threshold (135,146,147), which means the observed viscosities were 
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well predicted by the GHS model. In summary, these results indicated that the GHS model 

provided a reasonable prediction of the recovered binder viscosity. 

Table 6.5: Comparison of Measured and GHS Model-Predicted Viscosities for Mix D  

Beam ID 
Measured 

Viscosity (kPa·s) 

Predicted 

Viscosity (kPa·s) 

Upper Boundary 

of 95% 

Confidence 

Interval 

Lower Boundary 

of 95% 

Confidence 

Interval 

0H-1 3,164 5,511  7,569   4,013  

0H-2 4,647 4,790  6,714   3,417  

0H-3 4,641 3,144  4,878   2,026  

72H-1 15,218 16,596  22,342   12,328  

72H-2 18,981 19,694  26,871   14,435  

72H-3 11,862 10,242  13,561   7,735  

120H-1 23,063 18,645  25,320   13,729  

120H-2 13,884 17,057  23,006   12,646  

120H-3 27,741 23,532  32,682   16,944  

 

Table 6.6: Comparison of Measured and GHS Model-Predicted Viscosities for Mix G 

Beam ID 
Measured 

Viscosity (kPa·s) 

Predicted 

Viscosity (kPa·s) 

Upper Boundary 

of 95% Confidence 

Interval 

Lower Boundary 

of 95% 

Confidence 

Interval 

0H-1 2,267 2,427  2,917   2,020  

0H-2 1,947 1,314  1,694   1,020  

0H-3 2,265 2,744  3,276   2,298  

44H-1 1,863 2,292  2,764   1,901  

44H-2 3,645 3,654  4,328   3,084  

44H-3 2,118 4,670  5,532   3,942  

72H-1 N/A N/A N/A N/A 

72H-2 6,337 4,410  5,221   3,725  

72H-3 7,713 5,637  6,701   4,741  

120H-1 12,209 13,197  16,471   10,574  

120H-2 9,355 8,313  10,043   6,881  

120H-3 12,187 10,582  12,980   8,627  

 



 

250 

 

 
a: Mix D 

 
b: Mix G 

Figure 6.7: Comparison between measured and predicted viscosity using GHS model at 20°C and 10 Hz. 
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6.4 Correlation between Binder Properties and Mix Stiffness 

Section 6.3 showed that oven-aging of asphalt mixes changes chemical components and physical 

properties in the binder. These changes in the binder properties, in turn, affect the mix properties. 

This section studies the influence of aging on mix stiffness. 

The frequency sweep test data for beams produced with the loose mixes were horizontally shifted 

to the stiffness master curve at 20°C. This shifting was conducted using the symmetric sigmoidal 

function (141) and the Williams-Landel-Ferry shift function (183). Figure 6.8 shows that the 

LTOA protocol stiffened the mixes.  

 
a: Mix D 
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b: Mix G 

Figure 6.8: Master curve at 20°C of the beams made with loose mixes subjected to LTOA. 

 

Table 6.7 and Table 6.8 present the measured mix properties. Measured air-void contents of these 

beams all met the target range (7±1 percent). The air-void contents indicated that the loose mix 

aging protocol might not impact the workability of the aged mixes. At the compaction temperatures 

(150˚C for Mix D and 170˚C for Mix G), the aged loose mixes could be compacted to the design 

air-void content. From this perspective, aging loose mixes in the laboratory might not create 

compaction issues. 
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Table 6.7: Measured Mix D Beam Properties 

Beam ID 
Air-Void 

Content (%) 

Initial Stiffness 

at 20°C and 10 

Hz (MPa) 

Average Initial 

Stiffness (MPa) 

Range and SD1 

of Initial 

Stiffness (MPa) 

COV2 

0H-1 7.7 6,059 

5,602 
1,270 

SD=562 
0.10 0H-2 7.9 5,950 

0H-3 7.5 4,800 

72H-1 7.7 4,469 

5,698 
1,852 

SD=866 
0.15 72H-2 7.7 6,339 

72H-3 7.8 6,286 

120H-1 7.6 7,075 

6,473 
1,117 

SD=462 
0.07 120H-2 7.4 6,361 

120H-3 7.5 6,011 
1 SD= Standard Deviation,2 COV= Coefficient of Variation. 

Table 6.8: Measured Mix G Beam Properties 

Beam ID 
Air-Void 

Content (%) 

Initial Stiffness at 

20°C and 10 Hz 

(MPa) 

Average Initial 

Stiffness (MPa) 

Range and SD1 

of Initial 

Stiffness (MPa) 

COV2 

0H-1 7.1 2,352 

2,435 
316 

SD=167 
0.07 0H-2 7.7 2,285 

0H-3 6.6 2,668 

44H-1 7.0 2,328 

2,769 
686 

SD=313 
0.11 44H-2 6.6 3,014 

44H-3 7.0 2,966 

72H-1 N/A N/A 

2,785 
29 

SD=14 
0.01 72H-2 8.0 2,800 

72H-3 7.9 2,771 

120H-1 6.9 3,125 

3,128 
67 

SD=27 
0.01 120H-2 7.2 3,162 

120H-3 7.4 3,095 
1 SD= Standard Deviation,2 COV= Coefficient of Variation. 

Table 6.7 and Table 6.8 show the initial beam stiffnesses determined at the 50th cycle in the fatigue 

tests (169,184). Mix D LTOA-72H-1 and Mix G-44H-1 were considered to be outliers that caused 

variances in the corresponding aging groups. The coefficient of variation (COV) values of the 

initial stiffnesses for the beams produced with long-term aged loose mixes (Mix D-72H, Mix D-

120H, Mix G-44H, Mix G-72H, and Mix G-120H) were not statistically different from the ones 

produced by the mixes without LTOA (Mix D-0H and Mix G-0H). 
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To better understand the variations in the initial stiffness of the beams produced with the loose mix 

aging protocol, the standard deviation and COV of all fatigue tested beams were calculated 

following the test plan in Table 6.2 (three beams in each fatigue test strain in each LTOA condition). 

In each aging condition, nine beams were used in the calculation. Table 6.9 shows the statistical 

analysis results. The standard deviation and COV of the beams produced with loose mixes after 

LTOA (Mix D-72H, Mix D-120H, Mix G-44H, Mix G-72H, and Mix G-120H) did not show 

apparent differences from those produced from loose mixes without LTOA (Mix D-0H and Mix 

G-0H). This observation indicated that extending the duration of aging in the loose mix aging 

protocol from zero to 120 hours should not increase variability in the initial stiffnesses of the beams.  

The variations of the initial stiffness in the loose mix aging protocol were compared to the 

compacted specimen aging protocol. Table 6.9 shows two types of aged beams produced using 

mixes with California Valley and Coastal binders, which have very different aging characteristics 

(185). These two types of beams were laboratory-mixed and laboratory-compacted. They 

contained approximately 5.5 percent binder, which is similar to the binder contents in Mix D and 

the base binder contents (without rubber) in Mix G. The air-void contents were between seven and 

nine percent for the Valley and Coastal binder beams, which are also close to the air-void contents 

in Mix D and Mix G. The beams were long-term oven-aged at 85˚C for 72 and 144 hours. 

Comparing the standard deviations and COVs in each aging condition showed that the variations 

of the initial stiffnesses in the loose mix aging protocol were similar to those in the beam aging 

protocol.  
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Table 6.9: Comparison of the Initial Stiffness Variations for Different LOTA Protocols 

Aging Condition Beam ID 
Average Stiffness 

(MPa) 
SD1 (MPa) COV2 

No LTOA 

(LTOA-0H) 

Mix D-0H 5,612 531 0.09 

Mix G-0H 2,424 229 0.09 

Valley-0H 6,230 260 0.04 

Coastal-0H 1,832 183 0.10 

Middle LTOA  

(LTOA-44H and 

LTOA-72H) 

Mix D-72H 5,957 690 0.12 

Mix G-44H 2,803 440 0.16 

Mix G-72H 3,025 217 0.07 

Valley-72H 7,908 399 0.05 

Coastal-72H N/A N/A N/A 

Long LTOA 

(LTOA-120H 

and LTOA-

144H) 

Mix D-120H 5,918 482 0.08 

Mix G-120H 3,249 149 0.05 

Valley-144H 8,256 435 0.05 

Coastal-144H 3,288 325 0.10 
1 SD= Standard Deviation,2 COV= Coefficient of Variation. 

Figure 6.9 plots the initial stiffnesses of fatigue beams grouped by LTOA duration using the data 

in Table 6.7 and Table 6.8. The initial mix stiffnesses generally increased after LTOA, indicating 

that oven-aging stiffened the mix. This observation was consistent with the results from the mix 

frequency sweep tests. This stiffening was also consistent with the viscosity increases measured 

in the extracted binders. When extending the LTOA duration, the age-hardening effect further 

stiffened the binder, which then increased the mix stiffness.  
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a: Mix D 

 
b: Mix G 

Figure 6.9: Measured mix stiffness versus measured binder viscosity at 20°C and 10 Hz. 
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The changes in mix stiffness can be modeled from the binder properties using Equation 6.9. This 

stiffness prediction model was proposed by Andrei, Witczak, and Mirza in 1999 (142,186), which 

can predict the mix stiffness using binder viscosity and mix volumetric parameters. 

𝑙𝑜𝑔10(𝐸
∗) = −1.2499 + 0.0292𝜌200 − 0.0018(𝜌200)

2 − 0.0028𝜌4 − 0.0581𝑉𝑎 −
(0.8821𝑉𝑏𝑒) (𝑉𝑏𝑒 + 𝑉𝑎)⁄ +
(3.8720 − 0.021𝜌4 + 0.0040𝜌38 − 0.000017(𝜌38)

2 + 0.0055𝜌34) (1 + 𝑒(−0.6033−0.3133𝑙𝑜𝑔𝑓−0.3935𝑙𝑜𝑔𝜂))⁄

            6.9 

Where:  

E* = mix modulus in ksi.  

η = binder viscosity in 106 poise.  

f = loading frequency in Hz. 

Va = mix air-void content in percent. 

Vbe = effective binder content in percent.  

ρxx = aggregate cumulative retained on 19, 9.50, 4.75, and 0.075 mm sieve in percent. 

This Andrei-Witczak-Mirza stiffness prediction model was used to estimate the mix stiffness of 

each beam using the data listed in Table 6.1, 6.3, 6.4, 6.7, and 6.8. 

Figure 6.10 compares the predicted mix stiffnesses to the measured initial beam stiffnesses in the 

fatigue test. The R2 values of Mix D were lower than those of Mix G, probably because the 

variations in the measured stiffnesses of Mix D were higher than those of Mix G, as Table 6.7 

shows. The initial stiffnesses of Mix D-0H-3 and Mix D-72H-1 were 1,000 MPa lower 

(approximate equal to 20 percent of the total stiffness) than other Mix-D beams, which caused the 

high variation among Mix D beams. The Mix D-120H group showed lower variabilities than the 

other two groups (Mix D-0H and Mix D-72H), as Table 6.7 shows. Therefore, the variability was 

not caused by the loose mix aging protocol. The plant sampled mixes might have had some 

variability in the mixes before laboratory aging. 

The increase in beam stiffness due to increased aging could be predicted from the recovered binder 

viscosities and mix parameters. For both mixes, using the GHS model-predicted viscosities 



 

258 

 

resulted in higher R2 values than using the measured viscosities to predict the mix stiffness. Burr 

et al. (187), Bahia et al. (188), and Wakefield (189) concluded that using the Abson method caused 

repeatability issues for the measurement of viscosities in recovered binders. Using the GHS model-

predicted viscosities instead of the measured viscosities, removed the variations in measured 

binder viscosities. This increased accuracy of the binder viscosity could, in turn, increase the 

precision of mix stiffness prediction.  

The only variable that could be identified to increase the stiffness was the aging of loose mixes. 

The data shown in this chapter indicated that aging the loose mix produced new carbonyl 

components in the binder, and this aging also increased binder viscosity. In turn, this aged binder 

stiffened the mix. 

The results from this study indicated that using the GHS model-predicted viscosity and Andrei-

Witczak-Mirza stiffness prediction model to estimate the stiffness of aged mixes is promising. It 

should be noted that only two types of mixes were studied. Further evaluation of this application 

using different mixes under different aging conditions is warranted. Calibration of this application 

using field data is also recommended. 
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a: Mix D 

 
b: Mix G 

Figure 6.10: Comparison of predicted stiffness to initial beam stiffness at 20°Cand 10 Hz. 
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6.5 Correlation between Binder Properties and Mix Fatigue Performance 

This section analyzes the effect of binder property changes on mix fatigue performance due to 

oven aging. The fatigue life (Nf) values at the peak stiffness versus load cycles for each beam are 

summarized in Table 6.10 and Table 6.11. The Nf values decreased with the degree of aging, as 

expected. Given that test settings were the same for each mix (test temperature, frequency, and 

strain), a reasonable assumption was that the changes inside the mix itself caused this decrease in 

fatigue life.  

Table 6.10: Measured Mix D Beam Properties 

Beam ID 
Air-Void Content 

(%) 

Fatigue Life 

(Cycles) 

Average and SD1 

of Fatigue Life 

(Cycles) 

COV2 

0H-1 7.7 230,000 
274,167 

SD=147,257 
0.54 0H-2 7.9 120,000 

0H-3 7.5 472,500 

72H-1 7.7 32,000 
129,500 

SD=140,012 
1.08 72H-2 7.7 29,000 

72H-3 7.8 327,500 

120H-1 7.6 29,000 
30,667 

SD=14,337 
0.47 120H-2 7.4 49,000 

120H-3 7.5 14,000 
1 SD= Standard Deviation,2 COV= Coefficient of Variation. 

Table 6.11: Measured Mix G Beam Properties 

Beam ID 
Air-Void 

Content (%) 

Fatigue Life 

(Cycles) 

Average and SD1 

of Fatigue Life 

(Cycles) 

COV2 

0H-1 7.1 270,000 
1,483,333 

SD=1,779,931 
1.20 0H-2 7.7 4,000,000 

0H-3 6.6 180,000 

44H-1 7.0 312,500 
221,667 

SD=76,658 
0.35 44H-2 6.6 227,500 

44H-3 7.0 125,000 

72H-1 N/A N/A 
178,750 

SD=21,250 
0.12 72H-2 8.0 200,000 

72H-3 7.9 157,500 

120H-1 6.9 57,000 
91,500 

SD=25,420 
0.28 120H-2 7.2 117,500 

120H-3 7.4 100,000 
1 SD= Standard Deviation,2 COV= Coefficient of Variation. 
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The COVs of the Nf values for the Mix D-72H group and Mix G-0H group were significantly 

higher than other groups because the larger Nf values of Mix D-72H-3 and Mix G-0H-2 were 

considered to be outliers. The variations of Nf values in the loose mix aging protocol were 

compared to those from the beam aging protocol. The beam fatigue tests were set at 20˚C and 10 

Hz for all these mixes. The Nf values of the Valley- and Coastal-binder mixes were obtained from 

the beam fatigue test at 600 microstrain (185). Table 6.12 shows the comparison of results. No 

differences in the variations of Nf values were found between these two aging protocols, except 

for the Mix D-72H group and Mix G-0H group owing to the two outliers (Mix D-72H-3 and Mix 

G-0H-2). Therefore, the loose mix aging protocol did not introduce a high variation of fatigue life 

in Mix D and Mix G. 

Table 6.12: Comparison of the Fatigue Life Variations for Different LOTA 

Aging Condition Beam ID Average Nf (Cycles) SD1 (Cycles) COV2 

No LTOA 

(LTOA-0H) 

Mix D-0H 274,167 147.257 0.54 

Mix G-0H 1,483,333 1,779,931 1.20 

Valley-0H 23,560 N/A N/A 

Coastal-0H 91,883 37,947 0.41 

Middle LTOA  

(LTOA-44H and 

LTOA-72H) 

Mix D-72H 129,500 140,012 1.08 

Mix G-44H 221,667 76,658 0.35 

Mix G-72H 178,750 21,250 0.12 

Valley-72H 18,003 7,155 0.40 

Coastal-72H N/A N/A N/A 

Long LTOA 

(LTOA-120H 

and LTOA-

144H) 

Mix D-120H 30,667 14,337 0.47 

Mix G-120H 91,500 25,420 0.28 

Valley-144H 30,675 4,492 0.15 

Coastal-144H 26,660 7,739 0.29 
1 SD= Standard Deviation,2 COV= Coefficient of Variation. 

Besides fatigue life, four additional variables were not the same among these beams: mix stiffness, 

air-void content (AV), asphalt content (AC), and binder properties. The results discussed in 

Section 6.3 showed that the changes in binder properties during LTOA could be modeled with the 

GHS model. Therefore, the CA index was selected as the most appropriate parameter to represent 
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the binder properties. A statistical analysis was conducted to identify the potential variables that 

decreased the mix fatigue life after LTOA. 

A backward selection method was used to remove insignificant variables to the dependent 

variable-fatigue life (190,191). The essential steps of a backward selection include the following: 

1. Start with all the candidates. 

2. Delete variables that contribute the least to the regression. 

3. Repeat Step 2 until the remaining variables are significant to the regression model or until 

the regressing criterion is reached. 

The ANOVA test was used to check the significance of variables at a 95 percent confidence level 

for the backward selection in this study. The fatigue life was the dependent variable, and the mix 

stiffness, AV, AC, and CA were independent variables.  

• Step 1: An ANOVA test with all four variables returned that an essentially perfect fit was 

unreliable since the initial four independent variables were not totally independent. It was 

found that mix stiffness and the binder CA index were correlated. The stiffness could be 

predicted from the CA index using the GHS model and stiffness prediction model, as 

shown in Section 6.4. Therefore, the CA index was kept as it was directly correlated to 

oven-aging, while mix stiffness was removed from the regression. 

• Step 2: A three-way ANOVA statistical analysis was run to determine the significance of 

AV, AC, and CA to the dependent variable. The null hypothesis was that neither of these 

three factors or the interactions among factors caused fatigue life changes. Table 6.13 

shows the ANOVA results. The null hypothesis was rejected using the significance level 

of 5 percent (p-value < 0.05). For Mix D, the AV variable had the highest p-value, and it 
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was therefore removed from the regression. For Mix G, the AC variable had the highest p-

value, and it was therefore removed from the regression. 

Table 6.13: Three-Way ANOVA Test Results for Mix Fatigue Performance 

Mix ID Variable AC AV CA AC: AV AC: CA AV: CA 
AC: AV: 

CA 

Mix D 
F value 0.307 0.205 28.150 1.789 4.282 0.707 0.490 

P(>F) 0.678 0.730 0.119 0.409 0.287 0.638 0.611 

Mix G 
F value 0.710 21.99 34.55 0.644 18.87 8.099 3.889 

P(>F) 0.461 0.018 0.010 0.481 0.023 0.065 0.143 

AC-asphalt content in mix, AV-air-void content of the mix, CA-carbonyl area index of the recovered 

binder. 

• Step 3: Repeating the process in Step 2. A two-way ANOVA was run for Mix D and Mix 

G with the remaining independent variables. Table 6.14 shows the ANOVA results. In this 

step, the AC variable did not qualify as a significant variable for Mix D since its p-value 

was higher than 0.05. For Mix G, the AV variable had a p-value exceeding 0.05, and it was 

also removed from the regression. 

Table 6.14: Two-Way ANOVA Test Results for Mix Fatigue Performance 

Mix ID Variable AC CA AC: CA 

Mix D 
F value 0.394 36.121 5.479 

P(>F) 0.558 0.002 0.066 

Mix G 
F value 4.786 17.609 17.371 

P(>F) 0.065 0.004 0.004 

AC-asphalt content in mix, AV-air void content of the mix, CA-carbonyl area index of the recovered binder. 

• Step 4: A one-way ANOVA was run to check the correlation between the CA index and 

the fatigue life. The null hypothesis was that the fatigue life change was not related to the 

change of the CA index. Table 6.15 shows the ANOVA results. The null hypothesis was 

rejected at a 95 percent confidence level. For both mixes, the fatigue life had a significant 

correlation to the change of the CA index. 
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Table 6.15: One Way ANOVA Test Results for Mix Fatigue Performance 

Variable Criterion Mix D Mix G 

CA Index 
F value 23.255 5.44 

P(>F) 0.002 0.045 

 

The ANOVA analysis confirmed that the AC and AV variables were not significant to the fatigue 

life changes in this controlled testing. In this study, the loose mixes were oven-aged and then 

compacted to a target air-void content. No statistical difference was found for the asphalt contents 

among beams after LTOA. These two variables (AC and AV) should not influence the fatigue life 

significantly since they were controlled by the experimental parameters. The above statistical 

analysis results confirmed the assumption that aging increased the CA indices of the binders, and 

hence the mix stiffnesses (because of the correlation between CA index and mix stiffness was 

found in backward selection Step 1), which in turn shortened the fatigue lives of the aged asphalt 

mixes.  

Figure 6.11 plots fatigue life against the CA index in a semi-logarithm plot. The Mix D-72H-3 and 

Mix G-0H-2 beams were removed from the data since their much higher fatigue lives were 

considered outliers. Both the Mix D and Mix G results had coefficients of determination values 

over 0.7, indicating that the shorter mix fatigue lives after LTOA was correlated to the increase in 

CA index.  
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a: Mix D 

 
b: Mix G 

Figure 6.11: Correlation between the CA index and beam fatigue life at 20°C and 10 Hz. 

 

The correlation between ln (Nf) and the CA index is modeled in Equation 6.10. This ln (Nf)-CA 

model was expected to predict the aging effect on the mix fatigue life while excluding the influence 
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of other mix volumetric parameters. This describes the Nf-CA index correlation at a specific 

testing temperature, loading frequency, and strain. Further validation of the ln (Nf)-CA model in 

different mixes and test conditions is warranted.  

𝑙𝑛(𝑁𝑓) = 𝛼(𝐶𝐴) + 𝑙𝑛(𝛽)𝑜𝑟𝑁𝑓 = 𝛽𝑒𝛼(𝐶𝐴)       6.10 

Where: 

α = slope of the ln(Nf)-CA curve. 

ln(β) = intercept of ln(Nf)-CA curve.  

The ln (Nf)-CA models used to predict fatigue lives for Mix D and Mix G are presented in Equation 

611 and Equation 6.12, respectively. A comparison between the predicted and measured Nf values 

for each beam are presented in Figure 6.12. 

𝑙𝑛(𝑁𝑓) = −5.13 × (𝐶𝐴) + 18.92𝑜𝑟𝑁𝑓 = 164,266,390 × 𝑒−5.13(𝐶𝐴)     6.11 

𝑙𝑛(𝑁𝑓) = −3.16 × (𝐶𝐴) + 15.82𝑜𝑟𝑁𝑓 = 7,422,303 × 𝑒−3.16(𝐶𝐴)     6.12 

 

The performance of the ln (Nf)-CA model was evaluated by comparing the measured and the 

model-predicted fatigue lives. The reliability of the ln (Nf)-CA model uses the 95 percent 

confidence intervals. If most points fall within that interval, it was assumed that the model would 

provide a satisfactory prediction of the fatigue lives. The reliability of the ln (Nf)-CA model was 

analyzed using the same method described in Section 6.3, with changing viscosity to fatigue life 

in Equation 6.5 to Equation 6.8. For Mix D, eight specimens were tested with a CA index factor 

level of three (corresponding to the three aging conditions [0H, 72H, and 120H]). Three replicates 

were tested at each factor level. The S2 of Mix D was calculated to be 0.347 using the measured 

fatigue lives. For Mix G, ten specimens were tested with a CA index factor level of four (four 

aging conditions [0H, 44H, 72H, and 120H]). Three replicates were tested at each factor level. The 
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S2 of Mix G was calculated to be 0.139 using the measured fatigue lives. The estimated boundaries 

of the ln (Nf)-CA model-predicted fatigue lives were then calculated using Equation 6.5 and 

Equation 6.6. 

Table 6.16 and Table 6.17 summarize the predicted fatigue lives and the boundaries at 95 

confidence intervals based on the above calculations. Figure 6.12 plots model-predicted fatigue 

lives versus measured fatigue lives at 20°C and 10 Hz. The measured fatigue lives were within the 

95 confidence intervals of the predicted fatigue lives. The coefficient of determination (R2) values 

between measured and predicted fatigue lives were larger than 0.8 and above the 0.7 threshold 

(135,146,147), which means the observed fatigue lives were well predicted by the ln (Nf)-CA 

model. In summary, these results indicated that the ln (Nf)-CA model provided a reasonable 

prediction of the fatigue lives of the beams produced with laboratory-aged loose mixes. 
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Table 6.16: Comparison of Measured and Ln (Nf)-CA Model-Predicted Fatigue Lives for Mix D  

Beam ID 
Measured Fatigue 

Lives (Cycles) 

Predicted Fatigue 

Lives (Cycles) 

Upper Boundary 

at 95% 

Confidence 

Interval 

Lower Boundary 

at 95% 

Confidence 

Interval 

0H-1 230,000  208,130   621,230   69,730  

0H-2 120,000  256,867   766,883   86,038  

0H-3 472,500  482,870   1,442,768   161,608  

72H-1 32,000  39,877   118,850   13,379  

72H-2 29,000  30,852   91,937   10,353  

72H-3 Outlier N/A N/A N/A 

120H-1 29,000  33,492   99,810   11,239  

120H-2 49,000  38,273   114,066   12,842  

120H-3 14,000  23,626   70,392   7,930  

 

Table 6.17: Comparison of Measured and Ln (Nf)-CA Model-Predicted Fatigue Lives for Mix G 

Beam ID 
Measured Fatigue 

Lives (Cycles) 

Predicted Fatigue 

Lives (Cycles) 

Upper Boundary 

at 95% Confidence 

Interval 

Lower Boundary 

at 95% 

Confidence 

Interval 

0H-1 270,000  268,874   395,745   182,677  

0H-2 Outlier N/A N/A N/A 

0H-3 180,000  244,556   347,417   172,150  

44H-1 312,500  281,037   422,053   187,136  

44H-2 227,500  196,025   265,127   144,934  

44H-3 125,000  162,170   216,622   121,406  

72H-1 N/A N/A N/A N/A 

72H-2 200,000  169,505   226,599   126,797  

72H-3 157,500  140,230   188,375   104,390  

120H-1 57,000  72,676   115,496   45,731  

120H-2 117,500  103,864   146,454   73,660  

120H-3 100,000  86,198   128,286   57,918  
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a: Mix D 

 
b: Mix G 

Figure 6.12: Comparison of measured and predicted fatigue lives at 20°Cand 10 Hz. 
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6.6 Aging Effect on Mix Fatigue Performance 

The fatigue test results for Mix D and Mix G following the test plan in Table 6.2 are analyzed in 

this section. Figure 6.13 and Figure 6.14 show the test results in a log-log plot. Figure 6.14c shows 

an apparent variability among the Mix G-72H beams. Three more beams, produced from 72-hour 

aged loose mix, were tested, and the results were added to the plot. However, the regression still 

showed a low R2 value (0.54). A statistical analysis table was used to evaluate the variations of the 

fatigue lives for these beams. 

 
a: Mix D-0H 
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b: Mix D-72H 

 
c: Mix D-120H 

Figure 6.13: Fatigue lives of Mix D beams at 20°C and 10 Hz. 
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a: Mix G-0H 

 
b: Mix G-44H 
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c: Mix G-72H 

 
d: Mix G-120H 

Figure 6.14: Fatigue lives of Mix G beams at 20°C and 10 Hz. 

 

Table 6.18 summarizes the fatigue test results for Mix D and Mix G. Mix D-72H-3 and Mix G-

0H-2 had extremely long fatigue lives (327,500 cycles for Mix D-72H-3 and 400,000 cycles for 
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Mix G-0H-2) and were considered to be outliers, as discussed in Section 6.5. These two beams led 

to the low R2 values of fatigue life regression versus tensile strain for Mix D-72H and Mix G-0H 

beams. For Mix G-72H beams, the average Nf value at 700 microstrain was larger than the Nf 

values at 600 microstrain, which dropped the R2 values of the fatigue life regression for Mix G-

72H beams. Comparing the COVs between different aging conditions showed no consistent 

changes in the COVs with increasing aging duration. The COVs among different aging conditions 

were randomly distributed, indicating that the variations in fatigue lives were not caused by the 

loose mix aging protocol but appeared to be caused by the variations among the sampled plant 

mixes. 

Table 6.18: Summary of Mix D and Mix G Beam Fatigue Test Results  

Beam 

ID 

Strain 

(Microstrain) 

Average 

Nf 

(Cycles) 

SD (Cycles) COV 
Nf=a(ɛ)b 

a b R2 

Mix D-

0H 

300 502,500 299,520  0.60 

9E-10 -4.193 0.72 400 274,167 147.257 0.54 

500 48,000 6,683  0.14 

Mix D-

72H 

270 840,000 607,731  0.72 

9E-18 -6.451 0.64 300 649,167 163,571  0.25 

400 129,500 140,012 1.08 

Mix D-

120H 

250 2,090,833 1,121,503  0.54 

5E-25 -8.499 0.88 330 253,333 76,440  0.30 

400 30,667 14,337 0.47 

Mix G-

0H 

450 1,807,500 1,456,292  0.81 

2E-10 -4.728 0.69 600 1,483,333 1,779,931 1.20 

800 72,667 20,155  0.28 

Mix DG-

44H 

450 1,641,667 1,340,798  0.82 

1E-15 -6.258 0.78 600 221,667 76,658 0.35 

750 49,250 30,028  0.61 

Mix G-

72H 

500 790,000 457,730  0.58 

6E-17 -6.699 0.54 600 178,750 21,250 0.12 

700 235,833 45,522  0.19 

Mix G-

120H 

400 1,591,667 373,253  0.23 

2E-18 -7.018 0.79 500 235,500 186,017  0.79 

600 91,500 25,420 0.28 

SD= Standard Deviation, COV= Coefficient of Variation. 
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The fatigue life (Nf) versus strain (ɛ) curves were developed for these tested beams using the power 

equations obtained from Figure 6.13 and Figure 6.14. Figure 6.15 presents the calculated fatigue 

lives between 100 microstrain and 1,000 microstrain strain on a log-log scale. 

Figure 6.15 shows that extending the aging duration of the loose mixes led to a steep Nf- ɛ curve 

for beams produced with these mixes, which caused the beams to be more sensitive to changes in 

strain. At higher strain levels, such as 300 microstrain and above, beams produced with aged mixes 

that experienced the longer aging durations had lower fatigue lives than those under shorter aging 

durations, while it was the opposite at low strain levels. The log (Nf)-log(ɛ) curve of Mix G-72H 

was not in between the curves of Mix G-44H and Mix G-120H because of the high variability in 

the fatigue test results of Mix G-72H that might impact the accuracy of the log (Nf)-log(ɛ) curve, 

as Table 6.18 shows. 

 
a: Mix D 
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b: Mix G 

Figure 6.15: Fatigue life versus strain curves on a log-log scale at 20°C and 10 Hz. 

 

As described in Section 2.4, classical theories suggest that softer mixes have longer service lives 

than stiffer mixes in a thin layer (i.e., ≤60 mm thick) where performance is mainly strain-controlled 

(131). The performance of aged mixes in a relatively thin layer (<approximately 60 to 100 mm) 

has been widely studied (31,132,185,192,193). Aged mixes are stiffer than unaged mixes. In thin 

layers, the strain at the bottom of the layer is normally high under a given traffic load (i.e., 

approximate 600 microstrain when applying an 80 kN single load on a 60-mm thick layer, standard 

contact area size, and layer stiffness of 6,000 MPa). Although these aged mixes in a thin layer 

might experience a lower strain than the unaged soft mixes, the fatigue lives of aged mixes are 

shorter than the unaged mixes in high strain conditions (>300 microstrain). The aged mixes also 

have less capacity to withstand the damage generated by traffic and the environment (i.e., daily 

and seasonal temperature fluctuations). The age-stiffened binders also tend to have a cohesive 
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failure that results in fatigue cracking and reflective cracking. When the strain in the thin layer is 

relatively high (i.e.,>300 microstrains), aging shortens the fatigue life, as Figure 6.15 shows. 

In relatively thick layers (>approximately 60 to 100 mm), a stiff mix can reduce the structural 

bending moment, which benefits the fatigue life (131). The in-service aging mostly occurs in the 

layer surface, and it gradually reduces with depth due to less accessibility of oxygen to the mix. 

The layer surface becomes stiff and transfers lower stresses to the bottom of the layer. The asphalt 

at the bottom of the layer is less aged, and they are at a low strain level. When the strain in this 

thick layer is relatively low (i.e., <300 microstrain), the fatigue life of the mix at the low strain is 

longer. From this perspective, age-stiffening of the mix may not necessarily decrease the service 

life in a thick layer.  
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6.7 Summary and Conclusions 

This chapter investigated long-term oven-aging and its effect on asphalt mixes. Two types of loose 

mixes (dense-graded mix [Mix D] and gap-graded mix [Mix G]) were short-term oven-aged 

(STOA) at 135°C for four hours. The STOA mixes were then divided into the control group and 

the long-term oven aging (LTOA) group. Long-term laboratory aging was simulated in an oven 

on loose mixes at 85°C for different durations. Flexural frequency sweep and fatigue tests were 

conducted on beam specimens produced with mixes subjected to LTOA and without LTOA. 

Binders were extracted from these beams produced with control mixes and LTOA mixes after the 

fatigue test. Changes in binder chemical components were tracked using the CA indices measured 

with an FTIR. Changes in binder rheological properties were determined by running frequency 

sweep tests in a DSR. The following conclusions were drawn: 

1. Question: Will the loose mix aging protocol cause high variations in binder contents, mix 

stiffnesses, and fatigue lives of the specimens? 

Fatigue beams can be compacted to the target air-void content from loose mixes after LTOA. 

The loose mix aging protocol showed similar variations in binder contents, mix stiffnesses, 

and fatigue test results among different aging durations as those in the compacted specimen 

aging protocol. 

2. Question: Can the binder GHS model be used for the recovered binders in aged asphalt mixes? 

The GHS model provided a reasonably accurate prediction of the binder viscosity using 

measured CA indices of the extracted and recovered binders from aged mixes. The binder GHS 

model was validated using rheology test results for the recovered binders tested at temperatures 



 

279 

 

between 20°C and 85°C with frequencies between 0.0159 Hz and 15.9 Hz (0.1 and 100 

radians/second). 

3. Question: How does oxidative aging affect mix stiffness?  

Aging the loose mix resulted in a continuous increase in the CA index in the recovered binder. 

The CA index of the recovered binder was used to track the oxidative aging in the asphalt mix. 

Increases in the CA index increased binder viscosity. The age-hardened binder stiffened the 

mix. The degree of age-hardening or stiffening of the two mixes (dense-graded mix [Mix D] 

and gap-graded mix [Mix G]) tested in this study could be predicted using the Andrei-Witczak-

Mirza stiffness prediction model and the GHS model-predicted binder viscosity. 

4. Question: How does oxidative aging affect mix fatigue performance? 

A linear correlation between the logarithmic fatigue life (ln Nf) of these beams produced with 

aged loose mixes at a given strain and the CA indices of the binders recovered from the beams 

was found for Mix D and Mix G. An ln (Nf)-CA model that describes the correlation between 

ln Nf and CA index was proposed (Nf = βeα(CA)). This model defines the aging effect on 

fatigue life for the tested mixes at the defined mix volumetric parameters and fatigue testing 

conditions. Fatigue test results for beams produced with long-term oven-aged loose mixes 

showed lower fatigue lives at higher strains (>300 microstrain) than the ones without long-

term oven-aging, while it was opposite at lower strain levels (<300 microstrain). In a thin layer 

(i.e., <60 mm) where high strains are common, the aged mixes may experience a lower strain 

than the unaged mixes, but the former still provide shorter fatigue lives at higher strains. In a 

thick layer where lower strains are typical, aging stiffens the layer surface, and the stiff surface 

transfers lower stresses to the bottom of the layer. The asphalt at the bottom of the layer is less 
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aged, and it is at a lower strain level, which may result in longer fatigue lives for thick asphalt 

layers.  

The findings of laboratory test results (validation of GHS model, age-stiffening, and fatigue 

changes with long-term oven-aging) point to a general framework for studying the aging effect on 

asphalt binders and mixes. The logarithmic fatigue life at a single strain was linearly correlated to 

the CA index of the recovered binder. Once this correlation is established for a given mix, changes 

in binder viscosity and mix fatigue life with the CA index can be predicted. Additional validation 

of this Nf-CA principle using field data under different aging conditions is warranted.  

It should be noted that aging in the mix is an ongoing chemical-physical interaction. General 

correlations should be made with caution. Additional tests of different LTOA mixes are 

recommended following the procedure in this chapter (loose mix aging protocol, beam fatigue test, 

extraction and recovery of the binder from the beam, FTIR and DSR testing of the recovered 

binder). It is anticipated that a general correlation can be developed between binder aging and mix 

aging based on a large database. This correlation can then be used to estimate mix stiffness and 

fatigue performance after LTOA by testing the binder instead of testing the mix. This approach 

could save cost and time in laboratory testing.  

The test results in this chapter show that the performance (i.e., stiffness and fatigue performance) 

of the aged mix is different from the unaged mix, as expected. This observation implies that using 

unaged mix performance to predict the performance of in-service pavements may not be 

appropriate. It seems realistic to use the mix performance test results after aging instead of those 

in unaged condition to estimate in-service performance. However, the appropriate aging conditions 
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may vary by mix and binder types, and this additional aging protocol could increase testing time 

and cost.  
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7 PERFORMANCE EVALUATION OF RUBBER-MODIFIED BINDERS 

AND MIXES 

7.1 Introduction 

This chapter summarizes the evaluation of rubber-modified binders and dense-graded mixes 

containing low contents of crumb rubber modifier. The motivation in this chapter was to evaluate 

the performance of rubber-modified binders in dense-graded mixes using laboratory tests and 

mechanistic-empirical (ME) simulations. A relatively small amount of rubber is defined as five to 

ten percent rubber by weight of the binder or 0.25 to 0.50 percent rubber by weight of the aggregate 

(17). These materials were collectively labeled “PG+X” materials, meaning that the binder meets 

or exceeds the PG of the base binder with X percent rubber added.  

Four tasks should be completed to evaluate any new material, including PG+X materials. First, 

testing and analysis of example materials to determine their capability of meeting Superpave PG 

specifications. This task includes asphalt binder and mix testing. Second, evaluation of the effects 

of mix properties on pavement performance in different thicknesses of overlays and 

new/reconstructed asphalt pavements using the CalME mechanistic-empirical analysis and design 

program for different levels of traffic and different climate regions. Third, life cycle cost analysis 

should be performed, which includes identification of cost and performance data, and analysis of 

the net present value, with sensitivity analysis. Fourth, life cycle assessment should be performed, 

which includes the development of environmental flow data, calculation of impacts, and 

interpretation and reporting of the results.  

The first and second tasks were addressed in this chapter by answering the following questions:  

• How do PG+X binders perform in the laboratory? 
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• Can PG+X materials be effectively used in dense-graded mixes?  

• How do PG+X mixes perform in the laboratory in terms of rutting, fatigue, and thermal 

cracking? 

• What are the appropriate uses of PG+X mixes in different pavement structures and 

climates? 

The steps to accomplish the work in this chapter were: 

• Evaluation of rubber-modified binders containing low contents of crumb rubber modifier. 

• Mix design of the rubber-modified dense-graded mixes containing low contents of crumb 

rubber modifier. 

• Performance evaluation of PG+X mixes using laboratory tests. 

• Understanding how PG+X mixes can best be used in a pavement structure using CalME 

simulation. 
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7.2 Experimental Design and Test Methodology 

In this chapter, four different approaches were used to prepare PG+X mixes. Three of these 

approaches used wet-process binders, and the one remaining approach used dry-process rubber. 

All these mixes were produced using laboratory mixing and laboratory compaction methods. One 

uniform aggregate gradation was used in these four approaches without adjusting the gradation for 

dry-process rubber. The same aggregates and RAP materials were used in the laboratory batching. 

The differences between different PG+X mixes were the binder source and the rubber type (i.e., 

rubber content, rubber particle size, rubber production method).  

 The Superpave performance-grading was used to obtain the binder PGs for wet-process binders. 

The multiple stress creep recovery test was used to evaluate the rubber effect on binder 

performance. The rotational viscosity test was used to determine the mixing and compaction 

temperatures for PG+X mixes. Volumetric mix design was conducted after completing the binder 

tests. Mix stiffness, moisture damage resistance, rutting resistance, and fatigue damage resistance 

were evaluated for all mixes. The evaluation of the thermal cracking resistance was conducted on 

three approaches (two approaches using the wet-process binders and one approach using the dry-

process rubber). The one remaining approach using the wet-process binder did not test the thermal 

cracking resistance because the other two approaches using the wet-process binders showed that 

the thermal cracking resistance was mainly influenced by the binder properties (i.e., intermediate 

PG), which did not require measurement of mix properties. 

7.2.1 Material Classification and Preparation 

7.2.1.1 Classification of PG+X Materials 

The material preparation followed the approaches identified by Caltrans and industry in 2016 (17): 
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Approach-1: PG+X for binders with five and ten percent rubber by weight of the binder that 

meet the current Caltrans PG-M (modified binder) specification (2). Aggregate 

gradations were not adjusted to accommodate the rubber in the binder. The 

Approach-1 binder suppliers’ understanding was that the PG+X binder they 

delivered needed to meet the same high and low PG grade as the control binder. 

Approach-2: PG+X asphalt rubber binders that meet the requirements (i.e., PG) similar to those 

in the anticipated PG-AR (asphalt rubber) specifications using the modified 

Superpave PG system (70). It was anticipated that binders prepared using the same 

approach currently being used to prepare asphalt rubber binders for gap- and open-

graded mixes (i.e., rubber particles smaller than 2.36 mm [passing the #8 sieve]) 

and in chip seals (i.e., rubber particles smaller than 1.41 mm [passing the #14 

sieve]), but at lower rubber contents (five to ten percent), and potentially smaller 

rubber particles would fall into this category. Dense aggregate gradations were 

not adjusted to accommodate the rubber in the binder. The Approach-2 binder 

suppliers’ understanding was that the PG+X binder they delivered should use the 

control binder as the PG+X base binder, and the PG+X binder did not need to 

meet the same high and low PG grade as the control binder. 

Approach-3: Addition of between 0.25 and 0.50 percent rubber per ton of asphalt mix (~ 5 to 

10 lb/ton [2.3 to 4.5 kg/ton]) using a dry-process. Mixes prepared in this way must 

still meet all Caltrans specifications. The PG of the binder should not be affected 

if this approach is followed since the rubber is not blended into the binder. No 

adjustment to the gradation was made to accommodate the rubber. 
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Approach-4: Same as Approach-2, but using other recycled tire rubber formulations typically 

with a finer rubber particle size, such as devulcanized tire rubber, which can be 

field-blended to produce a binder containing between five and ten percent rubber 

by weight of the binder that still meets PG-M binder specifications (2) but with 

potentially some relaxation of the solubility and/or separation parts of the 

specification. Agreement between Caltrans and industry allowed that the addition 

of the rubber might result in a change to the PG of the base binder. Dense 

aggregate gradations were not adjusted to accommodate the rubber in the binder. 

The Approach-4 binder suppliers’ understanding was that the PG+X binder they 

delivered should use the control binder as the PG+X base binder, and the PG+X 

binder did not need to meet the same high and low PG grade as the control binder. 

Table 7.1 summarizes the PG+X binders and mixes evaluated in this chapter. The asphalt binders 

were provided to UCPRC with the acknowledgment by the suppliers that their binders met the 

requirements of the selected approach listed above. 

The Approach-1 PG+X binders were blended at the suppliers’ refineries/terminals, which is known 

as a terminal blend process. The base asphalt binder was blended with crumb rubber particles 

reported by the supplier as smaller than 250 microns (passing the #60 sieve) at a 25 percent 

concentration by weight of the binder. This mixed binder was then blended with a low PG binder 

(i.e., PG 58-28) and some other additives (i.e., SBS) to accommodate the required final binder PG 

(i.e., PG 64-16). This production process was summarized from the oral communication between 

the laboratory and the supplier. The supplier guaranteed that the final PG+X binders contained the 

required amount of rubber (five and ten percent rubber by weight of the binder), and these binders 

met all PG-M binder criteria listed in the Caltrans Section 92 specification (2). The laboratory did 
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not know the exact additives used in the Approach-1 binders. The laboratory used the standard 

Superpave PG system to grade the binders received from the suppliers. 

The field blend process was used to produce the Approach-2 rubber-modified binders at a local 

asphalt plant. The Approach-2 binders are the Group B binders discussed in Chapter 5. The binder 

profile provided by the supplier showed that the rubber particles used in these Approach-2 PG+X 

binders were smaller than 2.36 mm and 1.18 mm, respectively. The gradations of the coarse and 

fine rubber particles used in these binders are shown in Figure 5.8. No additional additives or 

extender oils were used. The blending was conducted at 190˚C. Blending of the five and ten percent 

rubber contents took 30 and 60 minutes, respectively. The laboratory used the modified Superpave 

PG system to grade the received binders with the understanding that no additives other than rubber 

were used in Approach-2 binders.  
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Table 7.1: Material Factors Summary  

Approach 
Refinery 

Code 
Blending Type 

Rubber 

Content 

(%) 

Maximum 

Rubber 

Particle 

Size(mm) 

Binder ID1 Mix 

ID 

1 

A Control 0 N/A A-64-16 A 

A 
Terminal 

Blend 
5 <0.25 A-64-16-5-0.25 B 

A 
Terminal 

Blend 
10 <0.25 A-64-16-10-0.25 C 

A Control 0 N/A A-70-10 D 

A 
Terminal 

Blend 
5 <0.25 A-70-10-5-0.25 E 

A 
Terminal 

Blend 
10 <0.25 A-70-10-10-0.25 F 

2 

B Base 0 N/A B-64-22 S 

B Field Blend 5 <2.36 B-64-22-5-2.36 T 

B Field Blend 10 <2.36 B-64-22-10-2.36 U 

B Field Blend 5 <1.18 B-64-22-5-1.18  

B Field Blend 10 <1.18 B-64-22-10-1.18  

3 
A Dry  <2.36 A-64-16-DRY-5-2.36 G 

A Dry 10 <2.36 A-64-16-DRY-10-2.36 H 

4 

C Base 0 N/A C-64-22 J 

C 
Terminal 

Blend 
5 <0.25 C-64-22-5-0.25 K 

C 
Terminal 

Blend 
10 <0.25 C-64-22-10-0.25 L 

1 Binder ID format: source-PG-rubber content in percent-maximum rubber size in mm. 

Approach-3 mixes were produced using a dry mixing process. As defined by the production 

methodology, no modified binder was used in the mix. The unmodified control binder used in Mix 

A was also used to produce the mixes with dry-process rubber. The crumb rubber was the same 

coarse rubber (<2.36 mm [passing the #8 sieve]) used in Approach-2, and these rubber particles 

were directly blended with the aggregate and binder in the mixing unit. No binder test was used in 

Approach-3 since the dry-process procedure did not modify the binder before mixing. The 

laboratory did not use any additives other than rubber in the Approach-3 mixes.  

For Approach-4 materials, a California refinery provided the PG 64-22 base binder. Approach-4 

binders are the Group A binders discussed in Chapter 5. The supplier guaranteed that the 
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devulcanized rubber used in their product had particles smaller than 250 microns (passing the #60 

sieve). The base binder was delivered to the rubber recycling company to blend with devulcanized 

rubber particles at 190˚C to produce a concentrated binder with a rubber content of 25 percent. 

This concentrated binder was then further diluted at the UCPRC laboratory with the same base 

binder at 163˚C to obtain the final two products containing equivalent rubber dosages of five 

percent and ten percent, respectively. The laboratory conducted Superpave performance-grading 

on the received binders with the understanding that no additives other than rubber were used in 

these Approach-4 binders. 

The laboratory test results showed that the solubilities were 97.5 percent for the Approach-4 

rubber-modified binder containing five percent rubber and 95.2 percent for the one containing ten 

percent rubber. The test results indicated that Approach-4 rubber-modified binders with ten percent 

rubber did not meet the 2018 Caltrans specification (2) solubility requirement for modified binders, 

which is a minimum of 97.5 percent. This solubility criterion has been relaxed in Florida and 

Louisiana (31,32), considering that all other binder properties meet the specification criteria (i.e., 

PG). 

7.2.1.2 Aggregate and RAP 

A dense-graded job mix formula (JMF) from a local asphalt plant was used to prepare mixes for 

this part of the study. Table 7.2 shows the aggregate gradation. Five virgin aggregate bins (3/4" 

manufactured aggregate [MA], 1/2" MA, 3/8" MA, 1/4" dust, and sand bins) plus 3/8" RAP were 

blended to meet the target gradation. RAP was used in this dense-graded mix following the 

common practice in California (2,194). The quartering and splitting of the RAP materials were 

strictly controlled in the laboratory to ensure that the RAP contents in each mix were similar (167), 
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such that the use of RAP was not considered as an active factor in the analysis because the control 

mixes and PG+X mixes contained the same RAP.  

Virgin aggregates were oven-dried at 110ºC, and the RAP was oven-dried at 60°C for at least 20 

hours to remove the moisture. All dried aggregates and RAP materials were stored in sealed barrels 

or buckets until batching. 

Table 7.2: Aggregate Bin and Mix Gradation  

Bin Size 
3/4" 

MA1 

1/2" 

MA 
3/8" MA 

1/4" x 

Dust 

San

d 
3/8" RAP 

Bin Percentage (%) 15.0 12.0 27.0 22.0 9.0 15.0 

Sieve Size (mm) 19  12.5 4.75 2.36  0.60  0.075  

Laboratory Gradation 

Passing Percentage (%) 
99.3 89.6 48.8 31.5 16.6 4.5 

1 MA: Manufactured Aggregate. 

7.2.2 Experimental Design for Rubber-Modified Materials Testing 

A series of laboratory tests were used to evaluate the PG+X binders. The performance-grading 

was used for Approach-1, Approach-2, and Approach-4 binders. The performance evaluation 

focused on the Approach-2 and Approach-4 binders, which contained the required five and ten 

percent rubber without other additives.  

The performance grading tests were used to grade Approach-1, Approach-2, and Approach-4 

binders following AASHTO M 320 (30). Binders in Approach-1 and Approach-4 were produced 

with fine rubber particles smaller than 250 microns (passing the #60 sieve) and were therefore 

tested following the standard AASHTO T 315 procedure (74,162). The refined performance-

grading system discussed in Chapter 5 was followed for testing the Approach-2 PG+X binders, 

which contained coarse rubber particles (>250 microns). Accordingly, the standard RTFO-aging 

following AASHTO T 240 (98) and PAV-aging following AASHTO R 28 (97) were applied to all 
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base binders and the Approach-1 and Approach-4 PG+X binders. The modified aging protocols 

were used for Approach-2 PG+X binders.   

A multiple stress creep recovery (MSCR) test was performed on RTFO-aged binders following 

AASHTO T 350 (195). This test was used to evaluate the rutting resistance of the Approach-2 and 

Approach-4 PG+X binders (196,197). A test temperature of 64°C was selected for this testing 

based on the PG of the base binders.  

A rotational viscometer test was used to determine the mixing and compaction temperature for 

Approach-2 and Approach-4 PG+X mixes following AASHTO T 316 (198). The mixing and 

compaction temperatures for Approach-1 binders were given in the binder profiles provided by the 

supplier. These profiles showed that Approach-1 PG+X binders shared the same mixing and 

compaction temperatures with their control binders at the same PG. 

A Brookfield DV-II viscometer was used to determine the viscosities of the Approach-2 and 

Approach-4 PG+X binders. The tests were conducted at 135°C and 165°C. An SC4-27 spindle 

with a 10-mm diameter was used to run the test at these temperatures. No tests were run above 

165°C due to the limitations of the geometry used. The viscosity at higher temperatures (>165°C) 

is lower than the minimum viscosity that can be measured by the SC4-27 spindle (approximate 

measuring range between 250 and 5,000,000 cPa·s), which implies that a larger spindle-SC4-21 

(approximate measuring range between 50 to 1,000,000 cPa·s) should be used. This SC4-21 

spindle has a diameter of 15-mm, and the cup used to load the binder has a diameter of 18 mm. 

The Approach-2 coarse rubber particles (<2.36 mm) were, therefore, larger than the gap (~1 mm) 

between the SC4-21 spindle and the cup in the rotational viscometer, which would have a 

significant impact on the test. The viscosity curves were plotted using the measured points at 
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135°C and 165°C in Section 7.3.3. The laboratory mixing and compaction temperatures were 

determined at the temperatures where binder viscosity reached 0.17 Pa·s and 0.28 Pa·s, 

respectively (2).  

PG+X mix testing included the mix design followed by a series of mechanical tests to assess the 

performance of PG+X binders in dense-graded mixes.  

Section 7.3.5 to Section 7.3.9 discusses the performance of Approach-1, Approach-2, Approach-

3, and Approach-4 mixes. Although the Approach-1 binders were not ideal for evaluating the 

rubber effect because of the uncertainty surrounding the base binder PG and other additives used 

by the binder producer, analysis of the Approach -1 mix performance was necessary to validate 

the application of a small amount of rubber through the approaches identified in the material 

classification (Section 7.2.1).  

The laboratory test plan included the Hamburg wheel track test (HWTT), unconfined repeated load 

triaxial (RLT), flexural frequency sweep (FS), flexural beam fatigue (FAT), and uniaxial thermal 

stress and strain test (UTSST). Table 7.3 summarizes the conditions for these tests. 

The HWT and RLT tests were conducted at high service temperatures (i.e., 50°C) to evaluate 

moisture damage and rutting resistance, respectively. The beam FS tests at temperatures of 10°C, 

20°C, and 30°C were used to characterize the mix stiffness, and the beam FAT tests were used to 

evaluate the mix fatigue performance at 20°C, as this temperature is recommended in AASHTO T 

321. The UTSST was conducted to characterize the thermal cracking resistance at low 

temperatures (i.e., the test starts from 20°C and cools down at 10°C per hour). 
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Table 7.3: Summary of Mix Test Factors 

Test 
Temperature 

(°C) 

Air-Void 

Content (%) 
Testing Parameters Replicates 

HWTT 50 7.0±1.0 Submerged specimen 4 Specimens 

RLT 50 7.0±0.5 Unconfined specimen 5 Specimens 

FS 10, 20, 30 7.0±1.0 
Strain controlled (100 microstrain) 

at 0.01 Hz to 15 Hz 
3 Specimens 

FAT 20 7.0±1.0 
Three strain levels (200, 300, 400 

microstrain) at 10 Hz 

3 Specimens per 

strain level 

UTSST -Δ10/hour 7.0±1.0 Unconfined specimen 2 Specimens 

 

The HWTT followed AASHTO T 324 (200). The specimens were tested in a submerged condition 

at 50°C and up to 35,000 loading cycles. The rut depth was continuously measured throughout the 

whole test process.  

Rutting resistance under dry conditions was evaluated using the RLT test in an asphalt mixture 

performance tester (AMPT), following AASHTO T 378 (201). Harvey et al. (202) found that the 

unconfined RLT test was more sensitive to the temperature than the confined RLT test, which 

indicated that the unconfined RLT test might provide better results than the confined one because 

field rutting is sensitive to temperatures. Yuan (203) found that the unconfined RLT test was faster 

and easier to perform than the confined RLT test, and the former had less variability because it 

resulted in fewer repetitions to failure. Pang’s research (204) showed that the differences between 

unconfined and confined RLT tests were smaller when using the 483 kPa deviator stress than using 

other deviator stresses (207 kPa and 340 kPa).  

In this study, the unconfined RLT test with deviator stress of 483 kPa was used for comparing the 

flow numbers between PG+X mixes and their control mixes. In the RLT test, flow number is 

defined to be the number of loading cycles corresponding to the minimum rate of change of 

permanent axial strain (PAS) (201). The permanent strains were recorded until they reached five 
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percent of PAS or until the end of the test if the number of loading cycles needed to reach five 

percent of PAS was more than 20,000.  

The FS test was conducted to provide a measure of mix stiffness under various loading frequencies 

and temperatures following AASHTO T 321 (169). The test temperatures were 10°C, 20°C, and 

30°C, and loading frequencies ranging from 0.1 Hz to 15 Hz. A sinewave frequency was applied 

to produce a tensile strain of 100 microstrain on the longitudinal surface of the beam. The measured 

flexural stiffnesses and phase angles were horizontally shifted into master curves at 20°C using 

Equation 4.3, Equation 4.4, and the Williams-Landel-Ferry (WLF) shift function (183).  

𝑙𝑜𝑔(𝛼𝑇) =
−𝐶1(𝑇−𝑇𝑟)

𝐶2+(𝑇−𝑇𝑟)
           7.1 

Where: 

𝛼𝑇 = shift factor as a function of temperature T. 

T = test temperature in Kelvin (°K). 

𝑇𝑟 = reference temperature in Kelvin (°K).  

C1 and C2 = fitting parameters.  

The flexural beam fatigue test was performed following AASHTO T 321 at 20°C and 10 Hz (169). 

Three strain levels (low, medium, and high) were applied to each mix type, targeting 1E+04, 

1E+05, and 1E+06 repetitions to failure. The beam fatigue life was determined at the peak of the 

product of flexural stiffness and load cycles to evaluate the mix response to the damage under 

repeated loadings (169). 

The UTSST was developed at the University of Nevada, Reno (UNR) to characterize fracture 

resistance to thermal cracking (205). Before the UTSST test, compacted specimens were oven 

aged at 85°C for 120 hours to simulate long-term aging following AASHTO R 30 (95). The 

standard LTOA protocol, instead of the loose mix aging protocol, was followed because the former 

was the proposed aging protocol that UNR used to prepare specimens for UTSST. During the test, 
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aged specimens were conditioned at 20°C. An initial tensile load of 20±10 N was then applied, 

followed by cooling at a rate of 10°C per hour until the restrained specimen failed. The fracture 

temperature is defined as the temperature at which the applied loading reduces by 25 percent, or a 

global fracture is observed. The test result is presented by the cracking resistance index (CRIEnv), 

which is adjusted using the environmental adjustment factor (FEnv) calculated using Equations 7.2 

and 7.3 (205). 

𝐶𝑅𝐼𝐸𝑛𝑣 =
𝐴𝑉+𝐴𝑖(1+

𝐴𝑉
𝐴𝑉+𝐴𝑖

+
𝐴𝑝

𝐴𝑝+𝐴𝑖
)

(
𝜎𝑣𝑔𝑡

𝜎𝑓⁄ )
× 𝐹𝐸𝑛𝑣        7.2 

𝐹𝐸𝑛𝑣 =
𝐴𝑣𝑔𝑡−𝐹

𝐴𝑣𝑔𝑡−𝑐𝑟𝑖𝑡
           7.3 

Where:  

AV = area of viscous behavior in mm2.  

Ai = area of crack initiation in mm2. 

AP = area of crack propagation in mm2.  

σvgt = thermal stress at viscous glassy transition in kPa. 

σf = thermal stress at fracture in kPa. 

Avgt-F = area under the thermal stress-strain plot between the viscous glassy transition 

temperature and the fracture temperature in mm2. 

Avgt-crit = area under the thermal stress-strain plot between the viscous glassy transition 

temperature and the required environmental temperature at a given location. 
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7.3 Laboratory Test Results and Analysis 

7.3.1 Performance Grading of Rubber-Modified Binders 

Table 7.4 summarizes the continuous grades of the tested binders. The continuous grade is defined 

at the temperature where the binder rheological properties reach the PG criteria per AASHTO M 

320 (30).  

Table 7.4 shows that Approach-1 PG+X binders maintained the same PG as the control binders 

under unaged, RTFO- and PAV-aged conditions. This observation indicated that the Approach-1 

PG+X binders provided by the supplier had the same high and low temperature PGs to the control 

binders, which was noted before that the suppliers understood their objective. For Approach-2 and 

Approach-4 binders, the PG+X binders had higher continuous grades than their base binders at 

unaged and RTFO-aged conditions.  

For Approach-2 binders, a one-grade bump (+6°C) of the base binder high PG was observed when 

adding five percent rubber, and a two-grade (+12°C) bump was reached when using ten percent 

rubber. For Approach-4 binders with rubber particles smaller than 250 microns (passing the #60 

sieve), adding five percent rubber increased the high temperature continuous grade by an 

equivalent of 3°C, and adding ten percent rubber increased the high temperature continuous grade 

by one grade (+6°C). The results indicated that PG+X binders were stiffer than the base binder at 

high temperatures after short-term aging that simulated the aging condition after production and 

placement. These stiff rubber-modified binders had the potential to provide a better high-

temperature rutting resistance.  

  



 

297 

 

Table 7.4: Binder Continuous Grade 

Approach Binder ID1 

Unaged Binder (°C) RTFO Binder (°C) PAV Binder (°C) 

G*/sin 

(δ) =1.00 

kPa 

Grade 

Change 

to Base 

Binder2  

G*/sin 

(δ) 

=2.20 

kPa 

Grade 

Change 

to Base 

Binder2 

G*× sin 

(δ) 

=5,000 

kPa 

Grade 

Change 

to Base 

Binder2  

1 

A-64-16 67.1 - 66.5 - 28.7 - 

A-64-16-5-

0.25 
67.0 - 67.6 - 23.8 - 

A-64-16-10-

0.25 
68.3 - 68.5 - 26.0 - 

A-70-10 71.4  70.8  33.3  

A-70-10-5-

0.25 
71.9 - 72.2 - 31.6 - 

A-70-10-10-

0.25 
72.7 - 72.6 - 32.9 - 

2 

B-64-22 67.7 - 70.1 - 22.8 - 

B-64-22-5-2.36 73.7 +6.0 86.7 +16.6 20.3 -2.5 

B-64-22-10-

2.36 
84.4 +16.7 90.9 +20.8 19.4 -3.4 

B-64-22-5-1.18 74.6 +6.9 85.2 +15.1 21.8 -1.0 

B-64-22-10-

1.18 
80.1 +12.4 93.1 +23.0 22.0 -0.8 

4 

C-64-22 67.6 - 69.1 - 24.3 - 

C-64-22-5-0.25 71.0 +3.4 72.9 +3.8 21.0 -3.3 

C-64-22-10-

0.25 
75.4 +7.8 76.7 +7.6 20.2 -4.1 

1 Binder ID format: source-PG-rubber content in percent-maximum rubber size in mm 
2 Grade change was the result of subtracting the grade of the PG+X binder from that of its base binder.  
 

For Approach-2 and Approach-4 PG+X binders, Table 7.4 also shows that increasing the rubber 

content and maximum particle size increased the high temperature continuous grades determined 

at unaged and RTFO-aged conditions, which indicated that these digested and incompletely 

digested rubber particles stiffened the binder. The change in the continuous grade appeared to be 

proportional to the rubber content and rubber particle size.  

The Approach-4 PG+X binders containing fine rubber particles (smaller than 250 microns [passing 

the #60 sieve]) demonstrated an apparent proportional correlation between high temperature 
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continuous grade increase and rubber content. This correlation in the Approach-2 binders was less 

apparent, which was attributed to the coarser, incompletely digested rubber particles in the binder.  

Figure 7.1 presents the binder phase angles at 70°C. In rheological measurement, a low phase angle 

corresponds to higher elasticity (5). In an unaged condition, the Approach-2 and Approach-4 

PG+X binders had lower phase angles than their base binders, indicating that adding rubber 

particles improved the elastic properties of rubber-modified binders. The phase angles of RTFO-

aged binders were also lower than those of unaged binders.  

A comparison of PG+X binders in Approach-2 and Approach-4 showed that increasing the rubber 

content and rubber particle size generally decreased the phase angle, as expected. The only 

exception was that the Approach-2 B-64-22-10-2.36 binder showed a higher phase angle than the 

Approach-2 B-64-22-10-1.18 after RTFO-aging. This was probably because of the difference in 

the rubber digestion between the coarse rubber (CRM_2.36, maximum particle size smaller than 

2.36 mm) in B-64-22-10-2.36 and the fine rubber (CRM_1.18, maximum particle size smaller than 

1.18 mm) in B-64-22-10-1.18. The fine rubber (CRM_1.18, maximum particle size smaller than 

1.18 mm) digested better than the coarse one in the RTFO-aged condition. The fine rubber better 

modified the binder, resulting in a larger decrease of the phase angle than the coarse rubber in the 

RTFO-aged condition. 
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a: Approach-2 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
b: Approach-4 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.1: Binder phase angles at 70°C. 

 

Table 7.4 shows that Approach-2 and Approach-4 PG+X binders tended to have lower 

intermediate continuous grades than their base binders after PAV-aging. Figure 7.2 presents the 



 

300 

 

grading test results at 25°C and 1.59 Hz (10 radians/second condition). The results show that 

adding rubber generally decreased the G*×sin (δ) value, which is the criterion used for determining 

continuous grades at intermediate temperatures. This observation indicated that PG+X binders 

were softer than the base binder at intermediate temperatures, which led to a potentially better 

fatigue resistance than the base binder in controlled-strain flexural beam fatigue tests. The change 

of continuous grade was similar to conventional AR binders containing between 18 and 22 percent 

rubber by weight of the binder with rubber particles smaller than 2.36 mm (passing the #8 sieve) 

(5,70), implying that similar effects of rubber modification of the binder could be achieved by this 

PG+X defined field blend process using a low rubber percentage (i.e., five and ten percent) and 

small particle sizes (i.e., smaller than 250 microns or 1.18 mm).  

The effect at intermediate temperatures of rubber modification is positively related to rubber 

content and rubber particle size. Increasing the rubber content and particle size decreased the 

G*×sin (δ) values of the binders within the same approach. The low G*×sin (δ) values indicated a 

soft binder at intermediate temperatures (i.e., 25ºC), which benefited the fatigue performance in a 

controlled-strain flexural beam fatigue test. 
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a: Approach-2 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
b: Approach-4 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.2: Grading tests for PAV-aged binders at 25°C and 1.59 Hz (10 radians/second). 

 

The BBR tests were conducted at -12°C according to the low PG of the base binders. The results 

shown in Figure 7.3 indicate that PG+X binders had lower creep stiffnesses than their base binders. 
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Increasing the rubber content decreased the creep stiffness because more rubber particles were 

blended into the binder, as shown in Figure 5.11. Under the same thermal force caused by cooling, 

PG+X binders would generate lower thermal stresses than their base binders because of their lower 

stiffnesses, which lowered the binder’s tendency to crack for a given thermal contraction strain. 

The m-values of the rubber-modified binders were lower than those of their base binders. Lee et 

al. and Cong et al. (52,55) concluded that the m-value was dominated by base binders rather than 

the rubber. In the PG+X binders, a proportion of base binder was replaced by rubber particles (in 

other words, adding rubber reduced the actual base binder amount), which decreased the stress 

relaxing capability. The rubber-binder interaction that occurred in the rubber-modified binders 

might also change the m-value. 

The contradicting effects of creep stiffness and m-value changes on low-temperature cracking 

resistance for PG+X binders need further analysis, which is discussed in the following paragraphs.  

 
a: Approach-2 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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b: Approach-4 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm ) 

Figure 7.3: BBR test results for PAV-aged binders at -12°C. 

 

A second round of BBR test was run at lower temperatures (-18°C and -24°C) to calculate the 

critical temperatures of these binders, defined as the temperature where stiffness equals 300 MPa 

or m-value equals 0.300. Table 7.5 summarizes the BBR test results. The results show that 

Approach-2 and Approach-4 PG+X binders had lower critical temperatures calculated by creep 

stiffness than their base binders, which was credited to the rubber modification. Adding the rubber 

slightly increased the critical temperature calculated using the m-value, which appeared to be 

caused by the lower amount of the base binder (replaced by rubber) in the rubber-modified binder 

and the rubber-binder interaction. These results were consistent with the results of the first round 

BBR tests. 

The difference between the critical temperatures calculated by stiffness and by m-value is termed 

ΔTC, which is an index of the binder stress relaxation (198,199). Table 7.5 shows that Approach-
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2 and Approach-4 binders had negative ΔTC, indicating that they were m-value controlled. 

Increasing the rubber content and rubber particle size increased the absolute value of ΔTC because 

adding the rubber decreased the creep stiffness but did not change the m-value much. The 

difference between the creep stiffness change and the m-value change requires further evaluation 

of the chemical interaction between the rubber and the binder. This observation was consistent 

with those from tests on conventional AR binders (>15 percent rubber content and rubber particles 

<2.36 mm) (5,70). The low-temperature properties of the rubber-modified binders showed 

consistent changes (decreased the creep stiffness but did not change the m-value much) by adding 

five to 20 percent rubber with rubber particle sizes smaller than 2.36mm (passing the #8 sieve). 

The ΔTC of Approach-1 binders were also listed in Table 7.5. The unknown additives and base 

binders affected the BBR results, which brought in noise for analyzing the rubber effect in 

Approach-1 binders. Still, the Approach-1 PG+X binders met the PG requirement identified for 

Approach-1. 

Table 7.5: Binder BBR Test Results 

Approach Binder ID1 
TC-stiffness 

(°C) 

TC-m value 

(°C) 

ΔTC 

(°C) 

1 

A-64-16 -11.0 -14.5 3.4 

A-64-16-5-0.25 -15.1 -15.3 0.3 

A-64-16-10-0.25 -12.9 -17.2 4.3 

A-70-10 -10.0 -21.9 11.9 

A-70-10-5-0.25 -10.3 -9.7 -0.6 

A-70-10-10-0.25  -8.1 -10.6 2.6 

2 

B-64-22 -17.3 -14.6 -2.6 

B-64-22-5-2.36 -19.8 -12.2 -7.5 

B-64-22-10-2.36 -24.7 -12.5 -12.2 

B-64-22-5-1.18 -17.9 -12.3 -5.6 

B-64-22-10-1.18 -22.4 -12.3 -10.1 

4 

C-64-22 -15.6 -14.8 -0.8 

C-64-22-5-0.25 -19.0 -14.4 -4.6 

C-64-22-10-0.25 -20.6 -13.8 -6.8 
1 Binder ID format: source-PG-rubber content in percent-maximum rubber size in mm. 
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7.3.2 Multiple Stress Creep Recovery Test of Rubber-Modified Binders 

MSCR tests were conducted at two stress levels: 0.1 kPa and 3.2 kPa. D'Angelo et al. (196) 

suggested that non-recoverable compliance (Jnr) could be used as an index of rutting resistance. 

Figure 7.4 and Figure 7.5 plot the MSCR test results at 64°C. The results showed that Approach-

2 and Approach-4 PG+X binders both had lower Jnr values than their base binders, indicating that 

mixes produced with these PG+X binders could have better rutting resistance than mixes produced 

with their base binders. Using the coarse rubber (<1.18 mm or <2.36 mm) as in Approach-2 binders 

showed more Jnr-value reductions than using the fine rubber (<250 microns) as in Approach-4 

binders. However, the fine rubber appeared to be better digested than the coarser rubber, as the 

delta Jnr values in Approach-4 binders were proportional to the rubber contents in Figure 7.4b.  

 
a: Approach-2 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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b: Approach-4 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.4: Non-recoverable compliances of the RTFO-aged binders at 64°C. 

 

Comparing Jnr values from the tests done at 0.1 kPa and 3.2 kPa stress levels revealed that 

increasing the test stress increased the Jnr values, as expected. Figure 7.4 also shows that increasing 

the rubber content decreased the Jnr values because the PG+X binders were stiffer than their base 

binders.  

Figure 7.5 shows the percentage recovery during the unloading phase in the MSCR test, which is 

used to identify the binder's ability to recover the deformation. A low percentage recovery implies 

that the binder is vulnerable to accumulated permanent deformation (195,196). The test results 

show that PG+X binders had higher recovery percentages than their base binders when the 

loadings were removed. Asphalt binder itself is a visco-elastic material (5), and this unmodified 

binder generally has a low capability of elastic recovery when unloaded at the tested temperature, 

as Figure 7.5 shows. In contrast, PG+X binders showed a higher recovery percentage, which was 
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attributed to modification by the elastic rubber. Approach-2 and Approach-4 PG+X binders 

showed that increasing the rubber content increased the percentage recovery.  

 
a: Approach-2 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
b: Approach-4 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.5: Percentage recoveries of the RTFO-aged binders at 64°C. 
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Increasing the maximum rubber particle size from smaller than 0.25 mm (passing the #60 sieve) 

to smaller than 2.36 mm (passing the #8 sieve) further improved the Jnr values and percentage 

recoveries. The finer particles (smaller than 250 microns [passing the #60 sieve]) used in the 

Approach-4 PG+X binders appeared to be better digested than the coarser rubber (smaller than 

2.36 mm or smaller than 1.18 mm) used in the Approach-2 binders. Figure 7.4 and Figure 7.5 show 

that delta Jnr values and delta percentage recovery were mostly proportional to the rubber content 

in the Approach-4 binders.  

In summary, the MSCR results indicate that Approach-2 and Approach-4 PG+X binders would be 

less susceptible to rutting, owing to their lower permanent deformation and higher elastic recovery. 

Increasing the rubber content and rubber particle size further improved the rutting resistance. 

7.3.3 Rotational Viscosity Test of Rubber-Modified Binders 

The rotational viscosity test was used to determine the mixing and compaction temperatures for 

the PG+X binders used in the mix. The mixing and compaction temperatures have to be elevated 

when rubber is added, if not compensated for in the selection of the base binder and additives, to 

decrease the binder’s viscosity and to improve the binder coating of the aggregates. The standard 

binder viscosities for mixing and compaction temperatures are 0.17 Pa·s and 0.28 Pa·s, 

respectively (2). 

Figure 7.6 shows the rotational viscosity test results. The results indicate that increasing the rubber 

content and the rubber particle size increased the binder viscosity, as expected. When the 

temperature was low (i.e., <165°C), PG+X binders showed higher viscosities than their base 

binders, which was attributed to the presence and swelling of the rubber particles (23,39). When 

the temperature was increased (i.e., >135°C), the viscosities of the PG+X binders decreased, 
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indicating that elevating temperature was necessary to facilitate the workability of Approach-2 and 

Approach-4 PG+X binders.  

A steeper curve between the temperature and viscosity was found for these PG+X binders than 

their base binders. A higher rubber content and coarser rubber particle size amplified the change 

of temperature-dependent viscosity. The binders containing coarser rubber had higher viscosities 

than those containing finer rubber based on the results of Approach-2 PG+X binders. 

 
a: Approach-2 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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b: Approach-4 Binder (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.6: Rotational viscosity test results. 

 

7.3.4 Volumetric Design of Rubber-Modified Mixes 

During mixing, batched virgin aggregates were placed in an oven overnight at 15°C above the 

mixing temperature to reach the equilibrium temperature needed for aggregates following 

AASHTO R 35 (206). The preheating temperature of the RAP was 110°C for one hour to prevent 

overheating of the reclaimed asphalt binder (2). The mixing and compaction temperatures are 

summarized in Table 7.6.  

The mixing and compaction temperatures were determined as the temperatures where the 

rotational viscosity is 0.17 Pa·s and 0.28 Pa·s, respectively (2). The binders were heated to these 

elevated temperatures to facilitate the coating of the aggregate surface during mixing and 

compaction.  
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Table 7.6 shows that Approach-1 PG+X binders had the same mixing and compaction 

temperatures as the control binder at the same PG. The mixing and compaction temperature were 

not changed for the Approach-3 mixes since these mixes with dry-process rubber were prepared 

with the same unmodified binder. The mixing and compaction temperatures for the Approach-2 

and Approach-4 PG+X binders were determined from the rotational viscometer test results shown 

in Figure 7.6. These elevated temperatures were generally lower than the typical mixing 

temperatures (>190°C) used for traditional RHMA-G mixes (2,70). The gyratory compactor was 

set to 600 kPa, which was the same pressure used for conventional dense-graded mixes. This 

pressure was lower than the gyratory compaction pressure for RHMA-G (825 kPa) (2,70). From 

this perspective, PG+X materials provide a way of using recycled rubber at lower production 

temperatures and compaction efforts than conventional RHMA-G mixes.  

A common practice for RHMA mix compaction is to hold or square specimens in the mold for 30 

to 45 minutes after compaction and before extraction. This prevents expansion of the specimen 

caused by continued swelling of the rubber particles during cooling (2,70). The squaring durations 

for different PG+X mixes were determined on a case-by-case scenario. Given the low rubber 

content in the wet-process binders used in PG+X mixes, no cooling and squaring inside the 

gyratory mold was applied. Visual observations showed that specimen dimensions did not change 

and that no visible damage occurred on the specimen surfaces. A 30-minute squaring period was 

applied to the mixes with dry-process rubber to prevent extended rubber swelling or dilating. 
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Table 7.6: Mixing and Compaction Settings 

Approach 

 

Mix 

ID 
Binder ID1 

Binder 

Temp for 

Mixing (ºC) 

Compaction 

Temp(ºC) 

Compaction 

Pressure 

(kPa) 

Constant 

Height 

Squaring 

Time 

(Minutes) 

1 

A A-64-16 150 140 600 0 

B A-64-16-5-0.25 150 140 600 0 

C A-64-16-10-0.25 150 140 600 0 

D A-70-10 170 155 600 0 

E A-70-10-5-0.25 170 155 600 0 

F A-70-10-10-0.25 170 155 600 0 

2 

S B-64-22 160 149 600 0 

T B-64-22-5-2.36 178 176 600 0 

U B-64-22-10-2.36 180 178 600 0 

3 

G 
A-64-16-DRY-5-

2.36 
150 140 600 30 

H 
A-64-16-DRY-10-

2.36 
150 140 600 30 

4 

J C-64-22 150 140 600 0 

K C-64-22-5-0.25 165 158 600 0 

L C-64-22-10-0.25 170 166 600 0 
1 Binder ID format: source-PG-rubber content in percent-maximum rubber size in mm. 

A Superpave volumetric design was used to determine the optimum binder contents (OBC) for 

these mixes to meet Caltrans’ Type-A HMA criteria (2). Table 7.7 summarizes the volumetric 

design results. These volumetric parameters indicated that Approach-1 and Approach-4 PG+X 

mixes passed the mix design criteria at the same OBC as the control mix. When the rubber particles 

were small than 250 microns, no adjustment of the binder content was needed. In these PG+X 

mixes, the base asphalt binder amounts were, in fact, lower than in the control mix when the rubber 

particles are taken into account. The volumetric parameters (air-void contents, voids in mineral 

aggregate [VMA], and voids filled by asphalt [VFA]) listed in Table 7.7 show that using these 

small amounts (five and ten percent by weight of the binder) of fine rubber particles (<250 

microns) were not expected to cause any volumetric issues during laboratory mix production. 
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In contrast, the OBC increased for Approach-2 PG+X mixes compared with the mix using the base 

binder. Using the large rubber particles (maximum rubber particle size smaller than 1.18 mm and 

2.36 mm, which were larger than the fine rubber used in Approach-4) resulted in the OBC 

increasing 0.3 percent by dry weight of the aggregate (DWA) when adding five percent rubber by 

weight of the binder, and by 0.6 percent of DWA when adding ten percent rubber. These changes 

indicated that increasing the OBC to have a similar base asphalt binder amount to the control mix 

was necessary for using PG+X binders with coarse rubber particles (<1.18mm and <2.36 mm) in 

a dense-graded mix.  
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Table 7.7: Summary of Volumetric Mix Design 

Approach 
Mix 

ID 
Binder ID1 

Optimum 

Binder 

Content 

(%) 

Base 

Asphalt 

Binder 

Content 

(%) 

Air-Void 

Content 

(%) at 

Ndesign (85 

Gyrations)2 

VMA 

(%)2 

VFA 

(%) 

Dust 

Proportion2 

1 

A A-64-16 5.3 5.3 4.0 14.4 72.4 1.03 

B 
A-64-16-5-

0.25 
5.3 5.0 4.2 14.6 71.4 1.03 

C 
A-64-16-10-

0.25 
5.3 4.8 4.3 14.7 70.8 1.04 

D A-70-10 5.3 5.3 4.4 14.9 70.7 1.02 

E 
A-70-10-5-

0.25 
5.3 5.0 3.9 14.3 72.6 1.04 

F 
A-70-10-10-

0.25 
5.3 4.8 4.3 14.8 70.6 1.03 

2 

S B-64-22 5.3 5.3 4.3 14.8 71.1 0.99 

T 
B-64-22-5-

2.36 
5.6 5.3 4.5 15.3 70.4 0.97 

U 
B-64-22-10-

2.36 
5.9 5.3 3.8 15.5 75.2 0.90 

3 

G 
A-64-16-

DRY-5-2.36 
6.0 5.7 4.1 16.4 74.7 0.87 

H 

A-64-16-

DRY-10-

2.36 

6.8 6.1 4.2 19.3 78.3 0.68 

4 

J C-64-22 5.3 5.3 4.1 14.4 72.4 1.03 

K 
C-64-22-5-

0.25 
5.3 5.0 4.0 

14.6 71.4 1.03 

L 
C-64-22-10-

0.25 
5.3 4.8 4.0 

14.7 70.8 1.04 

1 Binder ID format: source-PG-rubber content in percent-maximum rubber size in mm. 
2 Design criteria (2): Air-void content at Ndesign range is 4±0.5 percent; voids in mineral aggregate range is 

between 13.5 and 16.5; dust proportion range is between 0.6 and 1.3. 

 

The Approach-3 mixes with dry-process rubber also required an increase in the binder content to 

meet volumetric design criteria. Since there was no pre-blending between rubber particles and the 

asphalt binder in the dry-process, rubber particles were considered as part of the aggregate. 

Increasing the binder content resulted in a lower dust proportion (dust to binder ratio). The swelling 

and possible dilation of the rubber particles occurred during the mixing and compaction process 
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when they were exposed to and absorbed the hot binder (207). Consequently, the OBC increased 

with increasing rubber content along with the increases in VWA and VFA in Approach-3 mixes.  

The increases in OBC required for the Approach-3 mixes were consistent with the Approach-2 

mixes. However, the mixes with dry-process rubber required more binder than the mixes with wet-

process binders to meet the target air-void content at the design gyration count. 

The results from the volumetric designs showed that the Approach-3 A-64-16-DRY-10-2.36 mix 

exceeded the maximum VMA criterion for Type-A HMA mix per Caltrans standards (2,70) and 

that the VFA value was also high. Given that the dense-graded design was not formulated to 

accommodate rubber particle swelling, problems were expected to occur when they swelled on 

contact with the asphalt binder. This would affect other volumetric properties. Caution should 

therefore be used in the use of coarse dry rubber (<2.36 mm [passing the #8 sieve]) in dense-graded 

mixes.  

Figure 7.7 plots the air-void contents for the tested specimens. The results showed that the target 

requirements were met (7±0.5 for AMPT specimens and 7±1 for beams), indicating that air-void 

content could be obtained for PG+X mixes using the standard laboratory mixing and compaction 

method. The beam specimens of Mix B (A-64-16-5-0.25), Mix C (A-64-16-10-0.25), and Mix D 

(A-70-10) had average air-void contents close to the lower limit allowed in the experiment design 

(still met the 7±1 percent air-void content requirement for beams). The relatively low air-void 

contents in these three mixes were taken into consideration in the analysis in the following sections. 
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a: Gyratory compacted AMPT specimens 

 
b: Rolling wheel compacted beams 

Figure 7.7: Summary of air-void contents for tested specimens. 
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7.3.5 Evaluation of Mix Stiffness 

The mix performance analysis sequence starts with mixes with wet-process binders followed by 

mixes with dry-process rubber in the following sections.  

The measured flexural moduli and phase angles from the flexural frequency sweep tests were 

horizontally shifted into a master curve using the symmetric sigmoidal fit function (141) and 

Williams-Landel-Ferry shift function (183) presented in Equation 4.3, Equation 4.4, and Equation 

7.1. 

Figure 7.8 shows these master curves at 20°C. There were no apparent visible changes between 

the control mixes and the Approach-1, indicating that using these PG+X binders, prepared with 

rubber particles smaller than 250 microns (passing the #60 sieve), in dense-graded mixes should 

not result in a much stiffness change.  

The Approach-2 mixes prepared with binders with coarser rubber particles (<1.18 mm and <2.36 

mm) had apparent higher flexural stiffnesses than the control mix between 1E-04 to 1E+02 Hz in 

the master curves, which indicated that these PG+X mixes were stiffer than the control mix.  

For Approach-3 mixes with dry-process rubber, noticeable decreases in flexural stiffness were 

observed between 1E-04 to 1E+02 Hz in the master curves, indicating that stiffness decreased with 

the addition of the dry rubber. 

The Approach-4 mixes showed a slight stiffness increase at low frequencies (<1E-02 Hz), but no 

notable stiffness changes at intermediate and high frequencies (>1E-02 Hz) compared to the 

control mix. 
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a: Approach-1 PG 64-16 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
b: Approach-1 PG 70-10 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Approach-2 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
d: Approach-4 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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e: Approach-3 Mix (dry-process) (Binder ID format: source_rubber content in percent_maximum rubber size in 

mm) 

Figure 7.8: Flexural modulus master curves at 20°C. 
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Approach-4 PG+X mixes would likely provide better rutting resistance than the control mixes at 

these high temperatures. At intermediate temperature conditions (around 20°C and 10 Hz), 

Approach-2 PG+X mixes were stiffer than the control mix, which had a potentially shorter fatigue 

life than the control mix in the controlled-strain flexural beam fatigue test. The Approach-4 PG+X 

mixes showed similar stiffnesses to the control mix in the intermediate temperature conditions. 

The controlled-strain flexural beam fatigue tests were used to further evaluate the fatigue 

performance of the PG+X mixes, and the results were shown in Section 7.3.8. 

The Approach-3 mixes with dry-process rubber had lower stiffnesses than the control mix. These 

mixes would, therefore, likely have poorer rutting resistance at high temperatures (>42°C and 10 

Hz) but potentially better fatigue resistance at intermediate temperatures (around 20°C and 10 Hz) 

than the control mix. A series of laboratory tests presented in Section 7.3.6 to Section 7.3.9 were 

used to further evaluate these PG+X mixes. 

 
a: Approach-1 PG 64-16 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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b: Approach-1 PG 70-10 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
c: Approach-2 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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d: Approach-4 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
e: Approach-3 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.9: Normalized flexural modulus master curves at 20°C. 
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Figure 7.10 plots the complex modulus against phase angle plot (black space diagram) for all 

mixes. The results revealed that PG+X mixes had similar black space trends to their control mixes, 

especially when fine rubber particles (smaller than 250 microns [passing the #60 sieve]) were used. 

 
a: Approach-1 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
b: Approach-2 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Approach-4 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
d: Approach-3 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm 

Figure 7.10: Black diagrams of beam flexural frequency sweep tests. 
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7.3.6 Evaluation of Moisture Damage Resistance 

Figure 7.11 and Figure 7.12 present the HWTT results at 50°C. All mixes rutted less than the 

Caltrans maximum allowable rut depths for their binder PGs. These limits are 12.7 mm at 15,000 

cycles for PG64-XX binders and 20,000 cycles for PG 70-XX binders (2). These mixes showed 

acceptable rutting resistance and moisture damage simulated by the HWTT. No inflection point 

was identified for any specimens despite continuing the tests to 35,000 cycles.  

The rutting curves of the Approach-1, Approach-2, and Approach-4 mixes indicated that PG+X 

mixes produced with wet-process binders generally provided better moisture damage resistance 

than their control mixes. For Approach-1 mixes, PG 70-XX mixes had less rut depth than the PG 

64-XX mixes after the same loading cycles, as the binders used in the former are one PG higher 

and stiffer.  

For Approach-2 and Approach-4 mixes, PG+X mixes showed less rut depth than the control mixes. 

Given that no other additive was used in these mixes, the improvement in moisture-related rutting 

resistance was attributed to the rubber alone. Similar improvements have also been observed in 

RHMA-G mixes containing 20 percent rubber by weight of the binder (81). In general, using the 

wet-process binders in the mix could increase the moisture damage resistance.  
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a: Approach-1 Mix PG64-16 (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
b: Approach-1 Mix PG 70-10 (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Approach-2 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
d: Approach-4 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.11: HWTT result for mixes with wet-process binders. 
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shown in Figure 7.12. The swelling of the rubber particles during the mixing and compaction 

increased the VMA, as shown in Table 7.7. Consequently, water could quickly penetrate the 

aggregate structure and create moisture-related damage. It should be noted that the mixes with dry-

process rubber still provided sufficient rutting resistance to pass the current Caltrans standard (2). 

However, the high rutting rate in the A-64-16-DRY-10-2.36 mix should be noted. The HWTT 

results indicated that using 0.5 percent rubber by weight of the aggregates (approximately ten 

percent rubber by weight of the binder) without adjusting the aggregate gradation for the swelled 

rubber decreased the moisture damage resistance of the mix. 

 
(Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.12: HWTT result for Approach-3 mixes with dry-process rubber. 
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specimens had air-void contents within the 7±0.5 tolerance, as shown in Figure 7.7. Although the 

air-void contents in these specimens met the air-void content requirement, a large variability of the 

flow numbers within each mix type was still observed.  

The AASHTO T 378 test specifies the coefficient of variation for a single operator to be 58.5 

percent for mixes with a nominal maximum aggregate size of 19 mm. The flow numbers shown in 

Figure 7.13 passed this precision requirement. Since the variability of flow numbers within each 

mix type was high, the differences between PG+X mixes and control mixes might not be fully 

attributed to the rubber for Approach-1, Approach-3, and Approach-4 mixes. On the other hand, 

the Approach-2 PG+X mixes showed apparent increases in flow numbers despite the variability. 

Figure 7.13a shows the results for Approach-1 mixes. Approach-1 PG+X mixes had higher flow 

numbers than their control mixes, indicating that Approach-1 PG+X mixes had better rutting 

resistance. Increasing the rubber content increased the rutting resistance for PG 64-16 mixes and 

PG 70-10 mixes. The A-64-26-5/10-0.25 mixes containing five and ten percent rubber by weight 

of the binder had flow numbers similar to the PG 70-10 control mix when they were tested at the 

same temperature (50°C in this case). 

Figure 7.13b and Figure 7.13c show the RLT results for Approach-2 and Approach-4 mixes. These 

PG+X mixes had higher flow numbers than the control mixes. Increasing the rubber content and 

rubber particle size increased the flow numbers, which indicated that these PG+X mixes provided 

a better rutting resistance than their control mixes. The RLT test results followed binder MSCR 

test results shown in Section 7.3.2 that increasing rubber content decreased the Jnr values and 

increased the percentage recoveries. This improved rutting resistance in the mix was credited to 

the higher stiffness of the PG+X binder at this temperature (i.e., 50°C), and also to the increased 
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elastic recovery introduced by the digested rubber particles. The combination of these two 

mechanisms reduced the cumulative permanent deformations under repeat loading-unloading 

cycles. 

Figure 7.13d shows the RLT test results for Approach-3 mixes. These mixes with dry-process 

rubber showed fewer flow numbers than the control mix due to the modified mixes being softer 

than the control mix, resulting in a faster rate of permanent deformation under repeat loadings. 

When increasing the rubber content from five percent to ten percent by weight of the binder (0.25 

to 0.50 percent by weight of the aggregate), the flow number increased but was still lower than 

that of the control mix. This increase was not attributed to the mix stiffness because the A-64-16-

DRY-5-2.36 mix had a similar stiffness to the A-64-16-DRY-10-2.36 mix at the testing 

temperature (>42°C and 10 Hz). Instead, the difference was attributed to better recovery after 

unloading because of the presence of the rubber.  

 
a: Approach-1 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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b: Approach-2 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
c: Approach-4 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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d: Approach-3 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.13: Flow number of rubber-modified mixes at 50°C. 

 

Figure 7.14 shows the plots of average permanent axial strains against loading cycles. The 

permanent axial strain results showed the same rankings as the flow number results. The PG+X 

mixes with wet-process binders (Approach-1, Approach-2, and Approach-4) showed flatter 

permanent strain curves than their control mixes, indicating that these PG+X mixes withstood 

more loading cycles than their control mixes when they reached the same permanent strain. The 

Approach-2 PG+X mixes showed the most improvement in rutting resistance among these 

approaches. The B-64-22-5-2.36 mix withstood double the cycles withstood by the B-64-22 

control mix to reach the same average permanent axial strains, and the B-64-22-10-2.36 mix 

withstood twice as many cycles as the mix with five percent rubber. The Approach-3 mixes with 

dry-process rubber accumulated permanent strains quickly and at a rate that appeared to be even 

faster than the control mix after the same number of loading cycles.  
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a: Approach-1 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
b: Approach-2 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Approach-4 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
d: Approach-3 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.14: Average permanent strains versus cycles at 50°C. 
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7.3.8 Evaluation of Fatigue Damage Resistance 

Figure 7.15 shows the controlled-strain flexural beam fatigue test results at 20°C and 10 Hz. The 

figures plot the predicted fatigue life against applied peak to peak strain on a log-log scale. The 

fatigue lives were estimated between 100 and 1,000 microstrain to show the difference among 

mixes.  

Increasing the rubber content led to a steeper curve between fatigue life and strain in the PG+X 

mixes than their control mixes. Figure 7.15 shows that the fatigue lives of all the PG+X mixes 

were more strain-sensitive than their control mixes. 

For Approach-1 PG 64-XX mixes, the predicted fatigue lives for A-64-16-5-0.25 and A-64-16-10-

0.25 were higher than the control mix (A-64-16) at low strains (< 400 microstrain), probably 

attributed to the lower air-void contents in the PG+X mixes, as Figure 7.7 shows. For Approach-

1 PG 70-XX mixes, the PG+X mixes (A-70-10-5-0.25 and A-70-10-10-0.25) had longer fatigue 

lives than the control mix (A-70-10), despite the fact that Approach-1 A-70-10 mixes had relatively 

lower air-void contents than the other two mixes. For Approach-2 mixes, B-64-22-5-2.36 had 

higher air-void contents than the control mix (B-64-22), but the PG=X mixes still had higher 

fatigue lives at most strains in Figure 7.15b.  

These observations indicated that air-void content was not the main factor that changed the fatigue 

lives of the PG+X mixes tested in this chapter. In general, at low strain levels (<400 microstrain), 

the PG+X mixes had longer fatigue lives than their control mixes, except for the Approach-2 B-

64-22-10-2.36 mix. This mix was much stiffer than the control mix (B-64-22), as Figure 7.9c 

shows. This higher stiffness decreased the fatigue life of the B-64-22-10-2.36 mix in the 
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controlled-strain flexural beam fatigue test. The comparison between PG+X mixes and their 

control mixes was inconclusive at higher strains (>400 microstrain).  

Figure 7.8 and Figure 7.9 show that the stiffnesses of the PG+X mixes were not notably different 

from the control mixes for Approach-1 and Approach-4. The Approach-2 PG+X mixes were stiffer 

than their control mix, but the fatigue lives of the control mix were between these two PG+X 

mixes. On the other hand, the Approach-3 mixes with dry-process rubber were softer than the 

control mix, and the former had longer fatigue lives than the control mix when the strain was lower 

than 600 microstrain.  

The fatigue test results implied that the fatigue performance of these PG+X mixes varied and that 

the fatigue lives of PG+X mixes were more strain-sensitive than their control mixes. To better 

assess the interaction of stiffness and fatigue life in different applications of the PG+X mixes, the 

beam test results were analyzed with the CalME pavement design software to simulate the 

pavement responses under various conditions (i.e., pavement structures, climate conditions, and 

traffic). The simulation results are discussed in Section 7.4. 
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a: Approach-1 PG 64-16 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
b: Approach-1 PG 70-10 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Approach-2 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
d: Approach-4 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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e: Approach-3 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.15: Beam fatigue test results at 20°C. 
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The PG+X mixes (Approach-1 and Approach-4) containing five percent rubber by weight of the 

binder generally provided better thermal cracking resistance than their control mixes. These PG+X 

mixes had the highest CRIEnv and the lowest cracking temperature value in each PG group. In 

contrast, the PG+X mixes containing ten percent rubber by weight of the binder showed the same 

or slightly lower CRIEnv value or fracture temperatures than control mixes. Alavi et al. (205) 

suggested that the CRIEnv value of the mix produced using the laboratory mixing and laboratory 

compaction method should exceed 17 to provide a satisfactory thermal cracking resistance. The 

PG+X mixes with five percent rubber by weight of the binder appeared to have sufficient thermal 

cracking resistance following Alavi’s recommendations.  

The ranking of the thermal cracking resistance (CRIEnv value and fracture temperature) within each 

approach was the same as the ranking of the stiffness of the binder in intermediate and low 

temperatures (<25ºC in this case). Table 7.4 and Table 7.5 show that the Approach-1 and 

Approach-4 PG+X binders containing five percent rubber had the lowest G*× sin (δ) and ΔTC-

stiffness values in each approach. They were softer than other binders at the intermediate and low 

temperatures. The soft binders potentially benefited the thermal cracking resistance measured in 

the UTSST.  

The thermal cracking resistance of Approach-3 mixes with dry-process rubber was similar to the 

control mix. The mixes with dry-process rubber contained higher binder contents (the A-64-16-

DRY-5-2.36 mixes had an OBC of 6.0 percent [5.7 percent of base asphalt binder by DWA, the 

A-64-16-DRY-10-2.36 mixes had an OBC of 6.8 percent [6.1 percent of base asphalt binder by 

DWA) than the control mix (the A-64-16 mixes contained 5.3 percent binder by DWA), as Table 

7.7 shows. This should have benefited the thermal cracking resistance. However, the aggregate 

gradation was not adjusted for the rubber swelling, which appeared to decrease the stone-on-stone 
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contact. This decreased the thermal cracking resistance. The conflicting effects of these two 

mechanisms resulted in inconsistent performance changes for Approach-3 mixes with dry-process 

rubber using 0.25 and 0.5 percent rubber by weight of the aggregate (approximately five and ten 

percent rubber by weight of the binder). 

 
a: Approach-1 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

 
b: Approach-4 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 
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c: Approach-3 Mix (Binder ID format: source_rubber content in percent_maximum rubber size in mm) 

Figure 7.16: UTSST results for PG+X mixes. 
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7.4 Pavement Performance Simulation Using CalME Software 

In addition to the laboratory evaluation, the field performance of PG+X mixes was simulated under 

a wide range of structures, climate conditions, and traffic conditions using the CalME software 

(208-210). The purpose of this CalME simulation was to predict the PG+X mix performance in 

different pavement structures and compare this with the performance of conventional dense-graded 

mixes produced with unmodified binders.  

The simulation was based on the road conditions where these mixes would likely be used following 

the binder PGs. Typical structures used in California were analyzed, namely overlays on a cracked 

asphalt pavement or cracked concrete pavement, and full-depth asphalt pavement. Representative 

traffic volumes and temperature fluctuations were applied during the simulation to model loading 

and environmental impacts. The material parameters were based on the flexural frequency sweep 

and flexural fatigue test results detailed in Section 7.3.5 and Section 7.3.8.  

Simulation results assessed included the development of reflective cracking in overlay cases and 

fatigue cracking in thick pavement cases. Since rutting is mostly controlled by the surface material 

properties, and the evaluation of the rutting has been addressed in Sections 7.3.7, no rutting 

simulation was conducted in this task phase.  

7.4.1 CalME Simulation Input 

Simulations using the CalME software takes into account climate, traffic, material, and pavement 

structure. The estimation of pavement distress is based on changes in pavement conditions (i.e., 

stiffness), critical responses (stress, strain, deflection), and the number of loading repetitions over 

time (208-210). The primary output is the pavement service life, which is the estimated time when 
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the cracking reaches half a meter per meter squared on the layer surface. The design life was 

selected to be 20-years for these simulations. 

Table 7.8 lists the climate inputs that were used for the simulation. Four typical California climate 

regions were selected, and then PG+X mixes were selected for a specific climate region based on 

their binder PGs. The pavement temperatures were calculated on a daily basis using the sinusoidal 

function option that considers the mean yearly surface temperature, yearly temperature range, and 

daily temperature range. The temperature in the pavement is calculated from the surface 

temperature using the finite-difference formulation used in CalME.  

Table 7.8: CalME Climate Input 

Mix ID Binder Grade Climate 

Mean 

Yearly 

Surface 

Temp (ºC) 

Range 

Yearly 

Surface 

Temp (ºC) 

Range 

Daily 

Surface 

Temp (ºC) 

A B C G H 64-16 North Coast (NC) 15.3 12 16 

A B C G H 64-16 Inland Valley (IV) 21.4 23 24 

D E F 70-10 Desert (D) 26.3 28 22 

J K L 64-22 High Desert (HD) 15.4 31 26 

S T U 64-22 High Desert (HD) 15.4 31 26 

 

The three different pavement structures evaluated are summarized in Table 7.9 through Table 7.11. 

In the simulation, the PG+X layer and underlying layers were assumed to be fully bonded.  

Table 7.9: AC on AC Overlays 

Structure Material Thickness (mm) 
Stiffness at 20°Cand 10 

Hz (MPa) 

Layer 1 PG+X 45, 60, 100, 150, 210 Vary by materials 

Layer 2 Old HMA 100 5,000 

Layer 3 Aggregate Base 300 300 

Layer 4 
Subgrade (Clay 

Soil [CL])1 
Infinite 70 

1 CL is clay soil in the Unified Soil Classification System (USCS). 
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Table 7.10: Full-Depth Asphalt Mix 

Structure Material Thickness (mm) 
Stiffness at 20°C and 10 

Hz (MPa) 

Layer 1 PG+X 300 Vary by materials 

Layer 2 Aggregate Base 300 300 

Layer 3 Subgrade (CL) Infinite 70 
1 CL is clay soil in the Unified Soil Classification System (USCS). 

Table 7.11: AC on PCC Overlays 

Structure Material Thickness (mm) 
Stiffness at 20°C and 10 

Hz (MPa) 

Layer 1 PG+X 45, 60, 100, 150 Vary by materials 

Layer 2 PCC 220 35,000 

Layer 3 Aggregate Base 300 300 

Layer 4 Subgrade (CL) Infinite 70 
1 CL is clay soil in the Unified Soil Classification System (USCS). 

Two RHMA-G mixes were added to the overlay comparisons to identify the performance 

differences between PG+X mixes and conventional RHMA-G mixes in different climates. The 

layer thickness for these comparisons was 60 mm, the current maximum allowable thickness for 

RHMA-G in Caltrans practice. Table 7.12 summarizes the RHMA-G mix parameters in this 

simulation. It should be noted that the air-void contents of the RHMA-G mixes were one percent 

lower than the PG+X mixes (beam air-void content 7±1 percent, as shown in Figure 7.7). The total 

binder content was at least 8.3 percent by DWA, which equals at least 6.5 percent base asphalt 

binder content (based on 20 percent rubber content). This is higher than the base asphalt binder 

content in the PG+X mixes, as Table 7.7 shows. The higher base binder content in RHMA-G 

increased the binder film thickness, as discussed in Section 6.3, which can potentially slow crack 

propagation.  

Table 7.12: RHMA-G Mix Parameters  

Mix ID 

Binder 

Content 

(%) 

Air-Void Content 

(%) 
Mix Gradation 

Stiffness at 20°C 

and 10 Hz (MPa) 

RHMA-G#1 8.3 6.0 ½’’ NMAS1 4,329 

RHMA-G #2 8.8 6.0 ¾’’ NMAS1 3,786 
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1 NMAS: Nominal Maximum Aggregate Size. 

The simulation of a full-depth thick pavement was used to investigate the potential application of 

PG+X mixes in a thick pavement structure. The thickness of the asphalt layer was set to multiple 

lifts totaling 300 mm, which is the same thickness in one of the recent AC long-life project designs 

for Interstate Freeway 5 in Sacramento (SAC-5). This design structure contains three HMA layers. 

The combined top and intermediate layer thickness is 240 mm, with a design of four percent air-

void content. The bottom layer is 60 mm thick with a two percent design air-void content. The 

surface layer uses an SBS-modified binder (PG 64-28-SBS) with up to 15 percent RAP, the 

intermediate layer uses a PG 64-16 binder with 25 percent RAP, and the bottom layer uses a PG 

64-16 binder with 15 percent RAP. This SAC-5 design was used as the basis for the CalME 

simulation of a full-depth AC thick pavement. 

The traffic input started with a baseline of 1E+06 equivalent single axle loads (ESALs) per year 

on a 45 mm surface layer for the AC pavement and 2E+05 ESALs on a 45 mm surface layer over 

the cracked PCC pavement. The traffic volumes increased with increasing asphalt layer thickness. 

These traffic inputs were applied because they represent reasonable traffic volumes for the 

corresponding layer thickness. The CalME simulations under these traffic volumes should show a 

clear difference between the different mixes to assist with the comparison between PG+X mixes 

and control mixes. Given that traffic growth was not a primary concern in this study, the annual 

traffic was fixed to the defined values showed in Table 7.13. 
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Table 7.13: CalME Traffic Input 

AC over AC Surface AC over PCC Surface Full-Depth AC 

Thickness 

(mm) 

Traffic (million 

ESAL1/year) 

Thickness 

(mm) 

Traffic (million 

ESAL/year) 

Thickness 

(mm) 

Traffic (million 

ESAL/year) 

45 1 45 0.2 

300 100 

60 2 60 0.2 

100 4 100 1 

150 10 150 2 

210 10 210 N/A 
1 ESAL: Equivalent Single Axle Load. 

7.4.2 Asphalt Mix over Cracked Asphalt Mix Simulation 

Table 7.14 summarizes the reflective cracking rank for the AC over AC application. The 

comparison was made within the approach according to the binder PG group. Given that the mixes 

using binders of different PGs would be used in different climates, no comparison was made across 

binder groups. In this section, the best-performing material is marked as No.1 and the worst as 

No.3 in each climate condition. A total of 35 cases were simulated in the overlay application. Ten 

of these cases used the Approach-1 PG 64-16 mixes (two climate conditions × five thicknesses). 

Five cases used the Approach-1 PG 70-10 mixes. Approach-2 and Approach-4 mixes were 

simulated in the high desert climate with five thicknesses for each approach. The remaining ten 

cases used the Approach-3 mixes (two climate conditions × five thicknesses).  
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Table 7.14: Reflective Cracking Rank of Thin to Thick Overlay Application 

 

Layer Thickness (mm) Considered:  

45, 60, 100, 150, 210 mm.  

The ranking was the same for all thicknesses 

Approach Binder ID1 Mix ID 
Inland 

Valley 

North 

Coast 
Desert 

High 

Desert 

1 

A-64-16 A 3 3   

A-64-16-5-0.25 B 2 2   

A-64-16-10-0.25 C 1 1   

A-70-10 D   2  

A-70-10-5-0.25 E   1  

A-70-10-10-0.25 F   3  

2 

B-64-22 S    1 

B-64-22-5-2.36 T    2 

B-64-22-10-2.36 U    3 

3 

A-64-16 A 1 1   

A-64-16-DRY-5-2.36 G 2 2   

A-64-16-DRY-10-2.36 H 3 3   

4 

C-64-22 J    2 

C-64-22-5-0.25 K    3 

C-64-22-10-0.25 L    1 
1 Binder ID format: source-PG-rubber content in percent-maximum rubber size in mm. 

The plots of reflective cracking curves in the wheel path are presented in Appendix B. Figure B.1 

through Figure B.27 shows no universal optimum rubber content was found for different PG+X 

approaches when using PG+X mixes in AC over AC applications. The best application was 

dependent on the material, climate, and structure together rather than the laboratory tested PG+X 

mix properties (i.e., binder content, mix stiffness, fatigue test result) alone.  

The simulation results for Approach-1 and Approach-4 PG+X mixes showed that increasing the 

rubber content slowed the development of reflective cracking in the AC over AC application in 

the inland valley and north coast climate for all surface layer thicknesses. Approach-1 and 

Approach 4 mixes with 10 percent rubber content had the best performance in the dense-graded 

mix in the inland valley and north coast climates.  
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Figure 7.10 shows that the Approach-1 and Approach-4 PG+X mixes had similar stiffnesses to the 

control mixes. The simulated traffic loading would therefore generate similar tensile strains at the 

bottom of the layer in both these mixes. For the simulation where most strains were lower than 

400 microstrain, the PG+X mixes (A-64-16-5/10-0.25, A-70-10-5-0.25, and C-64-22-5/10-0.25) 

had longer service lives than the control mixes, which was consistent with their fatigue test results 

shown in Figure 7.15. The simulation of the Approach-1 A-70-10-10-0.25 mix showed the fastest 

cracking in the desert climate where a wide range of temperature fluctuations happen. The daily 

temperature fluctuations change the mix stiffness simulated in the surface layer. When the 

temperature was high, the mix stiffness dropped. The traffic load would generate a higher strain at 

the bottom of the layer using this less stiff mix soft mix. Therefore, the service life of the Approach-

1 PG 70-10-10-0.25 mix was reduced at the higher strains (i.e., >400 microstrain), as the fatigue 

test results show in Figure 7.15. 

The PG+X mixes and RHMA-G mixes were compared at 60 mm thickness. The traffic volume 

was two million ESAL according to Table 7.13. The results showed that the RHMA-G mixes 

performed better than the Approach-1 and Approach-4 PG+X mixes. The RHMA-G mix was 

expected to perform better than the DGAC in terms of reflective cracking performance. These 

RHMA-G mixes had a higher binder content and relatively lower air void content than the PG+X 

mixes, which is favorable for reflective cracking resistance (53). The RHMA-G mixes were also 

softer than the PG+X mixes when comparing the stiffnesses in Figure 7.8 and Table 7.12. The 

softer mix was preferred in the thin overlay (60 mm) to provide a longer fatigue life than the stiff 

mix. Without considering the construction cost and other pavement distresses, the RHMA-G mix 

had better reflective cracking performance than the Approach-1 and Approach-4 PG+X mixes in 

the 60-mm thick overlay simulation.  
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Following the CalME simulation results, when using an appropriate rubber dosage for Approach-

1 and Approach-4, the PG+X mixes showed a lower rate of cracking than the conventional asphalt 

mix, indicating that these PG+X mixes could be considered as an alternative to conventional mixes 

in AC over AC applications.  

The Approach-2 PG+X mixes had faster crack propagation rates than their control mix in the AC 

over AC simulation. Increasing the rubber content from five to ten percent further accelerated the 

rate of cracking. Figure 7.15d shows that the Approach-2 mix with ten percent rubber had a shorter 

fatigue life than the mix with five percent rubber.  

The Approach-3 mixes with dry-process rubber were not suitable for inland valley or north coast 

climate applications. The control mix withstood the cracking longer than the mixes with dry-

process rubber. Under the same traffic loading, the softer mixes with dry-process rubber would 

transfer higher loadings to the underlying layer than the control mix would, which would accelerate 

the rate of reflective cracking. 

In summary, five simulations showed that the optimum rubber content was five percent in the 

desert climate using Approach-1 PG 70-10 mixes. Fifteen simulations showed that ten percent 

rubber was recommended in the inland valley, north coast, and high desert climates using 

Approach-1 PG 64-16 mixes and Approach-4 PG 64-22 mixes. Approach-2 PG 64-22 mixes would 

not be recommended in the high desert climate based on the results of the five simulations. The 

Approach-3 mixes with dry-process rubber were not recommended in the inland valley and north 

coast climate.  

The simulation results indicated that there were no uniform optimum applications of the PG+X 

mixes in the AC overlay structure. Based on this observation, ME simulations should be used to 
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select the most appropriate mix for a given set of pavement structure, climate, and traffic 

conditions in the project.  
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7.4.3 Full-Depth Asphalt Mix Simulation 

Table 7.15 summarizes the fatigue cracking rank in the full-depth pavement structure. A total of 

seven cases were simulated in the full-depth application. Two cases used the Approach-1 PG 64-

16 mixes (two climate conditions). One case used the Approach-1 PG 70-10 mixes in the desert 

climate. Approach-2 and Approach-4 mixes were simulated in the high desert climate. The 

remaining two cases used Approach-3 mixes (two climate conditions). The simulation results 

indicated that there was no universal optimum rubber usage for different approaches in this thick 

pavement structure.  

The plots in Figure B.29 through Figure B.32 show that the fatigue cracking was less than 0.01 

percent in most cases because the strain at the bottom of the thick asphalt layer was low. Since the 

pavement was thick and the traffic-related tensile strain at the bottom of the layer was low, 

Approach-1 and Approach-4 mixes generally had longer fatigue lives than the control mixes, 

which was consistent with the laboratory fatigue test results shown in Figure 7.15. In the inland 

valley, north coast, and desert climates, the Approach-1 mix with five percent rubber outperformed 

the mix with ten percent rubber. Figure 7.15 shows that the slopes of strain-Nf curves for the ten 

percent mixes were steeper than the other mixes in Approach-1. When a higher temperature was 

simulated in the mix, the mix stiffness decreased. The PG+X mixes with ten percent rubber were 

more strain-sensitive than the other mixes in the same approach, as shown in Figure 7.15. These 

PG+X mixes with ten percent rubber had shorter fatigue lives in this high strain condition than the 

other two mixes in the same PG group.  
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Table 7.15: Fatigue Cracking Rank of Full-Depth Asphalt Mix Application 

Layer Thickness (mm) 300 

Approach Binder ID1 Mix ID Inland Valley North Coast Desert 
High 

Desert 

1 

A-64-16 A 3 3   

A-64-16-5-0.25 B 1 1   

A-64-16-10-0.25 C 2 2   

A-70-10 D   2  

A-70-10-5-0.25 E   1  

A-70-10-10-0.25 F   3  

2 

B-64-22 S    1 

B-64-22-5-2.36 T    2 

B-64-22-10-2.36 U    3 

3 

A-64-16 A 1 1   

A-64-16-DRY-5-2.36 G 2 2   

A-64-16-DRY-10-2.36 H 3 3   

4 

C-64-22 J    3 

C-64-22-5-0.25 K    2 

C-64-22-10-0.25 L    1 
1 Binder ID format: source-PG-rubber content in percent-maximum rubber size in mm. 

In a high desert climate, the Approach-4 mix with ten percent rubber had the best reflective 

cracking performance. This was consistent with the results in Figure 7.15c, which show that the 

ten percent rubber content mixes generally had longer fatigue lives than the five percent rubber 

content mixes at the same strain level. The opposite trend was observed for the Approach-2 mixes, 

with the five percent rubber content mix showing a longer fatigue life at the lower strain level.  

The comparison between PG+X mixes and the SAC-5 mixes revealed that the Approach-1 and 

Approach-4 mixes generally outperformed the SAC-5 mixes. The Approach-2 and Approach-3 

mixes did not perform as well as the SAC-5 mixes due to the relatively low stiffnesses of these 

mixes, which resulted in a higher tensile strain at the bottom of the layer leading to an increased 

rate of fatigue cracking damage.  

In the inland valley and north coast climate, the SAC-5 mixes outperformed the conventional 

dense-graded mixes, because the rich bottom layer limited the initiation of bottom-up cracking. 
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The Approach-1 and Approach-4 PG+X mixes provided equivalent performance to the SAC-5 

mixes in terms of the rate of fatigue cracking in thick full-depth pavement structures.  

In the desert climate, the SAC-5 mixes were unable to withstand the design traffic volume, as 

expected. These SAC-5 mixes were designed for the inland valley and used a PG 64-XX binder 

instead of a stiffer PG 70-XX binder. Therefore, SAC-5 mixes experienced high strains in the 

desert climate, which increased the rate of fatigue cracking damage.  

In summary, the five percent rubber content was the optimum rubber dosage for using Approach-

1 mixes in the inland valley, north coast, and desert climate for the full-depth application. The ten 

percent rubber content was recommended for use in Approach-4 mixes in the high desert climate. 

The use of Approach-2 and Approach-3 mixes would not be recommended in full-depth 

applications as the three simulation cases show. 
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7.4.4 Asphalt Mix over Cracked Portland Cement Concrete Simulation 

Table 7.16 summarizes the reflective cracking rankings for the AC over PCC application. A total 

of 28 cases were simulated in the overlay application. Eight of these cases used the Approach-1 

PG 64-16 mixes (two climate conditions × four thicknesses). Four cases used the Approach-1 PG 

70-10 mixes in the desert climate. Approach-2 and Approach-4 mixes were simulated in the high 

desert climate with four thicknesses for each approach. The remaining eight cases used the 

Approach-3 mixes (two climate conditions × four thicknesses). 

For the Approach-1 A-64-16 PG+X mixes, the 10 percent rubber content improved the reflective 

cracking resistance in the inland valley and north coast climates. These PG+X mixes had similar 

stiffness to the control mix, but generally longer fatigue lives at lower strains (<400 microstrain) 

in the selected climates. Therefore, Approach-1 A-64-16 PG+X mixes slowed the rate of reflective 

cracking development, as shown in Figure B.33, Figure B.38, Figure B.45, and Figure B.50 in 

Appendix B. 

Figure B.35, Figure B.42, Figure B.47, and Figure B.52 show that the Approach-1 A-70-10 PG+X 

mixes performed worse than the control mixes in the desert climate. The Approach-1 A-70-10-10-

0.25 mix had the fastest rate of cracking in this climate. The higher temperature in the desert 

softened the mix resulting in the traffic load generating a high strain in this soft mix. The 

Approach-1 A-70-10-10-0.25 mix was more strain-sensitive than the other two mixes in the same 

approach as Figure 7.15 shows, which damaged faster in this high strain condition. 

Figure B.37, Figure B.44, Figure B.49, and Figure B.54 show that the Approach-2 PG+X mixes 

generally showed lower rates of cracking than the control mix. Figure 7.9d shows that the 

Approach-2 PG+X mixes were generally stiffer than the control mix, which decreased the loading 
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transferred to the underlying, cracked PCC. Therefore, using these PG+X mixes to overlay the 

cracked PCC slowed the rate of reflective cracking.  

Table 7.16: Reflective Cracking Rank of AC over PCC Application 

 

Layer Thickness (mm) Considered:  

45, 60, 100, 150 mm.  

The ranking was the same for all thicknesses  

Approach Binder ID1 Mix ID 
Inland 

Valley 

North 

Coast 
Desert 

High 

Desert 

1 

A-64-16 A 3 3   

A-64-16-5-0.25 B 1 1   

A-64-16-10-0.25 C 2 2   

A-70-10 D   1  

A-70-10-5-0.25 E   2  

A-70-10-10-0.25 F   3  

2 

B-64-22 S    3 

B-64-22-5-2.36 T    1 

B-64-22-10-2.36 U    2 

3 

A-64-16 A 1 1   

A-64-16-DRY-5-2.36 G 2 2   

A-64-16-DRY-10-2.36 H 3 3   

4 

C-64-22 J    1 

C-64-22-5-0.25 K    3 

C-64-22-10-0.25 L    2 
1 Binder ID format: source-PG-rubber content in percent-maximum rubber size in mm. 

Figure B.36, Figure B.43, Figure B.48, and Figure B.53 show that the Approach-4 PG+X mixes 

performed worse than the control mix in the high desert climate. The Approach-4 PG+X mixes 

had larger stiffness fluctuations when the temperature changed, and their fatigue lives decreased 

under high strains, as shown in Figure 7.15. Since the fatigue lives of the Approach-4 PG+X mixes 

were more strain-sensitive than the control mix, the former damaged faster in the high strain 

conditions.  

Approach-3 mixes did not perform well in AC over PCC applications. These PG+X mixes with 

dry-process rubber had lower flexural stiffnesses than the control mix, as shown in Figure 7.9c, 

and they would not withstand the traffic loading and would transfer the higher load to the PCC 
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layer. This resulted in the PCC layer generating more cracks that reflected rapidly through the 

damaged AC layer. 

In the 60-mm thick overlay case, RHMA-G mixes generated similar or even slower cracking rates 

than the PG+X mixes. This was attributed to the higher binder content in the gap-gradation, which 

decreased the rate of reflective cracking compared to that of the dense-graded/lower binder content 

mix. The RHMA-G mix also had lower air-void contents than the PG+X mix, which also led to a 

better reflective cracking resistance.  

In summary, the five percent rubber content is the optimum rubber content for the inland valley, 

north coast, and high desert climates using the Approach-1 PG 64-16 and Approach-2 mixes for 

overlays over PCC in the 12 simulation cases. In contrast, using the Approach-1 PG 70-10, 

Approach-3, and Approach-4 PG+X mixes in overlays over PCC was not recommended based on 

the results from the other 16 simulation cases.  

7.4.5 CalME Simulation Summary 

This section summarizes the CalME simulations of PG+X mixes used in different pavement 

structures. The following conclusions were drawn based on these simulation results: 

• The PG+X mixes with wet-process binders (Approach-1, Approach-2, and Approach-4) 

were generally suitable as alternatives to dense-graded mixes produced with conventional 

binders in overlay cases and thick full-depth AC cases when appropriate rubber contents 

were used. The optimum rubber content depended on project-specific factors, including 

mix properties, pavement structures, traffic, and climate conditions. The Approach-3 

PG+X mixes with dry-process rubber performed worse than the control mix.  
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• The RHMA-G mixes performed better than PG+X mixes in the thin (60 mm) overlay 

simulation cases, which was attributed to the combination of the higher binder content and 

the gap-gradation. 

• The comparison between the SAC-5 mixes and PG+X mixes in the full-depth pavement 

structure (300-mm thick) indicated that the PG+X mixes with wet-process binders could 

provide similar performance to the SAC-5 mixes.  

• The CalME simulation results indicated that the optimum rubber content used in dense-

graded mixes in different pavement structures depended on the specifics of each scenario, 

including mix properties, pavement structures, traffic, and climate conditions. This finding 

pointed out that the laboratory tests at a specific temperature and strain condition alone 

might not necessarily represent the overall field performance, owing to the fluctuation of 

stresses and strains caused by traffic loadings under daily and seasonally varying 

temperature gradients. Therefore, laboratory tests and a field performance simulation based 

on mechanistic-empirical principles are recommended for asphalt pavement design and 

mix selection. 

• The CalME simulation also indicated that PG+X (Approach-1, Approach-2, and Approach-

4) mixes with wet-process binders could be considered for use in the inland valley, north 

coast, and high desert climate when appropriate rubber dosages were applied. In contrast, 

the mixes with dry-process rubber (Approach-3) containing coarse rubber (smaller than 

2.36 mm [passing the #8 sieve]) had faster cracking development than the conventional 

mix in the desert climate. 

In summary, these PG+X binders containing between five and ten percent crumb rubber modifier 

are suitable in dense-graded mixes. The mixes with these binders are likely to provide equal or 



 

360 

 

better performance to the conventional mixes when appropriate rubber dosages were determined 

according to the pavement structure, traffic, and climate. It is recommended that ME simulations 

are used to select the mix based on the pavement structure, climate, and traffic conditions in the 

project.  

7.5 Summary and Conclusions 

This chapter summarizes the laboratory evaluation of PG+X binders and mixes, and the CalME 

simulation results. The following conclusions were drawn: 

1. Question: How do PG+X binders perform in the laboratory? 

Using as low as five percent rubber by weight of the binder could improve the performance of 

asphalt binders. The Approach-2 and Approach-4 PG+X binders showed an increase in high 

PG, a decrease in the intermediate PG, and no change or a decrease in the low PG, compared 

to their base binders. Adding rubber also decreased the creep stiffness at low temperatures. 

These rubber-modified binders were found to have lower non-recoverable compliances and 

higher percentage recoveries than their base binders. These modifications in the binder 

changed the binder performance that was valid at five and ten percent rubber contents, and 

maximum rubber particle sizes ranging from fine (smaller than 250 microns [passing the #60 

sieve]) to coarse (smaller than 2.36 mm [passing the #8 sieve]).  

2. Question: Can PG+X materials be effectively used in dense-graded mixes?  

Using a small amount of rubber (five and ten percent by weight of the binder) elevated the 

required mixing and compaction temperatures when the binder PG changed. The laboratory 

mixing and compaction method produced PG+X mix specimens that met the target air-void 
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content. The volumetric mix design results indicated that the wet process PG+X binders 

(Approach-1, Approach-2, and Approach-4) were suitable for use in dense-graded mix 

structures. The Approach-3 mix with dry-process rubber showed that using coarse rubber 

particles (smaller than 2.36 mm [passing the #8 sieve]) in a dense-graded mix created high-

VMA when no adjustment of the aggregate gradation was made for the swelled rubber. The 

mixes with dry-process rubber could result in poor compaction due to the rubber particles 

swelling when they contact the hot binder. This, in turn, would impair mix stiffness, moisture 

damage resistance, and rutting resistance.  

3. Question: How do PG+X mixes perform in the laboratory in terms of rutting, fatigue, and 

thermal cracking? 

The flexural frequency sweep test showed that using fine rubber particles (smaller than 250 

microns [passing the #60 sieve]) in Approach-1 did not show much stiffness change compared 

to the control mix. The Approach-4 PG+X mixes had higher stiffnesses at high temperatures 

(<1E-02 Hz at 20ºC) than the control mix with the unmodified binder with the same PG, but 

only marginal stiffness differences at intermediate temperatures (between 1E-02 Hz and 1E+02 

Hz at 20ºC). The Approach-2 mixes with the PG+X binders containing coarse rubber particles 

(<1.18 mm and <2.36 mm) were stiffer than their control mix. The Approach-3 mixes with 

dry-process rubber (<2.36 mm) had lower stiffnesses than their control mixes due to the 

swelling of the rubber after compaction. Performance tests showed that PG+X mixes with wet-

process binders (Approach-1, Approach-2, and Approach-4) had better resistance to moisture 

damage and permanent deformation than their control mixes. The Approach-3 mixes with dry-

process rubber showed worse moisture damage and rutting resistance than their control mix. 

The fatigue performance of the PG+X mixes depended on the test strains. The flexural fatigue 
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test results showed that Approach-1, Approach-3, and Approach-4 PG+X mixes had longer 

fatigue lives than their control mixes at strains lower than 400 microstrain. The fatigue results 

for the Approach-2 PG+X mixes were also inconsistent across range of strains, with the control 

mix performance generally falling between the five percent rubber content mix (longer fatigue 

life than the control) and the ten percent rubber content mix (shorter fatigue life than the 

control). The Approach-1 and Approach-4 PG+X mixes with five percent rubber by weight of 

the binder appeared to have improved thermal cracking resistance compared to the control mix 

after long-term oven-aging, based on the UTSST test results.  

4. Question: What are the appropriate uses of PG+X mixes in different pavement structures and 

climates? 

The CalME simulation results indicated that the optimum rubber content in dense-graded 

PG+X mixes would be dependent on project-specific factors, including mix properties, 

pavement structure, traffic, and climate conditions. The CalME simulations showed that PG+X 

(Approach-1, Approach-2, and Approach-4) mixes with wet-process binders could be 

considered as an alternative to dense-graded mixes produced with conventional unmodified 

binders in the inland valley, north coast, and high desert climates. The mixes with dry-process 

rubber (Approach-3) produced with coarse rubber particles (smaller than 2.36 mm [passing the 

#8 sieve]) had poorer performance than the control mix in the desert climate. This finding 

showed that laboratory tests conducted at one specific temperature and strain condition might 

not necessarily represent the overall field performance, owing to the fluctuation of stresses and 

strains caused by traffic loadings and temperature gradients. Therefore, a complete factorial of 

laboratory tests followed by field performance simulation based on mechanistic-empirical 
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principles is recommended. A specific PG+X mix can be selected for designing the pavement 

with consideration of the pavement structure, climate, and traffic conditions in the project. 

In summary, these wet-processed PG+X binders containing low crumb rubber modifier contents 

(five to ten percent) are potentially suitable for use in dense-graded mixes. Mixes with these PG+X 

binders are likely to provide equal or better performance to the conventional mixes when 

appropriate rubber contents are determined based on the pavement structure, traffic, and climate. 

Using PG+X material in the asphalt pavement also provides a use for waste tires that may 

otherwise be dumped in landfills.  
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8 CONCLUSIONS AND RECOMMENDATIONS 

8.1 Summary of Completed Tasks 

This study investigated the oxidative aging of asphalt binders and mixes. Chemical and rheological 

changes in binders after laboratory aging were measured and analyzed. The modified Superpave 

performance-grading system was refined to test rubber-modified binders containing large rubber 

particles (up to 2.36 mm). The age-hardening effect was measured and modeled for unmodified, 

SBS-modified, and rubber-modified binders. This age-hardening model was calibrated and 

validated for extracted binders from laboratory-aged mixes. Additionally, dense-graded mixes 

with relatively small amounts of crumb rubber modifier (PG+X) were designed and preliminarily 

evaluated in this dissertation. The following tasks were completed: 

1.  Analysis of changes in binder components (carbonyl, ether and ester, sulfoxide, and butadiene 

components) and binder viscosities after oxidative aging.  

2. Development of a generic hardening susceptibility (GHS) model that correlates carbonyl 

components to binder viscosities after long-term oxidative aging. 

3. Refinement of laboratory aging protocols and modification of the Superpave performance-

grading system for testing rubber-modified binders containing large rubber particles (up to 

2.36 mm). 

4. Evaluation of long-term oxidative aging in rubber-modified binders. 

5. Investigation of aging effects on mix stiffness and fatigue performance. 

6. Evaluation of the performance of rubber-modified binders and mixes containing a low content 

of rubber (five and ten percent by weight of the binder). 

7. Simulation of the performance of PG+X mixes for different pavement structures, traffic, and 

climate conditions using the CalME mechanistic-empirical design software. 
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8.2 Contributions to the Knowledge  

This study proposed to fill in knowledge gaps regarding the oxidative aging of asphalt binders 

(unmodified, SBS-modified, RAP, and rubber-modified binders) and mixes (one dense-graded 

mix and one gap-graded mix). The application of a small amount of crumb rubber modifier in 

dense-graded mixes was also investigated. The following questions were answered: 

1. Investigation into asphalt binder aging mechanisms. 

Question: How do binder components (i.e., carbonyl and sulfoxide components) change during 

oxidative aging?  

The carbonyl, ether and ester, and sulfoxide components were observed to change after aging. 

However, only the carbonyl component had a continuously increasing trend throughout the 

field-aging protocol as well as the PAV-aging protocol. The ether and ester components 

appeared to not change in the field-aging protocol but increased in the PAV-aging protocol. 

The sulfoxide component might not continuously increase after intense PAV-aging (i.e., 60 

hours of PAV aging at 100ºC). Based on these results, the carbonyl area (CA) index was 

selected as the most appropriate indicator for tracking oxidative aging in this study. 

Question: How do binder dynamic moduli change after oxidative aging?  

The dynamic modulus master curves constructed for aged binders showed that oxidative aging 

stiffened the binder. This stiffening increased when the loading frequency decreased, which 

corresponds to a high temperature according to the time-temperature superposition principle. 

The SBS-modified binders and AR binders experienced less age-hardening than the 
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unmodified binders after being subjected to the accelerated field- and laboratory-aging 

protocols. 

Question: How can the age-hardening model be modified to accommodate the prediction of 

viscosities beyond the low shear viscosity region? 

A linear correlation between logarithmic viscosity (lnη) and CA index was observed for the 

unmodified and SBS-modified binders. This linearity held in a wide range of loading 

conditions (between 20°C and 85°C, and between 0.0159 Hz and 15.9 Hz [0.1 radians/second 

and 100 radians/second]), in addition to those typically used to represent the low shear 

condition (i.e., 60°C and 1.59E-05 Hz [0.0001 radians/second]). Accordingly, the generic 

hardening susceptibility (GHS) was proposed to define the ratio between the logarithmic 

viscosity growth, and the carbonyl area index increase in the long-term aging phase. 

Question: How precise is the modified age-hardening model for different asphalt binders? 

The GHS model was developed to correlate the ln(η) and the CA index in the long-term aging 

phase (GHS = (lnη)/CA). This GHS model was calibrated and validated using unmodified and 

SBS-modified binders from different refineries. It was also used to track the rejuvenation of 

RAP binders. The coefficient of determination of using the GHS model to predict the 

viscosities of unmodified, SBS-modified, and RAP binders was over 0.95 for temperatures 

between 20°C and 85°C and for loading frequencies between 0.0159 Hz and 15.9 Hz (0.1 

radians/second and 100 radians/second). 

2. Application of age-hardening model on rubber-modified binders. 
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Question: What is an appropriate methodology for measuring the rheological properties (i.e., 

complex modulus, phase angle) of rubber-modified binders, especially for those containing 

large incompletely digested rubber particles (up to 2.36 mm [passing the #8 sieve])? 

This study validated the modification of the RTFO- and PAV-aging protocols. Based on the 

study results, RTFO-aging should be done at 190°C to simulate the RHMA production 

temperature in the field. The sample amount of the rubber-modified binder in each RTFO bottle 

was adjusted according to the rubber content to provide an equivalent amount of base asphalt 

binder to that used for RTFO-aging of conventional binders. Similarly, the sample size for 

PAV-aging was also increased proportionally to account for the rubber. This study further 

validated the high temperature performance-grading test (≥58ºC) and the BBR specimen 

preparation method developed in earlier research. The results showed that the concentric 

cylinder geometry (cup-and-bob geometry) provided an equivalent accuracy to the parallel 

plate geometry for testing binders with no large particles (<250 microns [passing the #60 

sieve]). The concentric cylinder geometry was capable of measuring the rheological properties 

of rubber-modified binders containing large incompletely digested particles (<2.36mm 

[passing the #8 sieve]). For the BBR test, a modified beam mold was fabricated. This mold 

provided a larger opening with a shallower depth for pouring the binder than the standard mold. 

The laboratory results showed that there was no statistical difference in the results obtained 

from using the modified and conventional molds. The beams produced with the modified mold 

had a regular shape without entrapping air bubbles. This study initialized the rheological 

measurement of rubber-modified binders at intermediate temperatures (16°C to 50°C) for 

rubber-modified binders. A reference liquid was used to calibrate the concentric cylinder 

geometry setting. The test was calibrated to use a 10 mm spindle with a 9.5-mm gap for the 
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tests at intermediate temperatures. Statistical analysis showed that this setting provided the 

same accuracy as the parallel plate geometry when testing conventional binders containing 

particles smaller than 250 microns. The concentric cylinder geometry can therefore also be 

considered as a potential geometry to measure the rheological properties of rubber-modified 

binders containing larger rubber particles (<2.36 mm [passing the #8 sieve]). 

Question: How do aging products (i.e., carbonyl and sulfoxide components) accumulate in 

rubber-modified binders during oxidative aging? What is the crumb rubber modifier effect on 

oxidative aging of the binder? 

The carbonyl and sulfoxide components in rubber-modified binders decreased after adding the 

rubber. The rubber did not contain the carbonyl component before and after PAV-aging, and 

it did not show sulfoxide or butadiene component changes after PAV-aging. Considering that 

the carbonyl and sulfoxide components are the main aging products developed during 

oxidative aging of the base asphalt binder, the measurement results indicated that the crumb 

rubber modifier might age differently to the oxidative aging of the asphalt binder. Adding the 

rubber might decrease the aging products in the rubber-modified binders because part of the 

base binder is replaced by digested rubber particles. In other words, the rubber might dilute the 

aging products in the rubber-modified binders. 

The comparison between FTIR-measured component indices and calculated component 

indices based on the dilution hypothesis indicated that the rubber dilution effect could explain 

the carbonyl component changes for binders without extender oils in unaged and PAV-aged 

conditions. During RTFO-aging, chemical interactions occurred in the rubber-modified 

binders at elevated temperatures (>160˚C). This interaction apparently changed the carbonyl 
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components in the rubber-modified binders such that the dilution effect alone could not explain 

those changes.  

The extender oil contained carbonyl and sulfoxide components, and these two components 

increased after RTFO- and PAV-aging. When extender oil was used, chemical interactions 

occurred in the rubber-modified binders in the unaged condition and after RTFO- and PAV-

aging, which changed the measured carbonyl component values considerably. The carbonyl 

component changes were beyond the reductions that could be explained by dilution.  

The FTIR data also indicated that dilution could not explain the sulfoxide component changes 

for rubber-modified binders (with and without extender oils) in unaged, RTFO-aged, and PAV-

aged conditions. 

Although the carbonyl and sulfoxide components also increased with aging in rubber-modified 

binders as they did in the conventional unmodified binders, the increasing rates of these aging 

products in the rubber-modified binders were lower than their base binders. The butadiene area 

index was measured in the rubber used in this study, but not in most base asphalt binders or 

the extender oil. Increasing the rubber content increased the butadiene area index in the rubber-

modified binder. The amounts of the butadiene component were positively correlated to the 

rubber contents in the rubber-modified binders tested in this study. 

Question: How can the age-hardening of rubber-modified binders be predicted using the GHS 

model? 

The linearities between ln (η) and CA index for rubber-modified binders were validated at 

temperatures between 20°C and 85°C and loading frequencies between 0.0159 Hz and 15.9 Hz 

(0.1 radians/second and 100 radians/second). The GHS model provided a reasonable 
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estimation of the viscosity for PAV-aged rubber-modified binders. The prediction error of 

using the GHS model was not significantly different between rubber-modified binders and 

their base binders. This observation indicated that the GHS model could model the age-

hardening of rubber-modified binders containing up to 20 percent rubber with particle sizes up 

to 2.36 mm. 

3. Evaluation of oxidative aging of the asphalt mix. 

Question: Will the loose mix aging procedure cause high variations in binder contents, mix 

stiffnesses, and fatigue lives of the specimens? 

Fatigue beams could be compacted to the target air-void content from loose mixes after long-

term oven-aging. The loose mix aging protocol showed similar variability in binder contents, 

mix stiffnesses, and fatigue test results among different aging durations compared to those in 

the compacted specimen aging protocol. 

Question: Can the binder GHS model be used for the recovered binders in aged asphalt mixes? 

The GHS model provided a reasonably accurate prediction of the binder viscosity using 

measured CA indices of the extracted and recovered binders from aged mixes. The binder GHS 

model was validated using rheology test results for the recovered binders tested at temperatures 

between 20°C and 85°C with frequencies between 0.0159 Hz and 15.9 Hz (0.1 and 100 

radians/second). 

Question: How does oxidative aging affect mix stiffness?  

Aging the loose mix resulted in a continuous increase in the CA index in the recovered binder. 

The CA index of the recovered binder was used to track oxidative aging in asphalt mixes. 



 

371 

 

Increases in the CA index increased binder viscosity. The age-hardened binder stiffened the 

mix. The degree of age-hardening or stiffening of the two mixes (dense-graded mix and gap-

graded mix) tested in this study could be predicted using the Andrei-Witczak-Mirza stiffness 

prediction model and binder viscosity could be predicted using the GHS model. 

Question: How does oxidative aging affect mix fatigue performance? 

A linear correlation between the logarithmic fatigue life (ln Nf) of these beams produced with 

aged loose mixes at a given strain and the CA indices of the binders recovered from the beams 

was found for dense- and gap-graded mixes tested in this study. An ln (Nf)-CA model that 

describes the correlation between ln (Nf) and CA index was proposed (Nf = βeα(CA)). This 

model defines the aging effect on fatigue life for the tested mixes at the defined mix volumetric 

parameters and fatigue testing conditions. Fatigue test results for beams produced with long-

term oven-aged loose mixes showed lower fatigue lives at higher strains (>300 microstrain) 

than the mixes without long-term oven-aging, while the opposite was observed at lower strain 

levels (<300 microstrain). In a thin layer (i.e., <60 mm) where higher strains are common, the 

aged mixes may experience slightly lower strains than the unaged mixes, but the former would 

still provide shorter fatigue lives at high strains. In a thick layer where lower strains are typical, 

aging stiffens the surface layer, and this stiff surface layer transfers lower stresses to the bottom 

of the layer. The mixes in the bottom of the layer are less aged and in a low strain state, which 

may result in a longer fatigue life of the thick asphalt layer. 

4. Performance evaluation of rubber-modified binders and mixes. 

Question: How do PG+X binders perform in the laboratory? 
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Using as low as five percent rubber by weight of the binder could improve the performance of 

asphalt binders. The Approach-2 and Approach-4 PG+X binders tested in this study showed 

an increase in high PG, a decrease in the intermediate PG, and no change or a decrease in the 

low PG, compared to their base binders. Adding rubber also decreased the creep stiffness at 

low temperatures. These rubber-modified binders were found to have lower non-recoverable 

compliances and higher percentage recoveries than their base binders. These modifications in 

the binder changed the binder performance at five and ten percent rubber contents, with 

maximum rubber particle sizes ranging from fine (smaller than 250 microns [passing the #60 

sieve]) to coarse (smaller than 2.36 mm [passing the #8 sieve]). 

Question: Can PG+X materials be effectively used in dense-graded mixes?  

Using a small amount of rubber (five and ten percent by weight of the binder) elevated the 

required mixing and compaction temperatures when the binder PG changed. The laboratory 

mixing and compaction method could produce PG+X specimens that met the target air-void 

content. The volumetric mix design results indicated that the wet process PG+X binders 

(Approach-1, Approach-2, and Approach-4) were suitable for use in dense-graded mix 

structures. Approach-3 mix with dry-process rubber showed that using coarse rubber particles 

(smaller than 2.36 mm [passing the #8 sieve]) in a dense-graded mix created high VMA when 

no adjustment of the aggregate gradation was made to accommodate the swelled rubber. Mixes 

with dry-process rubber could result in poor compaction due to the rubber particles swelling 

when they contact the hot binder. This would impair mix stiffness, moisture damage resistance, 

and rutting resistance. 
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Question: How do PG+X mixes perform in the laboratory in terms of rutting, fatigue, and 

thermal cracking? 

The flexural frequency sweep test showed that using fine rubber particles (smaller than 250 

microns [passing the #60 sieve]) in Approach-1 did not show much stiffness change compared 

to the control mix. The Approach-4 PG+X mixes had higher stiffnesses at high temperatures 

(<1E-02 Hz at 20ºC) than the control mix with the unmodified binder with the same PG, but 

only marginal stiffness differences at intermediate temperatures (between 1E-02 Hz and 1E+02 

Hz at 20ºC). The Approach-2 mixes produced with PG+X binders containing coarse rubber 

particles (<1.18 mm and <2.36 mm) were stiffer than their control mixes. The Approach-3 

mixes with dry-process rubber (<2.36 mm) had lower stiffnesses than their control mixes due 

to the rubber swelling after compaction. The performance tests showed that PG+X mixes with 

wet-process binders (Approach-1, Approach-2, and Approach-4) had better resistance to 

moisture damage and permanent deformation than their control mixes. The Approach-3 mixes 

with dry-process rubber showed worse moisture damage and rutting resistance than the control 

mix. The fatigue performance of the PG+X mixes depended on the test strains. The flexural 

fatigue test results showed that Approach-1, Approach-3, and Approach-4 PG+X mixes had 

longer fatigue lives than their control mixes at strains lower than 400 microstrain, but shorter 

fatigue lives at larger strains, indicating that they are best used in low-strain applications. The 

fatigue results for Approach-2 PG+X mixes were also inconsistent across a range of strains, 

with the control mix performance generally falling between the five percent rubber content 

mix (longer fatigue life than the control) and the ten percent rubber content mix (shorter fatigue 

life than the control). The Approach-1 and Approach-4 PG+X mixes with five percent rubber 
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by weight of the binder appeared to have improved thermal cracking resistance compared to 

the control mix after long-term oven-aging based on the UTSST test results. 

Question: What are the appropriate uses of PG+X mixes in different pavement structures and 

climates? 

The CalME simulation results indicated that the optimum rubber content in dense-graded 

PG+X mixes is dependent on project-specific factors, including mix properties, pavement 

structure, traffic, and climate conditions. The CalME simulations showed that PG+X mixes 

with wet-process binders (Approach-1, Approach-2, and Approach-4) could be considered as 

an alternative to dense-graded mixes produced with conventional unmodified binders in the 

inland valley, north coast, and high desert climates. Mixes with dry-process rubber (Approach-

3) produced with coarse rubber (smaller than 2.36 mm [passing the #8 sieve]) had poorer 

performance than the control mix in the desert climate. This finding showed that laboratory 

tests conducted at one specific temperature and strain condition might not necessarily represent 

the overall field performance, owing to the fluctuation of stresses and strains caused by layer 

thicknesses, traffic loadings, and temperature gradients. Therefore, a complete factorial of 

laboratory tests followed by field performance simulation based on mechanistic-empirical 

principles is recommended. Specific PG+X mixes can be selected when designing the 

pavement along with pavement structure, climate, and traffic conditions for each project. 

8.3 Recommendations for Future Work 

The following recommendations for future research include, but are not limited to: 

1. Additional studies on aging products are recommended to understand oxidative kinetics. 
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a. Different aging protocols at a wide range of temperatures and durations to simulate field-

aging are recommended. This will allow correlating aging in the laboratory to that in the 

field to establish a better laboratory-aging protocol for simulating field-aging of mixes in 

California.  

b. Evaluation of binder molecular group changes during oxidative aging using saturate, 

aromatic, resin, and asphaltene (SARA) analysis is recommended. The SARA analysis 

results can be compared to carbonyl and sulfoxide component changes. It is anticipated 

that this will provide a better understanding of the correlation between the changes in 

SARA and changes in carbonyl and sulfoxide components. This study may also improve 

the understanding of the chemical interactions that may have occurred during oxidative 

aging of rubber modified binders, particularly in those binders with extender oil.  

c. Further investigation of the aging mechanism of rubber-modified binders is highly 

recommended. An interesting topic would be understanding the chemical interaction 

between the rubber and the binder and its influence on the binder rheological properties 

(i.e., complex modulus and phase angle) after aging. 

2. Further calibration of the GHS model is warranted. 

a. A potential correlation of the GHS parameters at one combination of frequency and 

temperature to another condition would be useful for predicting binder viscosity at the 

specific conditions of interest (i.e., aging, frequency, temperature) using the data from 

testable conditions in the laboratory. The calibration of the GHS model using field data is 

also recommended. 

b. Continuing research on rubber-modified binders, especially asphalt rubber binders, is 

recommended to further validate the GHS model. 
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c. Additional studies on aged mixes should be conducted to further validate the GHS 

principle. 

d. Prediction of mix GHS parameters using those parameters of the binder GHS model is 

highly recommended. 

3. Validation and calibration of the Nf-CA model is warranted. 

a. Validation of the Nf-CA model for different mixes under different aging conditions is 

highly recommended. 

b. Calibration of the Nf-CA model using field data is highly recommended. 

c. Validation and calibration of the Nf-CA model under different fatigue test strain levels for 

mixes with different air-void contents is recommended. 

d. Continuing research on improving the mechanistic-empirical design method with 

consideration of aging effects is recommended. 

e. Implementation of the Nf-CA model in the mechanistic-empirical design requires further 

study.  

4. Performance evaluation of rubber-modified binders and mixes requires more study. 

a. Laboratory aging protocols and rheological test methodologies for rubber-modified binders 

can be further refined and calibrated.  

b. Studying PG+X mixes with dry-process rubber using fine rubber particles (i.e., smaller 

than 1.41 mm) is recommended.  

c. The evaluation of PG+X mixes in the field is recommended. 

d. Continuing research on rubber-modified binders and mixes is needed to provide 

appropriate criteria for quality control and quality assurance of these materials.  
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e. The application of rubber-modified mixes in different pavement structures, traffic, and 

climate conditions is worth further study. 
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A. APPENDIX: FTIR RESULTS FOR RUBBER-MODIFIED BINDERS 

Table A 1: Summary of Carbonyl Area Index  

Binder ID1 Unaged 

Binder 
Deviation 

RTFO-

Aged 

Binder 

Deviation 
PAV-Aged 

Binder 
Deviation 

Base_A 0.061 0.017 0.150 0.065 0.848 0.102 

A_5_0.25 0.050 0.019 0.255 0.084 0.793 0.026 

A_10_0.25 0.043 0.013 0.208 0.073 0.713 0.051 

Base_B 0.121 0.053 0.289 0.058 1.054 0.051 

B_5_1.18 0.093 0.029 0.491 0.039 0.987 0.042 

B_10_1.18 0.110 0.042 0.420 0.034 0.971 0.036 

B_5_2.36 0.093 0.032 0.464 0.092 0.976 0.037 

B_10_2.36 0.072 0.024 0.520 0.037 0.912 0.053 

Base_C 0.119 0.025 0.146 0.045 0.968 0.125 

C_20_2.36 0.191 0.085 0.457 0.055 0.893 0.072 

Base_D 0.279 0.025 0.289 0.029 0.892 0.125 

D_20_2.36 0.188 0.025 0.412 0.055 0.798 0.043 
1 Binder ID format: source_rubber content in percent_maximum rubber size in mm. 
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Table A 2: Summary of Sulfoxide Area Index  

Binder ID1 Unaged 

Binder 
Deviation 

RTFO-

Aged 

Binder 

Deviation 
PAV-Aged 

Binder 
Deviation 

Base_A 1.634 0.057 2.994 0.067 4.216 0.045 

A_5_0.25 1.054 0.169 2.273 0.136 3.958 0.038 

A_10_0.25 1.042 0.065 2.001 0.090 3.896 0.161 

Base_B 1.010 0.212 1.147 0.040 3.651 0.036 

B_5_1.18 0.949 0.045 1.197 0.037 3.766 0.089 

B_10_1.18 0.871 0.155 1.129 0.071 3.465 0.337 

B_5_2.36 1.008 0.109 1.313 0.069 3.634 0.091 

B_10_2.36 0.679 0.150 1.246 0.055 3.428 0.195 

Base_C 0.842 0.031 0.973 0.068 3.757 0.132 

C_20_2.36 1.353 0.292 1.416 0.087 2.581 0.268 

Base_D 1.031 0.088 1.836 0.362 3.802 0.099 

D_20_2.36 1.183 0.287 1.601 0.177 2.392 0.106 
1 Binder ID format: source_rubber content in percent_maximum rubber size in mm. 
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Table A 3: Summary of Butadiene Area Index  

Binder ID1 Unaged 

Binder 
Deviation 

RTFO-

Aged 

Binder 

Deviation 
PAV-Aged 

Binder 
Deviation 

Base_A 0.082 0.013 0.089 0.016 0.030 0.012 

A_5_0.25 0.119 0.007 0.096 0.035 0.033 0.012 

A_10_0.25 0.171 0.020 0.171 0.026 0.159 0.006 

Base_B 0.032 0.012 0.035 0.014 -0.007 0.008 

B_5_1.18 0.075 0.016 0.075 0.012 0.025 0.008 

B_10_1.18 0.093 0.009 0.137 0.016 0.083 0.021 

B_5_2.36 0.081 0.019 0.071 0.017 0.039 0.012 

B_10_2.36 0.109 0.015 0.112 0.015 0.103 0.019 

Base_C 0.007 0.011 0.028 0.011 -0.035 0.023 

C_20_2.36 0.191 0.066 0.286 0.087 0.235 0.014 

Base_D 0.047 0.024 0.014 0.022 -0.032 0.020 

D_20_2.36 0.199 0.014 0.216 0.014 0.240 0.020 
1 Binder ID format: source_rubber content in percent_maximum rubber size in mm. 
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B. APPENDIX: CALME SIMULATION RESULTS 

 
Figure B.1: Asphalt overlay application of Approach-1 Mix A, B, C at 45 mm. 

 
Figure B.2: Asphalt overlay application of Approach-3 Mix A, G, H at 45 mm. 
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Figure B.3: Asphalt overlay application of Approach-1 Mix D, E, F at 45 mm. 

 
Figure B.4: Asphalt overlay application of Approach-4 Mix J, K, L at 45 mm. 
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Figure B.5: Asphalt overlay application of Approach-2 Mix S, T, U at 45 mm. 

 
Figure B.6: Asphalt overlay application of Approach-1 Mix A, B, C, and RHMA-G at 60 mm inland valley. 
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Figure B.7: Asphalt overlay application of Approach-1 Mix A, B, C, and RHMA-G at 60 mm north coast. 

 
Figure B.8: Asphalt overlay application of Approach-3 Mix A, G, H, and RHMA-G at 60 mm inland valley. 
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Figure B.9: Asphalt overlay application of Approach-3 Mix A, G, H, and RHMA-G at 60 mm north coast. 

 
Figure B.10: Asphalt overlay application of Approach-1 Mix D, E, F, and RHMA-G at 60 mm. 
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Figure B.11: Asphalt overlay application of Approach-4 Mix J, K, L, and RHMA-G at 60 mm. 

 
Figure B.12: Asphalt overlay application of Approach-2 Mix S, T, U, and RHMA-G at 60 mm. 
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Figure B.13: Asphalt overlay application of Approach-1 Mix A, B, C at 100 mm. 

 
Figure B.14: Asphalt overlay application of Approach-3 Mix A, G, H at 100 mm. 
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Figure B.15: Asphalt overlay application of Approach-1 Mix D, E, F at 100 mm. 

 
Figure B.16: Asphalt overlay application of Approach-4 Mix J, K, L at 100 mm. 
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Figure B.17: Asphalt overlay application of Approach-2 Mix S, T, U at 100 mm. 

 
Figure B.18: Asphalt overlay application of Approach-1 Mix A, B, C at 150 mm. 
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Figure B.19: Asphalt overlay application of Approach-3 Mix A, G, H at 150 mm. 

 
Figure B.20: Asphalt overlay application of Approach-1 Mix D, E, F at 150 mm. 
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Figure B.21: Asphalt overlay application of Approach-4 Mix J, K, L at 150 mm. 

 
Figure B.22: Asphalt overlay application of Approach-2 Mix S, T, U at 150 mm. 
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Figure B.23: Asphalt overlay application of Approach-1 Mix A, B, C at 210 mm. 

 
Figure B.24: Asphalt overlay application of Approach-3 Mix A, G, H at 210 mm. 
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Figure B.25: Asphalt overlay application of Approach-1 Mix D, E, F at 210 mm. 

 
Figure B.26: Asphalt overlay application of Approach-4 Mix J, K, L at 210 mm. 
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Figure B.27: Asphalt overlay application of Approach-2 Mix S, T, U at 210 mm. 

 
Figure B.28: Thick pavement application of Approach-1 Mix A, B, C, and SAC-5 mixes. 
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a: Results on the micron-scale 

 
b: Results on the regular-scale 

Figure B.29: Thick pavement application of Approach-3 Mix A, G, H, and SAC-5 mixes. 
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Figure B.30: Thick pavement application of Approach-1 Mix D, E, F, and SAC-5 mixes. 

 
Figure B.31: Thick pavement application of Approach-4 Mix J, K, L, and SAC-5 mixes. 
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Figure B.32: Thick pavement application of Approach-2 Mix S, T, U, and SAC-5 mixes. 

 
Figure B.33: AC over PCC application of Approach-1 Mix A, B, C at 45 mm. 
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Figure B.34: AC over PCC application of Approach-3 Mix A, G, H at 45 mm. 

 
Figure B.35: AC over PCC application of Approach-1 Mix D, E, F at 45 mm. 
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Figure B.36: AC over PCC application of Approach-4 Mix J, K, L at 45 mm. 

 
Figure B.37: AC over PCC application of Approach-2 Mix S, T, U at 45 mm. 
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Figure B.38: AC over PCC application of Approach-1 Mix A, B, C, and RHMA-G at 60 mm inland valley. 

 
Figure B.39: AC over PCC application of Approach-1 Mix A, B, C, and RHMA-G at 60 mm north coast. 
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Figure B.40: AC over PCC application of Approach-3 Mix A, G, H, and RHMA-G at 60 mm inland valley. 

 
Figure B.41: AC over PCC application of Approach-3 Mix A, G, H, and RHMA-G at 60 mm north coast. 
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Figure B.42: AC over PCC application of Approach-1 Mix D, E, F, and RHMA-G at 60 mm. 

 
Figure B.43: AC over PCC application of Approach-4 Mix J, K, L, and RHMA-G at 60 mm. 
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Figure B.44: AC over PCC application of Approach-2 Mix S, T, U, and RHMA-G at 60 mm. 

 
Figure B.45: AC over PCC application of Approach-1 Mix A, B, C at 100 mm. 
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Figure B.46: AC over PCC application of Approach-3 Mix A, G, H at 100 mm. 

 
Figure B.47: AC over PCC application of Approach-1 Mix D, E, F at 100 mm. 
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Figure B.48: AC over PCC application of Approach-4 Mix J, K, L at 100 mm. 

 
Figure B.49: AC over PCC application of Approach-2 Mix S, T, U at 100 mm. 
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Figure B.50: AC over PCC application of Approach-1 Mix A, B, C at 150 mm. 

 
Figure B.51: AC over PCC application of Approach-3 Mix A, G, H at 150 mm. 
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Figure B.52: AC over PCC application of Approach-1 Mix D, E, F at 150 mm. 

 
Figure B.53: AC over PCC application of Approach-4 Mix J, K, L at 150 mm. 
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Figure B.54: AC over PCC application of Approach-2 Mix S, T, U at 150 mm. 

 

 

 

 


